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Chapter 1

Introduction and review of literature

Proton transfer is a very fundamental process, occurs in a large variety of chemical
reactions as well as in biological systems such as acid-base neutralization and enzymatic
reactions, DNA etc.1® There are varieties of proton transfer reactions which could occur
in the ground or excited-states, either adiabatically or non-adiabatically. However,
excited state proton transfer (ESPT) have more application in many branches of sciences
such as photophysics, photochemistry, and photobiology. Also, an increasing number of
proton transfer based chromophores have application in fluorescent probes, laser dyes,
organic optoelectronic materials, and white light-emitting materials.>° Due to its
significant application potential in various aspects of sciences, proton transfer

phenomenon was studied extensively.! 12

The prerequisite condition for ESPT was the existence of hydrogen bonding (D—H:--A,;
where D—H defined as hydrogen donor and A defined as hydrogen acceptor units). The
hydrogen bonding categorized into two types based on the interactions existing in
molecular architecture: Intermolecular hydrogen-bonded (lerHB) molecular architecture
and intramolecular hydrogen-bonded (IraHB) molecular architecture. The lerHB could
be defined as interaction in two different molecular systems (Z-H---X <> Z----H-X+),

whereas in IraHB could exist within the same molecular system.

The hydrogen bonding has relative weak nature, and therefore, with the application of
some external stimuli such as electric field, magnetic field, and an electromagnetic field,
it could be formed/broken easily. The electromagnetic field induced the electronic
redistribution of charges in the hydrogen-bonded molecular system, and thus, the
molecular architecture became more polar and therefore, charge transfer can occur in the
form of a proton within the molecular system or with the surrounding environment. This
process is recognized as proton transfer (PT) whereas proton gets transferred directly
from the acidic site to the basic site of a molecular system. The site which allowed the
proton transfer called as the proton donor site, while the receiving site called as a proton
acceptor site. Therefore, hydrogen bonding is a significant intermediate in the proton
transfer reaction. Based on the hydrogen bonding interaction within the molecular

systems, the ESPT phenomenon categorized into two types: Excited state intramolecular

1



Proton Transfer (ESIPT) and excited state intermolecular Proton Transfer (ESlerPT).
Among these two processes, the ESIPT is one studied experimentally and theoretically
due to its applications in molecular chemosensors, fluorescence probes, luminescent

materials, UV stabilizers, OLEDs and molecular logic gates.® 32

In general, the ESIPT process requires hydrogen bond between proton donor (-OH, —
NHa, or —-NHR, etc.) and proton acceptor groups (—C=0, —N=, etc.), which must be at an
interacting distance to each other in a molecule. During the ESIPT process, the proton
attached covalently to the donor groups in the electronic ground state got transferred to
acceptor groups in the excited state. In the electronic ground state, ESIPT molecules exist
in the standard enol form (E), and it is stabilized by intramolecular hydrogen bonding.
Upon photoexcitation, the singlet-excited state of the enol form is populated without
geometry relaxation, according to the Franck—Codon principle. Further, geometry
relaxation resulting in tautomeric conversion to keto form (K), which is further stabilized
by the hydrogen bond. The photoinduced excitation is accompanied by the redistribution
of electronic charge, causing an increase in the acidity of the proton donor and the basicity
of the proton acceptor. These electronic changes result in the proton transfer from the
proton donor to the proton acceptor, leading to a tautomeric transformation from the
excited enol form (*E*) to the excited keto form (*K*) (Figure 1.1). The geometry of
excited keto tautomer (K*) is utterly different from the excited enol (E*) form and
therefore, leading to broad Stokes shifted emission. The large Stokes’ shift provided the
spectrum window to investigate different processes in a particular range such as sensing
or cell imaging etc. During ESIPT, single or dual emissions may be observed, due to the
existence of isomeric forms in solution state and energy barrier of ESIPT process. The
ESPT process can be influenced by IraHB strength, pH, solvent, and interaction with
other molecules and therefore, determining the energy barrier for the ESIPT process
under different environments is critical. This goal could be accomplished with theoretical
calculation directly.”? 229 Generally, the band appears at lower wavelength ascribed
due to enolic form while one appears at higher wavelength assigned to be due to
tautomeric keto form produced after hydrogen bond. ESIPT process also depends upon
the distance of hydrogen bonding, i.e. separation between the hydrogen acceptor and
donor atoms in molecules, the strength of IraHB, and acidity of hydrogen. The

phenomenon can be understood with the following example
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Figure 1.1 Photophysical process of ESIPT labeled with different conformation generated
during the process

The relocation of charges on interaction with the electromagnetic field does not only drive
ESIPT but also favored the weak interactions such as dipole-dipole interactions or
induced dipolar interactions due to change in polarization in the excited state. These

changes sometimes led ESIPT along with charge transfer and electron transfer.

1.1 The factors affecting ESIPT

The ESIPT process is sensitive and depends upon the strength of hydrogen bond, polarity,
protic nature of solvents, the heterogeneous medium, and the nature of substituents.
These factors perturb the ESIPT phenomenon in several molecular architectures and

therefore, discussed below:



1.1.1 Effect of substituent:

The ESIPT process significantly depends upon the acidity of the proton donor unit and
basicity of proton acceptor unit. On the modification of molecular architecture, the
process of proton transfer can be controlled or/and modified. The substitution of
electronegative/electron acceptor unit on the side of proton donor site, will increase the
acidity of group and therefore, facilitate the proton transfer process with significant
tautomeric emission. However, the substitution of electron-donating unit decreased the
acidity of proton donor and thus, further discommode the proton transfer process. In a
similar way, the electron-donating substitution on the side of proton acceptor unit increase
the basicity and thus ease the proton transfer process, however, substitution of electron-

accepting group will decrease the basicity and thus, harden the proton transfer process.

Tseng and co-workers have synthesized the derivatives of 10-aminobenzo[h]quinoline
(1-8).%° Different substitution in the form of electron-withdrawing and donating units
were introduced to parent compound 1. The compound 1 exhibited an emission at 770 nm
with a Stokes shift of 11500 cm, originated from the ESIPT phenomenon. The presence
of electron-donating units decreased the acidity of NH proton and thus, shifted the
emission spectra towards blue end. On the other hand, the introduction of electron-
withdrawing units increased the acidity of NH proton; however, these groups stabilized
the HOMO and thus, lead to blue shift.

Mutui and co-workers studied the substitution effect on the ESIPT response of
imidazo[1,2-a]pyridine (9-22).3* All the derivatives displayed dual emission in solution

forms with small quantum yield. However, the emission properties were enhanced in the

4



polymer matrix. The introduction of electron-donating groups and electron-withdrawing
groups at imidazopyridine unit displayed a red and blue shift, respectively in emission
bands. However, introduction of electron-donating groups and electron-withdrawing
groups at phenyl unit displayed a blue and redshift in emission bands, respectively. Also,
the established linearity between calculated energies for frontier molecular orbitals and
Hammett substituent constant supported the varied emission response for different

derivative.
Ri Ry R3 R1 R2 R3
Ra =~ N . 9 H H H 16 H H Cl
N ! 10 H OCHs; H 17 H H Br
HO R 11 H CHs3 H 18 H H CF3
9-22 12 H Cl H 19 H H CN
13 H Br H 20 OCHs H H
14 H F H 21 H CHs; CI
15 H CHs |22 H CHs: CF3

1.1.2 Effect of solvents:

The driving force for the ESIPT phenomenon is the strength of intramolecular hydrogen
bonding (IraHB) at excited state. The strength of intramolecular HB relatively
independent of aprotic solvents, and thus, the phenomenon is favorable in aprotic
medium. On the other hand, on increasing the polarity of medium, the IraHB strength
perturbed and sometimes led to formation of intermolecular hydrogen bonding with the
solvent molecules. The gradient of HB strength further act as prime key for the molecular
configuration alteration and therefore, affects the keto-enol tautomerism. These changes
further hamper the ESIPT significantly and thus, the relative intensity of standard enol
and tautomeric emission was also altered with variation in the polarity. Hence, the
nonpolar solvents favor the ESIPT process relative to polar and protic solvents. However
in some cases, the proton donor and acceptor sites were located long distances, and thus,
intramolecular proton transfer is not possible. But, in the presence of protic solvents, the
molecule formed the intermolecular hydrogen bonding and thus, mediated the solvent

assisted intermolecular proton transfer.32-3



H H, H

\O\\ \O\ l/\j\\\
H-0 H H-O ! “H-0 H H-O

N H_ N
O L0 <0 -0
N N N
H H N H
23 23.H,0 23.CH;0H 23.NH;

The compound 23 displayed ESIPT phenomenon in aprotic solvents, however in the
presence of protic polar solvents, the IraHB was distorted, and formation of
intermolecular hydrogen bonding was taken place with solvents (23.H20, 23.NHz3, and
23.CH30H). These intermolecular hydrogen bonding restrict the intramolecular proton

transfer and therefore, the disturb ESIPT process of compound 23.
1.1.3 Intramolecular Charge Transfer

The molecular architectures containing functional units with a capacity of electron-
donating and electron-accepting could push or pull the electron density and led to the
origin of the intramolecular charge transfer phenomenon.® 3¢ The presence of such
functionality along with the presence of proton donor and accepting moiety, could lead
dual phenomenon as ESICT and ESIPT. The ESICT and ESIPT could assist each other,
could co-occur or in following manner to each other. The phenomenon could be
distinguished by measuring the steady-state absorption and emission spectroscopy in

varying environmental polarity.3"-3°

ESICT
H-0 (
O T
o < N
HzN OH NN
ESIPT NC
24 25

NO,
Gutierrez and co-workers studied compound 24, which exhibited ESICT followed by
ESIPT phenomenon. An ultrafast ESICT phenomenon was occurred due to the presence
of —NH: group, and the process occurred in the time domain of 80-140 fs, followed by
solvent relaxation. The ESIPT process in solvent relaxation form occurred in the time
range of 40-175 ps depending upon the solvent systems. Compound 25 was studied by
Lin and co-workers, which displayed strong solvatochromism effect with emission color
tuning. The compound 25 was further utilized as ratiometric chemosensor towards CN-
6



ions. Further, compound 26 was studied by Niu and co-workers for ESIPT/ESICT
phenomenon. The compound 26 exhibited dual emission; however, in the presence of
polar solvents, enol solvatochromism was observed. Compound 26 was highly planar and

formed H-aggregate in its crystalline state.

Further, these ESIPT/ESICT-coupled systems could occur three ways as ESICT states
can be involved prior to, concurrently with, or following ESIPT. In literature, there are
some reports of rational design of ESIPT/ESICT-coupled systems. In the current scenario,
the reported ESIPT/ESICT-coupled molecular systems can be categorized into two
classes. In class |, the proton and charge acceptors are in the same moiety, whereas the
charge and proton donors are in the different moiety. On the other hand, in class Il, the
proton and charge donors are in the same moiety, but the proton and charge acceptors are
at different sites.!™ 3941 Further, the study of environmental effect on the steady-state
emission spectra could help to determine the nature of ESICT/ESIPT phenomena. The
two limiting cases determined the competitive priority of ESICT or ESIPT. Whenever
there is the rise of high energy emission intensity with increasing the polarity of the
environment, there must be ESICT/ESIPT process, however, an increase in tautomeric

emission with rising of polarity lead ESIPT/ESICT phenomenon.*24
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Salicylideneaniline based Schiff bases 28-30 were studied extensively and were known
to exhibit ESIPT and AIE phenomenon.*-8 Different functional groups were introduced
on parent compound, and resulted compounds also displayed the ESIPT and high
emission properties through AIE phenomena. Further, these compounds 28-30 were used

as a potential ratiometric fluorescence sensor for pH and Zn?* ions.*®

Further, the structurally related and double analog of Salicylideneaniline compound 31
contained double IraHBs and exhibited the ESIPT and AIE phenomena.®® %*: Compound
31 displayed yellow emission (Aem = 542 nm), which was further tuned by introducing
electron-donating and accepting groups at different positions. These functional groups
strongly influenced the electronic environment and thus, tuned the ESIPT and AIE

emission properties. Ma and co-workers studied the compounds 32-37, and obtained the
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blue, green and red emission colors and further utilized as fluorescence pH probes with
range of 2-14. After deprotonation, compounds 33-35, and 37 displayed ratiometric
response however, compound 32 and 36 were non-emissive.>> Compound 36 was studied
elaborately by Jana and co-workers, and their experimental and theoretical observation
established that the —NEt> unit pushed the electron density and thus, promote the charge-
coupled proton transfer.> Also, compound 36 displayed switchable solid-state emission.
Compound 36 exists in two crystalline forms with emission at 550 nm and 529 nm, while
its amorphous forms have emission at 529 nm with a shoulder peak at 550 nm.>
Compound 38 and 39 were studied by Tang and co-workers and established the AIE-
characteristics for compounds. The emissions of compound 38 and 39 displayed emission

in green (kem = 513 nm) and red (kem = 570 nm) regime, respectively.*

The emission of compound 39 was quenched on interaction with Cu?* ions. Complex
39.Cu?" was used as turn-on chemosensor for PPi in the aqueous medium. The
preferential and strong interaction of PPi towards Cu?* ions displaced the compound 39
and recovered the AIE and ESIPT emission. Also, the complex was demonstrated in

serum samples for the detection of PPi. The detection limit towards PPi ions was 64 uM.>®
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Zhau and co-workers established the coordination of compound 31 and 40, towards Cu?*

ions through chelation with phenolic and imine group. This coordination ended the
IraHBs and thus, lead to chelation caused emission quenching. Further, the addition of
S% ions disrupt the coordinated network of [31.Cu?*], and [40.Cu?*]» and regenerated the
AIE-ESIPT emission. No other ions could disrupt the coordinated network. The
compounds were demonstrated for emission quenching due to complexation with Cu?*

ions and subsequent rise of emission by S? ions in KYSE510 live cells.®



Peng and co-workers introduced the dinitrobenzenesulfony! unit to compound 40 to form
compound 41. On the introduction of cysteine exhibited the emission enhancement at 558
nm with broad Stokes’ shift of 170 nm. Compound 41 was successfully demonstrated for
fabrication on test paper and detection of thiols. The good permeability of compound 41
allowed the imaging of thiols in HEK 293 T cells.>® Also, compound 41 was utilized as
auxiliary turn-on sensor for B-lactamase in solution and paper strip with a detection limit
of 10 mUmL™1.%® Likewise, compound 42 also exhibited the AIE-ESIPT emission with
Stokes’ shift of 148 nm and selectivity towards cysteine and homocysteine. The

compound 42 was utilized for the detection of Cys and HCys in PC12 for live-cell

imaging.®
NO, NO,
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Compound 43 with the extension of w-conjugation was studied as a pH sensor by Ma and
co-workers. The emission of compound 43 was remained constant between pH 3-11 and
decreased on increasing the alkalinity.>? Further, Yao and co-workers studied compound
43 for its piezochromism behavior. The powder form of compound 43 displayed yellow
emission at 543 nm, however on grinding green emission was released at 530 nm. The
annealing technique also leads the solid-state transformation and emission switching from
yellow to green. The grinding of compound 43 in THF and 1,4-dioxane solvent resulted

in new emission peak at 566 nm.5!
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Compounds 44 and 45 displayed ESIPT emission with large Stokes’ shift of 270 nm (Aex
=335 nm) and 240 nm (Aex =340 nm). Both compounds exhibited the AIE phenomenon,
and the measured quantum yields of aggregates were 0.827 and 0.546, respectively.
Further, good thermal stability and biocompatibility allowed these compounds to be used
in cell staining.®? The ESIPT phenomenon of these compounds was elaborated through
theoretical calculations. Hao and co-workers established that the compound 44 exhibited
emission from excited state intramolecular double proton transfer through the concerted
mechanism. However, the dual emission of compound 45 exhibited from the ESIPT
mechanism via a single proton transfer. The potential energy profile indicated that proton

transfer on naphthalene unit was more feasible than at coumarin unit.®

Further, the introduction of phenyl rings at azine center for compound 46 and 47 did not
change its ESIPT and AIE properties and behaved very similar to compound 31. For
compound 46, the IraHBs afforded the structural based polymorphism and exit in two
crystalline forms. The different crystalline forms (green and yellowish-green) have
different ESIPT emission. The annealing/melting treatment allowed the switching of
crystalline forms and thus, tuned their solid-state emission with good stability.5

I
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The free rotation of compound 47 was ceased in the hydrophobic medium, and a resulted
blue emission was due to AIE/ESIPT phenomena. Further, compound 47 was utilized as
a ratiometric fluorescent sensor toward BSA, HSA, and casein, with emission at 518 nm.
The detection limits for BSA, HSA and casein were determined to be 16.2 ugmL™, 10.5
ugmL™?, and 5.7 pgmL™ respectively.®

Peng and co-workers synthesized flavone based compound 48, which presented
flexibility through azine linkage and therefore, exhibited the AIE-phenomenon and
emission originated from ESIPT phenomenon. Compound 48 selectively displayed
ratiometric emission change with AI** ions and the linear response of emission intensity
ratio (lse1/537) determined the detection limit of 0.29 uM. The compound 48 demonstrated
for practical applicability of detection of AI** ions in test paper strips and live-cell

imaging.®

48

Compound 49 was a highly conjugated system and had yellow emission at 581 nm due
to ESIPT phenomenon. On the introduction of Cu?* ions, a complex formed in the
stoichiometry of 2:1 as (Compound 49),Cu. The coordination of Cu?* ions with phenolic
and imine groups break the IraHBs, and thus, quenched the ESIPT emission of compound
49. The detection limit towards Cu®* ion was determined to be 30 nM. Further, the
complex was used to detect the cysteine due to more chemical reactivity and preferential
binding of cysteine with Cu?* ions and regeneration of emission of parent compound 49.

The detection limit was lower than 30-200 uM intercellular concentration.®’
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Ni and co-workers have synthesized azine based Schiff bases (50-52) with characteristics
of ESIPT and AIE.® The compounds 50-52 have been used as lipid droplet tracker, lyso-
trackers and endoplasmic reticulum trackers, respectively. The compounds 50-52
displayed absorption peaks at 391 nm, 372 nm, and 376 nm, respectively. On excitation,
compound 50 displayed dual keto-enol emission at 457 nm, 535 nm, compound 51 at 433
nm and 541 nm, and compound 52 at 435 nm and 541 nm, respectively. The listed
absorption peaks have n-n* and CT character. Further, the substitution variation tuned
the AIE properties. The aggregated form benefits the hydrogen bonding and thus, resulted

in enhancement of keto emission.

OH
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53
Naphthalimide-based compound 53 contained the quinoline unit linked through the azine
linkage.®® The compound 53 (Aas = 448 nm) displayed a ratiometric increased in
absorption intensity at 628 nm on interaction with CN™ and F~ ions. The detection limit
for CN™ and F ions were determined to be 20 nM and 24 nM, respectively. The weakly
emissive compound 53 displayed emission enhancement on interaction with Hg?* ions

with the lowest detection limit of 240 nM.
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Compound 54 displayed selectivity towards Cu?* ions and F~ ions.”® In the presence of
Cu?* ions, the absorption peak at 440 nm and emission peaks at 542 nm was decreased,
with color variation from yellowish-green to colorless. The determined limit of detection
was 2.4 uM. However, in the presence of F ions, the new absorption peak appeared
ratiometrically at 580 nm and consequently, the color of the solution changed from

yellowish-green to blue.
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Compound 55 exhibited emission at 593 nm with Stokes’ shift of 173 nm and displayed
selectivity towards F~ ions.”* The interaction of F~ ions, increased the absorption peak at
500 nm and 590 nm ratiometrically and accompanied by a color change from yellow to
light purple. The abstraction of the hydroxy proton by F ions inhibit the ESIPT, and thus,

guenched the emission. The determined detection limit was 15 nM.

Another, naphthalimide based compound 56 exhibited emission at 560 nm, accompanied
with Stokes’ shift of 94 nm in CH3CN/H20 (4:1; v/v) and displayed selectively towards
Cu?*ions.” On interaction with Cu?* ions, the absorption peak at 466 nm was decreased,
and new peak appeared at 600 nm ratiometrically. However, the emission peak of
compound 56 was decreased by 30-folds in the presence of Cu?* ions. The determined
detection limit was 64 ppb. Further, compound 56 was utilized in microscopy imaging of
MCEF-7 live cells.

The compound 57 displayed AIE-ESIPT emission at 559 nm with Stokes’ shift of 179
nm and found to be very selective towards AI** ions.” On interaction with AI®* ions, the
absorption peaks of compound 57 (H.O/DMSO; 9:1; v/v) at 310 nm and 360 nm were
decreased. On the other hand, the emission spectra rise at 453 nm ratiometrically with

respect to ESIPT peak at 559 nm. The emission intensity ratio (lsss/sse) increased linearly
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and determined the limit of detection was 2.82 uM. Further, compound 57 was utilized
as portable paper strips for detection of AI** ions. The application of compound 57 was

extended to in-vitro and in-vivo study and brain tissue imaging.
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Compound 58 exhibited dual emission at 440 nm and 503 nm due to the ESIPT
phenomenon and selectively responded to tryptamine and F ions. On the interaction of
tryptamine, the absorption and emission intensity was increased at 282 nm and 440 nm,
respectively. However, on interaction with F ions, the absorption peak at 384 nm was
decreased, while a new peak at 422 nm was increased ratiometrically and color of
compound 58 changed from yellow to orange. The determined detection limit for

tryptamine and F ions were 0.04 nM and 0.03 nM, respectively.
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Mutui and co-workers have synthesized imidazo[1,2-a]pyridine derivatives (59-61)
containing potential seven-membered IraHBs with different hydroxyaryl units.”* The
crystal structure determined that the compound 59 and 61 have planar structure, while
compound 60 has a twisted structure. Therefore, due to structural planarity, only
compound 59 and 61 exhibit the ESIPT emissions at 528 nm (® = 0.32) and 471 nm (®
= 0.45), respectively.

Thais and co-workers studied compound 62-64 for the ESIPT phenomenon. Among
these, compound 62 has the strongest IraHB and thus, highest ground state acidity. The
structural optimization suggested that the compound 62 and 63 have planarity at IraHBs
center, while compound 64 displayed no planarity at IraHB center. Therefore, compound

62 and 63 were having small barrier for ESIPT process; however, compound 64 was
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measured with the highest barrier. The proton transferred configuration of compound 63

also displayed the intramolecular charge transfer coupled with ESIPT.
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Dual emission of compound 65 was studied by Pawel and co-workers through
experimental and theoretical techniques.” Time correlated single photon counting
methods suggested that the ultrafast (~100fs) tautomeric conversion from the enolic form
of mono-keto form. The dual emission was solely affected by solvent polarity. The
calculated potential energy curves suggested that the di-keto form was relatively higher
in energy than mono-keto form and also, followed by a higher energy barrier too.

Therefore, the calculation also supported the formation of mono-keto form only.

Thiophene based compound 66 exhibited an absorption peak at 354 nm, 372 nm and 395
nm, while excitation at 395 nm compound 66 displayed four emission peaks at 412 nm,
430 nm, 475 nm and 550 nm.’® The complexity in emission spectra were originated from
the three tautomeric forms resulted due to single or/and double proton transfer tautomeric

conversion.?

A series of imidazole-based derivatives 67-75 have been synthesized, which exhibited the
tuned ESIPT emission.”” A simple strategy of extension of sufficient conjugation length
and variation of heterocyclic rings were adopted for different compounds (67-75). All
these compounds displayed no absorption color; however, displayed diverse colors of
strong photoluminescence over broad visible regions from 450 nm to 630 nm. The DFT

calculation also predicted these emissions from tautomeric conformations.
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Compound 76 exhibited emission at 554 nm with Stokes’ shift of ~200 nm.”® The
theoretical calculation depicted that the resulted emission was due to ESIPT process
through N—H---N proton transfer. The introduced F ions, abstracted the proton adjacent
to ESIPT proton, which decreased the acidity of ESIPT proton and thus, inhibits of ESIPT

process.
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Imidazo[1,2-a]pyridin-based derivatives (77-81) have been synthesized, which exhibited
the N—H---N-type IraHB.”® The amino group was substituted with groups of different
electronic properties and thus, altered the acidity of NH proton and therefore, improved
IraHB strengths. On inducing the EWG —R groups, the emission was hypsochromically
shifted from 700 nm (compound 77) to 510 nm (compound 79). This was due to the
formation of zwitterionic forms, which was located over the hydrogen donor and acceptor

units.

Compound 82 and 83 displayed dual emission at 430 nm and 500 nm. The high energy
emission was ascribed due to standard enol emission, while the low energy emission was

ascribed due to ESIPT emission.®’ The ESIPT emission of compound 82 and 83 displayed
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positive solvatochromism, and thus, emission peak was shifted to longer wavelengths in
polar solvents. The solvatochromism was proposed due to ESICT process originated from

the extension of rt-conjugation framework and following the ESIPT phenomenon.
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Compound 84 displayed an absorptlon peak at 308 nm and an emission peak at 460 nm
in dioxane. Compound 84 contained double intramolecular hydrogen bonding, which
underwent a rare type of twin ESIPT. Interestingly, only single hydrogen donor-acceptor
site was active for ESIPT, initially. However, the first proton transfer activates another
hydrogen donor-acceptor site for ESIPT. The process of proton transfer triggered proton
transfer was established by steady-state and time-resolved spectroscopy. In case of solid-
state, both the hydrogen donor sites transferred the proton to acceptor sites.
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Compound 85-87 displayed the AIE and ESIPT properties. Compound 85 displayed red-
orange AIE-ESIPT emission at 564 nm.8* On the other hand, yellow-colored AIE-ESIPT

88

emission of compound 86 and 87 were centred at 526 nm with ® = 0.237 and ® =
0.068,respectively.®? The AIE features of compound 85-87 were utilized for
fingerprinting on aluminum, metal currency coins, and stainless steel. These compounds
were established for gathering information of fingerprinting at level one (loop or whorl,

the pattern of the arch) and level two (dots, delta, bifurcation, ridge ending, and core).

The compound 88 displayed dual emission at 461 nm and 575 nm. This compound was
used as potential chemodosimeter towards CN™ ions selectively with “turn-on’ emission
behavior and lowest detection limit of 15.34 ppb.& Further, compound 88 was studied for
the origin of its photophysical properties, where electronic spectra calculation described
that the compound 88 dominantly excited to first and second excited state. Also, the
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intramolecular hydrogen bonding was strengthened at first and second state. Further, the
calculated potential energy curves for ESIPT process at first and second excited state illustrated
that the tautomeric conversion could only be possible at second excited state. Thus, the low energy

emission at 575 nm was originated from the ESIPT process at second excited state.3
1.2 The motivation for the present work

In recent years, different molecular architectures were explored for ESIPT, AIE-ESIPT, ESICT
phenomena, and studies were extended for chemo-sensing properties.®1%2 The ESIPT-based
molecular architectures have attracted much attention due to their promising applications in ultra-
fast reaction rate and extremely large fluorescence Stokes shift. The excited state intramolecular
charge-transfer (ESICT) molecules are potential candidates for single-molecule spectroscopy, cell
imaging, laser dyes, biomarkers, solar cells, in photosynthesis, etc. Further, the coupling of the
AIE phenomenon with ESIPT and ESICT mechanisms have exhibited remarkable advantages,
such as no self-quenching at high concentrations, strong emission with a large Stokes shift, and
avoidance of hydrophilic modification.

During the literature survey, we have found reports based on azine or tetra-phenylethylene
compounds which exhibited the AIE phenomenon while the Schiff base linkage allow the ESIPT
phenomenon. Thus, we designed the symmetrical azine-based compound incorporating the
tetraphenyl units, exhibiting the ESIPT and AIE phenomenon on single platform. The interplay
of two phenomena has been studied by experimental and theoretical methods. Additionally, the
compounds were successfully utilized for detection of common metal ions with approach of real-
world applications. Further, the naphthalimide-derived Schiff bases were designed due to high
photostability, and chromo-fluorescent nature and found application in antiviral, anticancer
activity, analgesic, etc. Further, Imidazo[1,2-a]pyrazine acts as a versatile scaffold with
application in chemiluminescence, bioluminescence and drug development. Therefore, the
considered molecular architectures are potential organic candidates with versatile applications.
Despite the potential application, the literature reports limit the theoretical insight of phenomena.
The literature limits an experimental and theoretical study on the phenomenon of ESIPT/ESIDPT
of azine and heterocycles-based compounds and their analogs. The molecular systems containing
double IraHBs are scarcely studied for sensing of cations and anions. Therefore, the motivation
of this thesis was to gain theoretical insight into the ESIPT phenomenon in different molecular
architecture. Developing symmetrical as well as asymmetrical systems containing single or
double intramolecular hydrogen bonding and evaluating their photophysical properties through
mechanistic pathways of ESIPT/ESIDPT phenomena. Further, evaluating the sensing properties

of these molecular systems.
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Chapter 2

Materials and methods

The details of chemicals, reagents, and solvents used for the present work are provided.

The methodology used for experiments, theoretical calculation, and data analysis were

also described briefly. In addition, this chapter covers the details of the instruments used

during the course.

2.1 Materials

The details of chemicals and solvents used for work were listed below

2.1.1 Chemicals

<
<
o
o
<
<

X/
L X4

X/
L X4
X/
L X4

X/
°

4-amino benzophenone (Sigma Aldrich)
Salicylaldehyde (Spectrochem, India)
4-(diethylamine)salicylaldehyde (Sigma Aldrich)
4-Nitrosalicylaldehde (Sigma Aldrich)
2-Aminopyrazine (Sigma Aldrich)
N-bromosuccinimide (Sigma Aldrich)
Chloroacetaldehyde (Avra Synthesis, India)
2-hydroxyphenyl boronic acid (Alfa Aesar)
7-hydroxyquinoline (Alfa Aesar)
o-phenylenediamine (Spectrochem)
Nitrobenzene (AR grade, Loba Chemie, India)
Sulphuric acid (AR grade, Loba Chemie, India)
Sodium hydroxide (Spectrochem, India)

Silica gel (60-120, 120-240) (Merk India)
Silica gel GF-256 (Spectrochem, India)
Potassium carbonate (Spectrochem, India)

2.1.2 Metal ions

>

*0

L)

X/
°

X/
°

X/
L X4

Sodium perchlorate monohydrate, NaClO4.H20; (Sigma Aldrich),
Potassium perchlorate, KCIOy4; (Sigma Aldrich),

Magnesium perchlorate hexahydrate, Mg(ClO4)..6H20; (Sigma Aldrich),
Calcium perchlorate tetrahydrate Ca(ClOa)2.4H,0; (Sigma Aldrich),
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«+ Barium perchlorate, Ba(ClO4)2; (Sigma Aldrich),

¢+ Aluminum perchlorate nonahydrate, Al(Cl04)3.9H20; (Sigma Aldrich),
¢ Lead perchlorate hydrate Pb(ClOa)3. xH20; (Sigma Aldrich),

¢+ Iron perchlorate hydrate Fe(ClO4)3 xH20; (Sigma Aldrich),

%+ Cobalt perchlorate hexahydrate Co(ClO4)3.6H-0; (Sigma Aldrich),

¢+ Nickel perchlorate hexahydrate Ni(ClO4)3.6H20; (Sigma Aldrich),

%+ Copper perchlorate hexahydrate Cu(ClO4)3.6H20; (Sigma Aldrich),

%+ Zinc perchlorate hexahydrate Zn(ClO4)3.6H.0; (Sigma Aldrich),

% Mercury perchlorate hydrate Hg(ClO4)3 xH20; (Sigma Aldrich),

¢ Silver perchlorate Ag(ClOa4)3; (Sigma Aldrich)

2.1.3 Anions

% Tetrabutylammonium chloride (n-Bu)sNCI; (Sigma Aldrich),

% Tetrabutylammonium bromide (n-Bu)sNBr; (Sigma Aldrich),

¢+ Tetrabutylammonium iodide (n-Bu)sNI; (Sigma Aldrich),

¢+ Tetrabutylammonium cyanide (n-Bu)sNCN; (Sigma Aldrich),

¢+ Tetrabutylammonium thiocyanate (n-Bu)sNSCN; (Sigma Aldrich),

% Tetrabutylammonium fluoride (n-Bu)sNF; (Sigma Aldrich),

¢+ Tetrabutylammonium hydrogen sulfate (n-Bu)saNHSOs; (Sigma Aldrich),
% Tetrabutylammonium acetate (n-Bu)saNCHsCOO; (Sigma Aldrich),

¢ Tris(tetrabutylammonium) hydrogen pyrophosphate

% [(n-Bu)sN]3[0O=P(0").0P(=0)(0")OH] ; (Sigma Aldrich)

2.1.4 Solvents

¢ 1, 4-dioxane (HPLC grade, Spectrochem India),

¢+ 2-propanol (HPLC grade, Spectrochem India),

s+ Acetonitrile (HPLC grade, Spectrochem India),

+» Cyclohexane (HPLC grade, Spectrochem India),

¢ Chloroform (HPLC grade, Spectrochem India),

¢ Dimethylformamide (HPLC grade, Spectrochem India),
¢+ Dimethylsulfoxide (HPLC grade, Spectrochem India),
+«» Diethyl ether (HPLC grade, Spectrochem India),

+«» Ethanol (HPLC grade, Spectrochem India),

¢ Ethyl acetate (HPLC grade, Spectrochem India),
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% Glycerol (AR grade, Rankem India),
Methanol (HPLC grade, Spectrochem India),

RS

S

¢+ Tetrahydrofuran (HPLC grade, Spectrochem India),
¢+ Toluene (HPLC grade, Spectrochem India),
Water (Millipore).

RS

S

The solvents were clear and transparent in the spectral region and therefore, used as

received.

2.2 Experimental study

2.2.1 General procedure for the synthesis

All the reactions were carried out in clean and dry vessels. The reaction progress was
monitored by thin-layer chromatography (TLC) analysis, performed on the glass-coated
silica gel GF256. On the complete consumption of starting materials, the reaction was
guenched, and desired products were collected either by either filtration or extraction

through aqueous-organic solvent mixtures.
2.2.2 Preparation of stock solutions

All the compounds were soluble in acetonitrile, DMSO. Therefore, a stock solution was
prepared to have the strength of 10° M. Further; required concentration solution was
prepared in the different solvent medium by dilution method. The stock solution of above-
mentioned metal ions and anions were prepared in CHsCN, except for AI** ions. The AP
stock was prepared in H,O. The strength of the stock solution was 10 M. The stock
solutions were further diluted to the desired strength with the respective solvent. For pH
titration, amount of H>SO4/NaOH solution was added to obtain the desired pH.

2.2.3 DNA binding studies

The stock solution of ct-DNA was prepared by dissolving DNA in phosphate buffer (10
mM, pH 7.0). The concentration was estimated from its absorbance intensity at 260 nm
with a known molar absorption coefficient value of 6600 dm3M-*cm™. The purity of DNA
was established from the ratio of absorbance intensity at 260 nm and at 280 nm. The
titration experiments were performed by varying the concentration of ct-DNA and
keeping the compound concentration constant (20 uM). All the UV spectra were recorded

after equilibration of solution for 5 min.
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2.2.4 Absorption/emission spectra measurements

The diluted solutions with strength range of uM were used further for the measurement
of photophysical properties in several solvents. The spectra were measured in quartz
cuvettes of 1 cm in path length, thermostated at 25.0 + 0.1°C. The absorption spectra were
recorded on SHIMADZU-2600 spectrophotometer by using slit width of 1.0 nm, and
emission spectra were performed on a Varian Carey Eclipse fluorescence
spectrophotometer at stated excitations. All the absorption and emission spectra were
saved as ASCII files and further, analyzed with the help of Microsoft excel.

2.2.5 DLS sample preparation

The stock solution of compounds was prepared and filtered through 0.02 uM filter to
remove suspended particles. Further, solutions of strength 20 uM were prepared for DLS
analysis. The solutions were treated with detected analytes, and therefore, difference in

size was measured at 25°C.
2.2.6 NMR/Mass measurements

'H NMR and *C NMR spectra were recorded on JEOL ECS-400 MHz spectrometer at
ambient temperature in CDCIz or/and DMSO-ds with TMS as an internal reference. All
chemical shifts were reported in ppm relative to tetramethylsilane (TMS) as an internal
reference and coupling constant J in Hz, multiplicity (s = singlet, d = doublet, t =triplet,
g = quartet, dd = doublet of doublet, m= multiplets). Further, for HNMR titration of
compounds with their restively detected analytes were measured in the respective
medium of detection. The NMR spectra of compounds were measured in the presence of
analytes, which were also repeated after 24 h. The mass spectrum of the synthesized

compound was recorded at Water Micromass-Q-T of Micro.
2.2.7 FTIR measurement

The FTIR measurements were made on the powder samples. The solid sample was mixed
and grinded with potassium bromide (KBr), and pallet was formed. The pallet was placed
on the FTIR substrate and analyzed by passing IR beam of the spectrometer. The samples

were analyzed on Agilent-Cary 660 machine.
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2.2.8 FESEM measurement

The effect of aggregation was studied by changes in size and surface morphology and
thus, measured by FESEM imaging. The metal-template aggregation was studied by
FESEM imaging. The solution of compounds was placed on copper grid and dried for 24
h. The dried samples were then plated using gold spray and analyzed for the FESEM. The

samples were analyzed at Sprint testing solution, Mumbai, India.

2.2.9 Stoichiometry, binding constant and detection limit

In order to determine the stoichiometries of complexes, a series of solutions containing
compounds and analytes were prepared with variations of mole fractions (X) of analytes
from 0.1 to 1.0. The absorption/emission spectra were measured. Further, a plot was
analyzed between the intensity was plotted against the molar fraction of the analyte
solution, according to the Job plot method. Based on the Job plot, the complexation ratios
of analyte and compounds were determined.

The binding constants of compounds for the different analyte are determined using the

following Benesi-Hildebrand equation

1 1 N 1
[- I0 Ka(lmax - IO) [C]n Imax - I0
Where lo, I, and Imax are the absorption/emission intensities of the compound in the

absence of an analyte, at an intermediate analyte concentration, and at a concentration of
complete interaction with analyte respectively. Ka is the binding constant, C is the
concentration of the analyte, and n is the number of analytes bound per compound
molecule. In order to determine the S/N ratio, the emission intensity of the compounds
was measured thrice, and the standard deviation of blank measurements was determined.

The detection limit (DL) was determined from the following equation:

DL — 3 X Standard deviation of the blank solution

slope of calibration curve
2.3 Theoretical calculation

In order to get conclusive remarks on the experimental results for compounds, the
geometrical optimization, and prediction of all photophysical properties have been
carried out. The theoretical results at So state were calculated on density functional theory
(DFT) using different functional such as B3LYP/cam-B3LYP/®wh97-XD and 6-31+G(d,p)
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level of basis set.l197 All the optimized structures were verified through the absence of
imaginary frequency. The calculations were extended to excited state (S,) geometry

optimizations using TDDFT methods.

2.3.1 Solvent Effect

In order to integrate the real space environments in our results, the solvent effect was included
using the integral equation of formalism polarized continuum model (IEFPCM) for all tautomeric

forms and transition states in S, and S, states.
2.3.2 Electronic spectra and NMR Prediction

Further, three Frank-Condon vertical excitation were predicted on the So geometry using time
dependent DFT (TDDFT). Among these, the excitation with highest oscillation strength was
analyzed for frontier molecular orbitals. The nature of electronic excitation was quantitatively
evaluated using hole-electron concept. The NMR shielding tensors were calculated using GAIO

method.
2.3.3 Establishment of hydrogen bonding

Here, we were interested in exploring the nature of excited state intramolecular proton transfer.
Therefore, the prerequisite condition of intramolecular hydrogen bonding was preliminary
investigated through geometrical parameters and established through AIM, FTIR spectra at So

and S, states.
2.3.4 Tautomeric preference

The free energy change (AG=G(S)-G (K); where S and K are the standard enol and keto
tautomeric forms) was used to predict the tautomeric conversion in Sp and S; states. The positive
AG value depicted the more stabilization of standard enol form and tautomeric conversion through
PT was not permissible. However, the negative AG value inferred the stabilization of keto
tautomeric form and thus, suggests the tautomeric conversion through PT mechanism, and thus,

envisage rise of emission.

The systematic theoretical study involved the following steps:

Structural optimization and geometrical analysis at Spand Sy, states
Electronic spectra and charge distribution to the determined contributing excited state
Structural optimization and geometrical analysis at S, states

FTIR spectra and AIM analysis for the establishment of IraHB

o~ w DN

Energy profile of PT pathways
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2.3.5 AIM Analysis

Further, the prerequisite condition of IraHB existing within key conformer, for the
presence of ESIPT was established via established Popelier criteria using Bader’s
quantum theory of atoms in molecules (QTAIM).1%110 The existence of hydrogen
bonding was examined based on Popelier criteria, which are described as

1. The occurrence of the critical point (CP) between two neighboring atoms,
2. The electron density [p(rc)] must be in the range of 0.002-0.034 au

3. The Laplacian of electron density [V?p(rc)] must be in the range of 0.024-0.139 au at a

critical point.

The topological properties of the bond critical points (BCP) for IraHBs were examined
for stability and strength of the interactions. The degree of covalency and strength of the

IraHB interactions were characterized according to Rozas’ rules:

(i) V?p(rc) < 0 and H(r) < 0 for strong H-bond of covalent nature,

(ii) V2p(rc) >0 and H(r) <0 for medium H-bond of partially covalent nature
(i) V?p(rc) > 0and H(r) > 0 for weak H-bond of electrostatic character.

Moreover, the hydrogen bond energy was determined by Espinosa equation!!!, which
states that the interaction energy of H--X contact is defined as, Enx = V(r)/2 at BCP,

where V(r) is potential electron density at a bond critical point.

2.3.6 Software used

% Gaussian 03, 09 & 16 version: For Quantum Chemical Calculation!?*4
% Gauss view & Chemcraft : To visualization the results!!> 116
% MS Excel & Origin 8: For Plotting the results
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Chapter 3

Theoretical investigation of photophysical properties of symmetrical

bis(diphenylmethylene)hydrazine-based Schiff bases

The molecular system containing azine functionality and appended hydroxy! unit through
IraHB have been demonstrated for ESIPT phenomenon. Such compounds have been
utilized as a potential candidate as fluorescent markers, OLEDs materials, chemical, and
biological sensors etc.1” 18.50.64. 117-121 Ho\wever, literature limits the systematic theoretical
insight of origin of their photophysical behavior of molecular structures containing the
functionality of azine, imine, and hydroxyl units. In this Chapter, a detailed theoretical
study was performed on bis(diphenylmethylene)hydrazine (BPAz) based Schiff base
compounds for the establishment of intramolecular hydrogen bonding (lraHB) and
investigation of the excited state intramolecular proton transfer. Herein, we report the
study of the photophysical behavior of BpAz based Schiff bases through systematized
experimental and theoretical methods. The objective of understating the effect of
substitution was accomplished by introducing functional groups of electron-withdrawing
and donating capacity to the model BpAz Schiff base structure. The designed compounds
(2-4) established dual IraHBs through the acidic phenolic unit and basic imine unit
(Figure 3.1). The study involved the calculation of origin of absorption and emission

properties through different mechanistic photophysical processes.

H
N(CH3),
N

BpAz

Figure 3.1 The different derivative of model BpAz Schiff base compounds

The experimental data analysis revealed that the substitution has altered the photophysical
properties and tuned excited states processes. Further, the substitution-based studies have

been summarized in the following three section

3.1. Excited state intramolecular proton transfer mechanism for dual emission of

symmetrical bis(diphenylmethylene)hydrazine-based Schiff base
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3.2. Effect of electron-withdrawing —NO> group on excited state intramolecular proton
transfer of symmetrical bis(diphenylmethylene)hydrazine-based Schiff base
3.3. The supremacy of charge transfer over proton transfer in symmetrical

bis(diphenylmethylene)hydrazine based Schiff base
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3.1

Excited state intramolecular proton transfer mechanism for dual emission of

symmetrical bis(diphenylmethylene)hydrazine-based Schiff base

3.1.1 Abstract

In this study, bis(diphenylmethylene)hydrazine based Schiff base (2), undergoing excited
intramolecular proton transfer (ESIPT) was studied through theoretical methods. The
compound 2 has dual intramolecular hydrogen bonding (IraHB) suited in C, symmetry
and thus, consisted of two ESIPT sites. Therefore, the established IraHB and ESIPT
process could rise three tautomeric forms as standard dienol form (2.NN), mono-keto
form (2.NK) resulted from the single proton transfer, where the molecular structure has
enolic form at one end while a proton transferred keto form at another end and di-keto
form (2.KK) resulted from the double proton transfer. The computed free energy change
(AG) was used to predict the preference for 2.NN, 2.NK, 2.KK forms and thus, the
defined origin of emission peaks based on the energy barrier of ESIPT process. Indeed,
dual emission of compound 2 in CH3CN clearly indicated the presence of ESIPT
phenomenon. The calculations based on long-range hybrid functional (CAM-B3LYP)
time-dependent density functional theory coupled integral equation formalism
polarization continuum model (IEFPCM) imitated the mechanistic insight of proton
transfer (PT). The AIM, FTIR established the prerequisite condition of existence of
intramolecular HB. The redshift in vibrational frequency on photoexcitation indicated the
strengthening of IraHBs at S1 and S states, and therefore prompting the ESIPT process.
Moreover, the predicted absorption spectra and the electron density distribution on FMOs
depicted the facilitation of ESIPT at Sy state. The ESIPT process was explored through
concerted PT (Path 1) and sequential PT (Path 11) mechanism. The energy barriers for
forward PT were Path | (13.45 kcalmol™) and Path 1l (7.21 kcalmol™, 7.24 kcalmol™),
while for reverse PT was Path 1 (3.47 kcalmol™) and Path 11 (1.96 kcalmol?, 1.95 kcalmol
1, which indicated that the PT was not allowed through concerted mechanism nor
sequential mechanism at S; state. Further, the energy barriers calculated at S state for the
forward PT were Path 1 (8.30 kcalmol™) and Path 11 (5.23 kcalmol?, 7.04 kcalmol™) while
for reverse PT were Path 1 (20.84 kcalmol™) and Path 11 (22.47 kcalmol™, 1.74 kcalmol-
1. Moreover, the energy relationship of tautomeric forms (2.NN, 2.NK, 2.KK) was 2.NK
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< 2.KK < 2.NN in the S; state. Therefore, the ESIPT could take place through the single
PT at Sy state.

3.1.2 Experimental section
3.1.2.1 Synthesis of compound 1

Scheme 3.1 represented the synthesis of compound 1 and 2. To (4-
aminophenyl)(phenyl)methanone (0.985 g, 5 mmol) dissolved in 10 mL ethanol and
hydrazine hydrate (121 pL, 2.5 mmol) was added. The resulted reaction mixture was
heated at 80 °C for 6 h. The reaction was monitored by TLC. After completion of the
reaction, the reaction mixture was cooled to room temperature, and the resulted light-
yellow color solid was filtered off and washed with ethanol to get pure compound 1 in
75% yield; m.pt. 210°C.

'H NMR spectrum of compound 1 displayed a resonating signals at & 7.52 ppm as doublet
of 3Ar-H, & 7.38-7.23 ppm as multiplet of 8 ArH, & 7.11 ppm as doublet of 3H (Ar), &
6.58 ppm as doublet of 4 ArH and § 4.86 ppm as singlet of 4H (NH.) and *C NMR
spectrum displayed resonating signals at 6 149.1 due to —C=N, 148.8 due to ArC—NH>,
131.6, 131.2, 129.3, 128.6, 127.5, 127.4, 127.3, 122.2, 113.1, 112.6, 112.5 (Ar-H). ESI-
MS (m/z) = 391.2 (M*+1) (close to calculated m/z (390.2)). Thus, spectroscopic and
spectrometric data confirmed the formation of compound 1.

H,N
N2H4
/
EtOH, 6 h
H,N NH,

H,N
O HO EtOH
N. = +
C

1

Scheme 3.1 Synthesis of compound 2

3.1.2.2 Synthesis of compound 2

The compound 1 (390 mg, 1 mmol) and salicylaldehyde (244 mg, 2 mmol) were dissolved
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in ethanol and heated at 80-85 °C. The progress of the reaction was monitored by TLC.
The yellow-colored compound was formed after 12 h, which was further filtered off and

washed with ethanol to get pure compound 2 in 70 % yield; m.pt. 243°C

The *H NMR spectrum displayed new resonating signals as singlet at & 13.18 and 13.15
ppm of 2H (—OH), & 8.69 and 8.63 ppm as singlet of —CH=N , & 7.51-7.32 ppm as
multiplet of 17 ArH, & 7.25-7.05 ppm as multiplet of 5 ArH, 6 6.98-6.93 ppm as multiplet
of 4 ArH and *C NMR spectrum displayed resonating signals at & 163.1, 162.8, 160.8,
158.9, 149.3, 148.4, 137.8, 136.4, 134.9, 133.6, 133.2, 132.3, 130.7, 129.6, 128.5, 127.7,
120.7, 120.5, 119.1, 118.9, 116.9 of Ar-C. ESI-MS (m/z) = 599.2 (M*+1) (close
agreement to calculated m/z (598.2)). Thus, spectroscopic and spectrometric data
confirmed the formation of compound 2.

3.1.3 Results and discussion
3.1.3.1 ESIPT characteristics of Compound 2

Photophysical properties of compound 2 were studied through absorption and emission
spectroscopic techniques. The absorption spectrum of compound 2 (20 uM, CH3CN)
displayed an absorption peak at 355 nm. Upon excitation, compound 2 (20 uM, CH3CN)
displayed dual emission peaks at 455 and 545 nm, which were accomplished with Stokes®

shift of 100 and 190 nm, respectively (Figure 3.2).

1.2 - 1.2 ®
1 L1
& | - PN ESIPT | O. =
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Figure 3.2 (a) Normalized absorption and fluorescence spectra of compound 2 (20 uM,
CH3CN); (b) Structure of compound 2 representing characteristics ESIPT process.

The characteristic dual emission of compound 2 indicates the ESIPT phenomenon. The
emission peak at 455 nm could be ascribed as standard enol emission. The emission band
at 545 nm, with large Stokes™ shift (>100 nm, although weak in nature) is due to excited

state intramolecular proton transfer (ESIPT). The ESIPT in compound 2 is due to proton

31



transfer from the phenolic group (acidic in nature, and thus, acting as proton donor) to

imine nitrogen (basic in nature and thus, acting as proton acceptor) in an excited state.
3.1.3.2 Electronic spectra and charge distribution

The compound 2 was optimized at So state using the DFT method using cam-B3LYP/6-
31+g(d,p). In order to determine the electronic spectra of compound 2, TDDFT method
was used at the same level of theory. First three Frank-Condon (FC) excitations were
calculated on the So optimized structure to determine the contributing vertical excitation.
The results were summarized as electronic transition, symmetry, the oscillation strength,
and involved FMOs in Table 3.1 and the produced spectroscopic data depicted that the

used method was efficient enough.

Table 3.1 The electronic excitation wavelength (A/ nm), oscillator strengths (f) and
compositions of the low-lying singlet excited states (MOs contribution) of the compound 2

So—Sn Symmetry  Acalc Aexp f MO contribution (%0)

So—S1 Singlet-A 360.9 0.0027 H-3—>L 34

H-1-L 26

So—S Singlet-A 345.7 355 2.1651 H—-L 77

So—Ss3 Singlet-A 308.8 0.0117 HoL+1 34

H-1-L 24
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Figure 3.3. (a) FMOs of compound 2 and (b) hole-electron distribution for So—S..

The first FC transition (So —S1) was calculated at 360 nm, with oscillation strength of
0.0027, and resulted from the HOMO-3—LUMO and HOMO-1—LUMO transition. The
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So—S> transition was calculated at 345 nm, with highest oscillation strength of 2.1651
and originated from the HOMO—LUMO. Next, So—S3 was calculated at 308 nm, with
oscillation strength of 0.0017 and caused from H—L+1, and H-1-LUMO transition.
Among these excitations, only So—S> excitation was found to be significant with the
highest oscillation strength and also in close to experimentally observed absorption peak
at 355 nm. Therefore, the representative FMOs were considered and shown in Figure 3.3.
The HOMO and LUMO have an electronic distribution over the benzophenone skeleton
and extended up to Schiff base linkage. Therefore, electronic distribution clearly depicted
the © and w*-character of HOMO and LUMO, respectively and thus, So—S> transition
could be assigned as the character of m—n* transition. Further, the quantitative nature of
excitations was measured through hole-electron distribution, the distance between the
centroid of hole and electron center was found to be 0.0042 A, while the overlap integral
was 0.474. The overlap integral value with little spatial separation of hole-electron
distribution revealed the transition as the local excitation transition. Next, the So —S:
transition has smaller oscillation strength (<0.01) and therefore could be considered as a
dark state, while So—S> could be considered as golden state with significant oscillation
strength. Moreover, this signified that the S state must also be evaluated for the emission

phenomenon.
3.1.3.3 Geometrical parameters

The compound 2 has double O—H---N IraHBs, which were categorized as | and Il and
shown in Figure 3.4. Further, the proton transfer could rise three tautomeric forms 2.NN,
2.NK, 2.KK and therefore, tautomeric forms 2.NN, 2.NK, 2.KK were optimized at So,
S1 and S states using DFT and TDDFT methods with cam-B3LYP/6-31+g(d,p). The
optimized structures were validated for the local minima through the absence of
imaginary frequency. The optimized structures of tautomeric forms were presented in
Figure 3.4. The compound 2 attained C> symmetry, and thus own the similar geometrical
parameters such as bond lengths for proton donors O71H72/O73H74, IraHB distances for
H72--*Na7/H74-Nag and bond angles for O71H72--*N47 (1) and (I1) values in So, S1, and S
states. The bond lengths for O7:—Hg7, and O7s—Hyza were increased by ~0.0027 A from
0.9933 at Sp state to ~0.9960 A at S; state. Further, these bond lengths were increased by
~0.0051 A to 0.9984 A at S; state. On the other hand, the H7>—N47 and Hz4—Nas bond
lengths decreased by 0.0168 A from 1.7547 A at So state to 1.7485 A at S; state, which
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further decreased by 0.0318 A to 1.7197 A at S; state. Meanwhile, the bond angles for
interactions (O71H72:-*Na7 (1) and O73H74:+-Nag (11)) were slightly enlarged for So—S: from
146.64° to 147.28°, which was further increased to 147.88° for So—S; excitation. Thus,

the small interacting distance indicated six-membered intramolecular hydrogen bonding
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Figure 3.4. Optimized structure of 2 in three tautomeric forms at S, state

(IraHB) in Sp, S1 and S> states. However, the decreased O71H72-*Na7 (1) and O73H74--*Nag
(1) bond lengths, and increased interacting bond angles imply that the IraHB
strengthened in S; and S states relative to So state. The IraHBs also exist in tautomeric
forms, and therefore, substantial geometrical parameters for IraHBs, such as bond lengths
and bond angles, were noted and summarized in Table 3.2.
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Table 3.2. The essential bond lengths (A) and bond angles (ZOHN/°) of the compound 2 in
NN, NK, and KK forms at S S; and S; states, respectively

2.NN 2.NK 2.KK

So S1 S, So S1 So So S1 So

OnH7 09933 0.9960 0.9984 1.6952 1.6853 1.6786 1.6949 1.6851 1.6736
H7Ngs  1.7515 1.7347 1.7197 1.0409 1.0425 1.0458 1.0409 1.0424 1.0442
O7sH7s  0.9933 0.9960 0.9984 0.9932 0.9936 0.9941 1.6949 1.6851 1.6736
H7aNs 1.7515 1.7347 1.7197 17519 17491 1.7460 1.0409 1.0424 1.0442
Z() 146.64 14728 147.88 139.92 140.38 14155 139.94 140.38 140.90
/(1)  146.64 147.28 147.88 146.62 146.83 147.04 139.94 140.38 140.90

3.1.3.4 Frequency analysis

All the optimized structures have been confirmed through the frequency calculations. No
tautomeric forms were found with imaginary frequency. Moreover, the FTIR signals are
rightly related to IraHBs strength, and therefore, the spectral shifts to the characteristics
of functional groups provided a closer eye on the nature of hydrogen bonding. Therefore,
the simulated FTIR spectra in So, S1, and S states have been presented in Figure 3.5,
which was further enlarged as an inset for O—H signals of compound 2. The O-H
stretching vibrational frequency was located at 3282 cm™ at So state, however, on
photoexcitation to S; and S; states it was found at 3108 cm™ and 3060 cm™, respectively.
The relatively large red-shift in FTIR signal for So—S, (222 cm™) to Sp—S1 (174 cm™)
transition, implies that the IraHBs (OH:-N (1) and OH-N (Il)) was relatively more

strengthened in the S» state compared to S; state.
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Figure 3.5. FTIR spectra of compound 2 at S, S;, and S; states
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3.1.3.5 AIM Analysis

Further, the prerequisite condition of IraHB existing within key conformer, for the
presence of ESIPT was established via an effective and established Popelier criteria using
Bader’s quantum theory of atoms in molecules (QTAIM).*?? The determined topological
parameters were within the limit of criteria and thus, established two IraHBs at So, S1 and
S states for the primary structure of compound 2 (Table 3.3) and the type of BCPs was
(3,-1). The positive value of Laplacian of electron density [V?p(rc)] for the standard enol
form of 2.NN depicted electrostatic close shell interaction at So, S1, and S; states. It was
noted that the Laplacian of electron density for O—H---N interactions increased at S1 and
S, states relative to Sp state, which signified the strengthening of IraHB. The degree of
covalency and strength of the IraHB interactions were characterized according to Rozas’
rules. All the listed BCPs has been ascertained as medium-range interactions with the
partial covalent character at So, S1 and S; states (Table 3.3).12 Moreover, the hydrogen
bond energy was determined by Espinosa equation!!, which states that the interaction
energy of H---X contact is defined as, Enx = V/(r)/2 at BCP, where V/(r) is potential electron
density at a bond critical point. The interaction energies for OH--N (I) and OH---N (I1)
were determined to be -12.49 kcalmol™? at S state. However, on photoexcitation, lraHBs
were strengthened to -13.08 kcalmol?, and -13.67 kcalmol® for S; and S states

respectively.

Table 3.3. Topology parameters electron density(p), Laplacian electron density (V2p), potential
energy density [V(r)], total energy density [H(r)], hydrogen bonding energy [Ens(kcalmol™)]
at bond critical point of non-covalent interactions (D-*HA) for standard enol form at So, S1 and
S states of compound 2

State Interaction V2p V(r) G(r) H(r) Ens

So O71H2N3 (1) 0.1303 -0.0398 0.0362 -0.0036  -12.49
O4HsNg (11) 0.1303 -0.0398 0.0362 -0.0036  -12.49
S1 O1H2-N3 (1) 0.1340 -0.0417 0.0376 -0.0041  -13.08
O4Hs-Ng (11) 0.1340 -0.0417 0.0376 -0.0041  -13.08

Sz O1H2-N3 (1) 0.1377 -0.0436 0.039 -0.0046  -13.67

O4Hs-+-Ne (I1) 0.1377 -0.0436 0.039 -0.0046  -13.67
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The molecular graphs of compound 2 for IraHBs were platted at So, S1 and S> states and
presented in Figure 3.6. The molecular graph for S; and S» state have the same nature,

and therefore, the molecular graph of Sy state was presented.

Figure 3.6. Molecular graph of compound 2 in (2) So state (b) S; and S; states

3.1.3.6 Proton transfer mechanism

The compound 2 established two IraHBs and therefore, consisted of two sites for the
ESIPT process. The intramolecular PT could take place through two pathways. The path
I was the isomeric double proton transfer, where the H72 and Hz4 simultaneously moved
from O71 and O73 towards the N7 and Nas, respectively. Path Il was sequential proton
transfer, where first H7> (or Hzs) atoms transferred from the O71 (or O73) to Na7 (or Nas)
to form 2.NK, and then H74 (or H72) atom transferred from O3 (or O71) to Nag (or Na7) to
form 2.KK. Therefore, different possible tautomeric forms have been optimized at So, S1
and Sy states as per Scheme 3.2. Further, the free energy profile for all tautomeric forms
(2.NN, 2.NK, 2.KK) stated a relationship as E(2.NN) < E(2.NK) < E(2.KK) for S state,
E(2.NN) < E(2.NK) < E(2.KK) for S; state and E(2.NK) < E(2.KK) < E(2.NN) for S,
state (Table 3.6). The positive AG for 22NN—2.NK, 2.NK—2.KK and 2.NN—2.KK in
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So and S: states depicted that intramolecular PT could not be allowed (where AG
(2.2NN—2.NK) = [G(2.NK)-G(2.NN)] and similarly calculated for other tautomeric
conversions). On the other hand, the negative AG for 2.NN—2.NK and 2.NN—2.KKin
S state, indicated the possibility of ESIPT phenomenon.

'2”2‘ W‘;N?‘

H
2.NN \ °
Path II\

Ty

2.KK
Scheme 3.2. Possible tautomeric forms of compound 2.

Table 3.4. The relative free energy (AG/kcalmol™) of tautomers at So S; and S; states based on
the DFT and TDDFT methods, respectively

2.NN 2.NK 2. KK
So S1 S2 So S1 So So S1 So
AG 0 4989 7239 515 7396 5514 1033 60.43 60.43

The PECs were calculated for different tautomeric conversion as 2.NN—2.KK (Path 1)

Path 1

and 2.NN—2.NK; 2.NK—2.KK (Path Il) using constraints on interacting distances for
OH---N (1) and OH--N (I1) respectively in So, S1 and S states (Scheme 3.2). It was noted
that the isomeric conversion with double PT in forwarding direction has energy barrier of
13.63 kcalmol™, 13.45 kcalmol™ and 8.30 kcalmol™, while the reverse PT has a barrier of
3.81 kcalmol™?, 3.47 kcalmol™ and 20.84 kcalmol™ in Sp, S1 and S; states (Figure 3.7).
The high energy barrier value for forwarding PT and low barrier value for reverse PT
condemned the 2.NN—2.KK tautomeric conversion for Sp and S: states. On the other
hand, the low energy barrier for forwarding PT and high value for reverse PT could
possibly lead the ESIPT phenomenon. In addition, the sequential PT mechanism was also
evaluated and presented in Figure 3.7. The energy barrier for forwarding ESIPT
(2NN—2.NK; 2.NK—2.KK) were determined to be 7.21 kcalmol™ and 7.24 kcalmol™,
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respectively, while the calculated energy barrier for reverse ESIPT (2.NK—2.NN;
2.KK—2.NK) were determined to be 1.96 kcalmol™ and 1.95 kcalmol™? for S; state. The
relatively high energy barrier for forwarding PT than reverse PT in Sy state would not
allow the sequential PT in S; state. Now, moving towards the S; state, the calculated
energy barrier for the forward ESIPT (2.NN—2.NK; 2.NK—2.KK) were determined to
be 5.24 kcalmol™ and 7.04 kcalmol™, respectively while the reverse PT (2.NK—2.NN;
2.KK—2.NK) has a barrier of 22.47 kcalmol™* and 1.74 kcalmol™, respectively. As the
(2.NN—2.NK) tautomeric conversion has a low barrier for the forward PT reaction, while
high barrier for reverse PT reaction, therefore, concluded as allowed tautomeric
conversion in S state. However, the (2.NK—2.KK) tautomeric conversion is not allowed
for S state due to the low barrier for the reverse PT than forwarding PT. Consequently,

only a single proton transfer was allowed in S states.
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Figure 3.7. Energy profile of (a) 2NN—2.KK; (b) 2NN—2.NK; and (c) 2NK—2.KK
tautomeric conversion at Sp, S; and S; states.

3.1.4 Conclusion

Herein, the dynamical ESIPT process of compound 2 was discussed theoretically using
DFT and TDDFT method in details. Based on the calculations, the prerequisite condition
of existence of intramolecular HB was established through AIM and FTIR. Furthermore,
the geometrical parameters such as bond lengths, bond angles, and FTIR/AIM indicated
that the HB strength increased in Sy and S states, which could prompt the ESIPT process.
Moreover, the predicted absorption spectra and the electron density distribution on FMOs
depicted the facilitation of ESIPT in the S; state. In order to study it thoroughly, the PECs

were calculated as a function of constrained bond length of OH---N (1) and OH---N (II)
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bond distances. The mechanism of PT was explored through two paths as concerted and
sequential nature. The energy barrier for forward PT was Path | (13.45 kcalmol™) and
Path 11 (7.21 kcalmol™?, 7.24 kcalmol™?), while for reverse PT was Path | (3.47 kcalmol™)
and Path I1 (1.96 kcalmol™, 1.95 kcalmol™), which indicated that the PT was not allowed
through concerted mechanism nor sequential mechanism. However, the energy barrier for
the forward PT was Path | (8.30 kcalmol™?) and Path 11 (5.23 kcalmol™, 7.04 kcalmol™),
while for reverse PT was Path | (20.84 kcalmol™?) and Path Il (22.47 kcalmol?, 1.74
kcalmol™). Moreover, the energy relationship of tautomeric forms (2.NN, 2.NK, 2.KK)
was 2.NK < 2.KK < 2.NN at S; state. Therefore, the ESIPT could take place through the

single PT in the S; state, which was schematically presented in Figure 3.8.
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Figure 3.8. Possible mechanism of ESIPT for compound 2

3.1.5 Experimental data
3.1.5.1 Synthesis of compound 1

To (4-aminophenyl)(phenyl)methanone (0.985 g, 5 mmol) dissolved in 10 mL ethanol
and hydrazine hydrate (121 pL, 2.5 mmol) was added. The resulted reaction mixture was
heated at 80 °C for 6 h. The reaction was monitored by TLC. After completion of reaction,
reaction mixture was cooled to room temperature and the resulted light yellow colour

solid was filtered off and washed with ethanol to get pure compound 1 in 75% yield.
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IH NMR (CDCls + DMSO-ds, 400 MHz): &
H,N O (ppm) 7.52 (d, J = 7.60 Hz, 3H, ArH), 7.38-7.23
O N7 O (m, 8H, ArH), 7.11 (d, J = 8.80 Hz, 3H, ArH),
O i, 6.58(d, J=8.40 Hz, 4H, ArH), 4.86 (s, 4H, NH2);
13C NMR (CDCls + DMSO-ds, 100 MHz): &

(ppm) 149.1, 148.8, 131.6, 131.2, 129.3, 128.6,

127.5,127.4,127.3,122.2, 113.1, 112.6, 112.5; ESI-MS: m/e 391.2 (M*+1).
3.1.5.2 Synthesis of compound 2

The compound 1 (390 mg, 1 mmol) and salicylaldehyde (244 mg, 2 mmol) were dissolved
in ethanol and heated at 80-85 °C. The progress of the reaction was monitored by TLC.
The yellow-colored compound was formed after 12 h, which was further filtered off and

washed with ethanol to get pure compound 2 in 70 % yield.

CCH O IH NMR (CDCls, 400 MHz): 5 (ppm) 13.18 (s,
N O D 1H, OH), 13.15 (s, 1H, OH), 8.69 (s, 1H, CH),
Z N
O O - 8.63 (s, 1H, CH) 7.51-7.32 (m, 17H, ArH),
HOQ 7.25-7.05 (m, 5H, ArH), 6.98-6.93 (m, 4H,

2
ArH); 1*C NMR (CDCl; + DMSO-ds, 100
MHz): § (ppm) 163.1, 162.8, 160.8, 158.9, 149.3, 148.4, 137.8, 136.4, 134.9, 133.6,
133.2, 132.3, 130.7, 129.6, 128.5, 127.7, 120.7, 120.5, 119.1, 118.9, 116.9. ESI-MS:
m/e 599.2 (M*+1); Anal. Calcd. CHN for CaoHaoN4Oz: C, 80.25; H, 5.05; N, 9.36,
Found: C, 80.10; H, 5.41; N, 9.65.
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3.2

Theoretical insight at the effect of electron-withdrawing —NO: group on
excited state intramolecular proton transfer of symmetrical benzophenone

azine based Schiff base

3.2.1 Abstract

In this study, the effect of -NO> as an electron-withdrawing group on photophysical
properties of compound 3 was explored through experimental and theoretical methods.
Likewise, compound 2, compound 3 also exhibited dual emission due to the ESIPT
phenomenon. Compound 3 has dual IraHBs suited at C> symmetry, and thus, possessed
ESIPT process, which could rise three tautomeric forms as 3.NN, 3.NK, and 3.KK for
compound 3. A very similar protocol was adopted to explain the ESIPT phenomenon as
in the previous section 3.1. The computed free energy change (AG) for different tautomers
established a relationship as E(3.NN) < E(3.NK) < E(3.KK) at Sp state, and E(3.NK) <
E(3.KK) < E(3.NN) at S; state. The negative AG (where AG(3.NN—2.NK) = [G(3.NK)-
G(3.NN)) for 3.NN—3.NK and 3.NN—3.KK at S; state, indicated the possibility of
ESIPT phenomenon, however higher energy barrier for 3.NN—3.KK relative to
3.NN—3.NK prompt ESIPT through single proton transfer mechanism.

3.2.2 Experimental section

3.2.2.1 Synthesis of compound 3

OH
/N O
N / EtOH O N. ~
on - N O
=
HO NO
3

Scheme 3.3 Synthesis of compound 3

H,N

Scheme 3.3 described the synthesis of compound 3. The compound 1 (390 mg, 1 mmol)
and 4-nitrosalicylaldehyde (334 mg, 2 mmol) were dissolved in ethanol and heated at 80-
85 °C. The progress of the reaction was monitored by TLC. The yellow colored
compound was formed after 24 h, which was further filtered off and washed with ethanol

to get pure compound 3 in 65 % yield; m.pt. 267°C.
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The 'H NMR spectrum displayed resonating signals at & 9.12 ppm as singlet due to 2H
of —CH=, 6 8.70-8.64 ppm as multiplet for 16H of aromatic, & 8.29-8.25 ppm as
multiplet for 4H of aromatic, § 7.42-7.14 ppm as multiplet for 2H aromatic, and *C NMR
resonating signals at 163.5, 159.8, 149.6, 148.5, 143.8, 131.3, 132.8, 130.3, 130.1, 127.9,
127.7, 127.5, 126.6, 125.4, 124.8, 122.6, 116.6, 107.9 of aromatic carbons (ArCs). The
ESI-MS (m/e) peak was observed at 689.7 (M*+1), which was in close agreement to

calculated m/z (688.7) and thus, confirm the formation of compound 3.

3.2.3 Results and discussion
3.2.3.1 Photophysical properties

Photophysical properties of compound 3 were studied through absorption and emission
spectroscopic techniques. The absorption spectrum of compound 3 (20 uM, CH3CN)
displayed an absorption peak at 350 nm. On excitation at 350 nm, compound 3 (20 puM,
CH3CN) displayed dual emission bands at 415 and 525 nm accomplished by Stokes shift
of 65 and 175 nm, respectively (Figure 3.9). The characteristic dual emission of
compound 3 indicates the ESIPT phenomenon. The high energy emission peak at 415 nm
was ascribed due to its standard enol emission, while the low energy emission was due to
excited state intramolecular proton transfer (ESIPT). Compound 3 contained proton
donor phenolic and proton acceptor imine nitrogen, and therefore, the proton transfer
from the donor site to acceptor could raise the ESIPT phenomenon. The emission for
compound 3 was observed to be stronger than compound 2, which could be due to the
strengthening of IraHBs.

(a) (b)
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Figure 3.9 (a) Normalized absorption and fluorescence spectra of compound 3 (20 pM,
CH3CN); (b) ESIPT present in compound 3
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3.2.3.2 Electronic spectra and charge distribution

In order to complement the experimental results of absorption spectra and to determine
the origin of spectra, the first three excitations were calculated for compound 3. The
compound 3 was optimized at Sp state using the DFT method using cam-B3LYP/6-
31+g(d,p) and excitations were calculated using TDDFT method was used at the same
level of theory. First, three Frank-Condon (FC) excited states were calculated and has
been presented along with predicted absorption peak, oscillation strength, symmetry and
involved FMOs in Table 3.5.

Table 3.5. The electronic excitation wavelength (A/nm), oscillator strengths (f) and
compositions of the low-lying singlet excited states (contributing MOs) of the compound 3

Transition  Acalc Aexp Symmetry f Major MOs Contribution
So—S1 360.42 350 Singlet-A  2.1744 H—L 44 %
So—S 348.50 Singlet-A  0.0215 H-1-L 35%
So—S3 338.28 Singlet-A  0.0017 H-3—L 24 %

H-1-1L+2 24 %

The first FC transition (So—Si1) was calculated at 360 nm, with highest oscillation
strength of 2.1744, and the transition resulted majorly from the HOMO—LUMO
transition. The So—S2and So— Sz excitation were calculated at 348 nm, and 338 nm with
oscillation strength of 0.0215 and 0.0017, respectively. The contributing MOs were
displayed in Table 3.5. Further, the FMOs were graphically presented in Figure 3.10.

h-e overlap = 0.352
h-e distance =0.25

Figure 3.10. (a) FMOs of compound 3 contributing to electronic excitation and (b) hole-electron
distribution for Sp—S:.

Due to high oscillation strength for So—S: excitation, only HOMO and LUMO orbitals

were considered. The HOMO was distributed over the benzophenone skeleton and
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extended up to Schiff base linkage; on the other hand, LUMO has an electronic
distribution over the benzophenone unit and extended up to —NO2 functional groups
(Figure 3.10). The electronic distribution clearly depicted that the m and n*-character of
HOMO and LUMO, respectively and thus, the transition could be assigned as n—n*
transition. Also, the partial charge transfer was also observed towards —NO> from azine
core. Further, the quantitative nature of excitations was measured through hole-electron
distribution (Figure 3.10). The distance between the centroid of hole and electron center
was found to be 0.258 A, while the overlap integral was 0.352. The overlap integral value
with little spatial separation of hole-electron distribution revealed the transition as the
local excitation transition. The hole-electron distribution clearly depicted that the

transition has an electron density shift from the azine unit to the —NO3 unit.

3.2.3.3 Geometrical parameters

Compound 3 was optimized in its three tautomeric forms 3.NN, 3.NK, 3.KK at S, and
S1 states using the DFT and TDDFT methods. The optimized structures were validated
for the local minima through the absence of imaginary frequency and have been presented
in Figure 3.11. Compound 3 attained C> symmetry like compound 2, and thus own the
similar bond lengths for OsgH70 and Hzo-*N47 as well as O7:H72 and Hz2-Nsg and bond
angles (Os9H70-"Ns7 and O71H72--Nsg) values at So, and Si states. For better
understanding, the hydrogen donor and acceptor units were labeled, as shown in Figure
3.11, and the interactions were categorized as | and Il. The important geometrical
parameters related to IraHB were summarized in Table 3.6.

Table 3.6. The essential bond lengths (A), bond angles (°) of compound 3 in 3.NN, 3.NK, and
3.KK tautomeric structures at Sp and S; states, respectively

3.NN 3.NK 3.KK

So S1 So S1 So S1

O—H({d) 0.9982 0.9999 1.7156 1.7912 1.7162 1.7930

H—N() 1.7238 1.7132 1.0396 1.0345 1.0395 1.0344

O—H({I) 0.9982 0.9999 0.9982 0.9982 1.7162 1.7930

H—N(I) 1.7238 1.7132 1.7235 1.7235 1.0395 1.0344

Z(1) 146.95 147.49 139.49 137.99 139.48 137.92

Z(I1) 146.95 147.49 146.95 146.94 139.48 137.92
As listed, the bond lengths for Oss—H7o and O71—H72 were increased by ~0.0017 A from
0.9882 at So state to ~0.9999 A at S; state. On the other hand, the H7o—Na7 and H7>—Nus
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bond lengths decreased by 0.0106 A from 1.7238 A at Sp state to 1.7132 A at S; state.
Meanwhile, the bond angles for interactions were enlarged for So—S: from 146.95° to
147.49°. Thus, the small interacting distance indicated six-membered IraHB at Soand S:
states. However, the decreased IraHB distances and increased interacting bond angles for

OH-N (I/I), implied that the IraHBs strengthens at S state relative to So state.
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Figure 3.11. Optimized structure of 3 at Sy states
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3.2.3.4 Frequency analysis

The simulated FTIR spectra at So and S; states have been presented in Figure 3.12, which
was further enlarged as an inset for O—H signals of compound 3. The O-H stretching
vibrational frequency was located at 3181 cm™ at So state, which was calculated at 2974
cm? at Sy state. Further, the red-shift in FTIR signal for So—S1 (207 cm™) transition,
implies that the IraHBs (OH---N (1) and OH--N (11)) was relatively more strengthened at

the S; state relative to So state.

_So _S1
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Figure 3.12. FTIR spectra of compound 3 at Sy, and S; states

3.2.3.5 AIM Analysis

Further, the existence of hydrogen bonding was examined based on Popelier criteria, and
determined topological parameters were within the limit of criteria (Table 3.7), and the
type of BCPs was (3,-1). The positive value of Laplacian of electron density [V?p(rc)] for
standard enol form of compound 3 depicted electrostatic close shell interaction at So, and
S: states. The degree of covalency and strength of the IraHB interactions were
characterized according to Rozas’ rules, which established that the determined parameters
for listed BCPs ascertained medium-range interactions with the partial covalent character
(V?p(rc) >0and H(r) <0)at Sp, and S; states (Table 3.7).1% The interaction energies for
OH-N (1) and OH---N (1) were determined to be -13.37 kcalmol™ at S state. However,
on photoexcitation, IraHBs were strengthened to -15.11 kcalmol™ at S; states.
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Table 3.7. Topology parameters electron density(p), Laplacian electron density (V2p), potential
energy density [\V/(r)], total energy density [H(r)], hydrogen bonding energy [Eng(kcalmol™?)]
at bond critical point of non-covalent interactions (D---HA) for standard enol form in Sp, and S;
states of compound 3

State Interaction VZp V(r) G(r) H(r) Ens
So OgoH70-*Na7 0.1360 -0.0426 0.0383 -0.0043 -13.37
O71H72:-Nag 0.1360 -0.0426 0.0383 -0.0043 -13.37
S OgoH70-*Na7 0.1444 -0.0482 0.0423 -0.0059 -15.11
O71H72*Nag 0.1444 -0.0482 0.0423 -0.0059 -15.11

The molecular graphs of compound 3 at So and S; states were plotted for BCPs and bond
paths (Figure 3.13). Also, there was the rise of new IraHBs at S; state in the form of

ArH---N; however, at present, only OH---N interactions were discussed.

Figure 3.13. Molecular graph of compound 3 at Sp and S; states

3.2.3.6 Proton transfer mechanism

The dual IraHB and proton transfer could raise three tautomeric forms (3.NN, 3.NK, and

3.KK) of compound 3, which were displayed in Scheme 3.4. As previously discussed in
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Section 3.1.3.6, the proton transfer mechanism in compound 3 could follow two
pathways. The path | was the isomeric double proton transfer, while Path 11 was sequential
proton transfer. Therefore, the free energy profile for all tautomeric forms (3.NN, 3.NK,
3.KK) were calculated at Sp and S; states and stated a relationship as E(3.NN) < E(3.NK)
<E(3.KK) at Sp state, and E(3.NK) < E(3.KK) < E(3.NN) at S; state. The relative energy
of tautomeric forms was presented in Table 3.8. The positive AG for 3.NN—3.NK,
3.NK—3.KK and 3.NN—3.KK at Sy state depicted that intramolecular PT could not be
allowed (where AG(3.NN—3.NK) = [G(3.NK)-G(3.NN)] and similarly calculated for
other tautomeric conversions). On the other hand, the negative AG for 3.NN—3.NK and
3.NN—3.KK at S; state, indicated the possibility of intramolecular PT. However, the
positive AG for 2.NK—2.KK condemned the tautomeric conversion and hence,
intramolecular PT. Therefore, free energy relationship stated that the preferential

tautomer conversions at S; state were 3.NN—3.NK and 3.NN—3.KK.

Scheme 3.4 Possible tautomeric forms of compound 3

Table 3.8. The relative free energy AG (kcalmol™?) of tautomeric forms at Sp and S; states based
on the DFT and TDDFT methods, respectively

3.NN 3.NK 3.KK
So S1 So S1 So S1
AG 0 66.46 2.75 61.57 5.50 64.33

The 3.NN—3.NK tautomeric conversion involved the transfer of Hzo (or H71) atoms from
the Ogg (0or O72) to N47 (or Nas), while 3.NN—3.KK tautomeric conversion involved the
isomeric proton transfer of Hzo and H71) atoms from the Ogg and O72 to N47 and Nas,
respectively. Therefore, potential energy curves were calculated using constraints on
interacting distances for OsgH7o--*N47/O71H72--*Nag at So, and Sy states. It was noted that

PT in forwarding direction of ESIPT has an energy barrier of 2.15 kcalmol?, while

49



reverse PT has a barrier of 4.96 kcalmol™ for 3.NN—3.NK tautomeric conversion (Figure
3.14). On the other hand, 3.NN—3.KK tautomeric conversion has a barrier of 5.22
kcalmol™ and 7.34 kcalmol™ for forward and reverse ESIPT. The low energy barrier for
forwarding PT for 3.NN—3.NK relative to 3.NN—3.KK at S; state could lead the ESIPT

phenomenon via single proton transfer mechanism.
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Figure 3.14. Energy profile of (a) 3.NN—3.NK, (b) 3.NN—3.KK tautomeric conversions at
So, and S; states.
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Figure 3.15. Possible mechanism of ESIPT for compound 3

3.2.4 Conclusion

Herein, the dynamical ESIPT process of compound 3 was discussed experimentally and

theoretically. Based on the calculations, the prerequisite condition of existence of IraHB

was established through AIM, FTIR. Furthermore, the geometrical parameters such as
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bond lengths, bond angles, and FTIR/AIM analysis indicated the strengthening of IraHB
at S state, which prompted the ESIPT process. Moreover, the predicted absorption
spectra and the electron density distribution on FMOs depicted the facilitation of ESIPT
phenomenon. The relative free energy and PECs favored the 3.NN—3.NK tautomeric
conversion at S state. Therefore, the ESIPT could take place through the single PT at the
S: state, which was schematically presented in Figure 3.15.

3.2.5 Experimental data
3.2.5.1 Synthesis of compound 3

The compound 1 (390 mg, 1 mmol) and 4-nitrosalicylaldehyde (334 mg, 2 mmol) were
dissolved in ethanol and heated at 80-85 °C. The progress of the reaction was monitored
by TLC. The yellow-colored compound was formed after 24 h, which was further filtered
off and washed with ethanol to get pure compound 3 in 65 % yield; m.pt. 267°C.

'H NMR (CDCl; + DMSO-ds, 400 MHz): &
O (ppm) 9.12 ppm (s, 2H, —CH=), 8.70-8.64
Nﬁ@\ (m, 16H, ArH) 8.29-8.25 (m, 4H, ArH) 7.42-
HO NO,
7.14 (m, 2H, ArH).**C NMR (CDCls +

DMSO-ds, 100 MHz): 6 (ppm) 163.5, 159.8, 149.6, 148.5, 143.8, 131.3, 132.8, 130.3,
130.1, 127.9, 127.7, 127.5, 126.6, 125.4, 124.8, 122.6, 116.6, 107.9 (ArCs). ESI-MS
(m/z) = 689.7 (M*+1); calculated m/z (688.7).
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3.3

The supremacy of charge transfer over proton transfer in symmetrical

bis(diphenylmethylene)hydrazine based Schiff base

3.3.1 Abstract

In this section, we study the effect of —NEt, as an electron-donating group on
photophysical behavior of bis(diphenylmethylene)hydrazine-based Schiff base (4).
Compound 4 displayed yellow absorption at 410 nm and an emission peak at 500 nm,
which was accompanied by Stokes’ shift of ~90 nm. The study involved an explanation
for the origin of photophysical behavior. Like compound 2 and 3, compound 4 too
contained dual intramolecular hydrogen bonding (IraHB) suited at C, symmetry and thus,
two ESIPT sites. Therefore, three tautomeric forms as 4.NN, 4.NK, and 4.KK for
compound 4 could be formed through PT, likely happened in compound 2 and 3.
However, the -NEt> group present in compound 4 have the tendency to push the electron
density towards the electron loving center. Therefore, its presence will generate the
intramolecular charge transfer (ICT). The presence of IraHBs and ICT constituents could
tune the photophysical properties based on ESIPT or/and ESICT phenomenon. Further,
the relative free energy change (AG) was calculated for tautomeric forms. It was depicted
that the 4.NN was the most stabilized form than 4.NK, and 4.KK at Sp and S; states, and
thus, exclude the chances of ESIPT phenomenon. All the calculations were based on long-
range hybrid functional (cam-B3LYP) time-dependent density functional theory coupled
integral equation formalism polarization continuum model (IEFPCM) imitated the
mechanistic insight of photophysical response. The ESICT phenomenon was studied and
established in the presence of acid and base. The introduction of acid to compound 4
preferentially protonated the imino center and resulted in the monocationic and dicationic
protonated form. The monocationic form (4_HSB) displayed absorption and emission
peak at 455 nm and 520 nm, respectively. The dicationic form (4_2HSB) displayed
absorption peak at 455 nm, 335 nm and 260 nm, and emission peak at 490 nm. On the
other hand, in case of addition of base to compound 4, the absorption was increased at
415 nm, and emission was blue-shifted to 480 nm for monoanionic form (4_O").
However, for dianionic form (4_0O"O"), redshifted absorption peak and emission peak was
observed at 435 nm and 620 nm, respectively. The FMOs analysis revealed the shifting
of electron density and thus, endorsed the ESICT phenomenon.
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3.3.2 Experimental section

Scheme 3.3 described the synthesis of compound 4. The compound 1 (390 mg, 1 mmol)
and 4-(diethylamino)-2-hydroxybenzaldehyde (386 mg, 2 mmol) were dissolved in
ethanol and heated at 80-85 °C. The progress of the reaction was monitored by TLC. The
yellow-colored compound was formed after 20 h, which was further filtered off and
washed with ethanol to get pure compound 4 in 70 % yield; m.pt. 227°C.

O . YOO C
H,N O oH N
® ®
a T a7
) HO NEt,

4

Scheme 3.5 Synthesis of compound 4

The 'H NMR displayed resonating signals at § 13.79 ppm as singlet due to 2H of —OH,
6 8.47 ppm as singlet due to 2H of —CH=, & 7.52-7.30 ppm as multiplet due to 16H of
aromatic, 6 7.18-7.13 ppm as multiplet for 4H aromatic, 5 6.26-6.16 ppm as multiplet due
to 2H of aromatic, 3.42-3.39 as quartet due to 8H of —CH>, 1.23-1.18 as triplet for CH3
and *C NMR resonating signals at & 161.5, 158.8, 149.1, 146.5, 138.2, 132.8, 132.4,
129.2,127.9,127.2,126.7,124.8,122.8,122.1,119.7,118.9, 111.6, 110.9 due to aromatic
carbons (ArCs) 47.9 due to CHy, 15.9 due to CHs. The ESI-MS (m/e) peak was observed
at 741.9 (M*+1), which was in close agreement to calculated m/z (740.9) and thus,

confirm the formation of compound 4.

3.3.3 Results and discussion
3.3.3.1 Photophysical properties of compound 4

The measured steady-state absorption and emission spectrum of compound 4 (20 UM,
CH3CN) displayed peaks at 415 nm and 500 nm, respectively (Figure 3.16). The
compound 4 contained double IraHBs, which could rise to ESIPT phenomenon, likely
compound 2 and 3, respectively. In addition, compound 4 contained —NEt> unit with a
capacity of pushing electron density towards the hydrazine unit, which could raise the
ESICT phenomenon. The possible phenomenon in the excited state was demonstrated in
Figure 3.16. Therefore, the modest Stokes’ shift of 85 nm could be tuned by the presence
of ESICT or ESIPT suppressed ESICT.
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Figure 3.16. (a) Normalized absorption and fluorescence spectra of compound 4 (20 puM,
CH3CN); (b) The possible photophysical mechanism in compound 4.

3.3.3.2 Absorption spectra and electronic distribution

The experimental results were complemented by predicting the Frank-Condon vertical
excitation energies on Sp optimized geometry of compound 4, and corresponding
symmetry, oscillation strength, and CI value of contributing molecular orbitals were
summarized in Table 3.9. The nature of the electronically excited state,

qualitative/quantitative charge distribution was discussed.

Table 3.9. The electronic excitation wavelength (nm), oscillator strengths (f) and compositions
of the low-lying singlet excited states (contributing MOs) of the compound 4

So—>Sn A (nm) Symmetry f Contributing MOs (%)

So—S1 364.19  Singlet-A 3.4615 H—L 55

So—S2 34559  Singlet-A 0.0157 H-1-L 30

H-3—L 25

So—S3 328.39  Singlet-A 0.0072 H—-L+2 32
W, 5.
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Figure 3.17. Frontier molecular orbitals of compound 4

The first FC transition (So —Si1) was calculated at 364 nm, with highest oscillation
strength of 3.4615, and the transition resulted majorly from the HOMO—LUMO
transition. The So—S; excitation was calculated at 345 nm, with oscillation strength of
0.0157 and was resulted from the HOMO-1—LUMO, and HOMO-3—LUMO transition,
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with a contributing factor of 30 %, and 25%, respectively. The So—S3 excitation was
calculated at 328 nm, with oscillation strength of 0.0072 and was resulted from the
HOMO—LUMO+2 transition with a contributing factor of 32 %.

Due to high oscillation strength for So— S excitation, only HOMO and LUMO orbitals
were considered as contributing FMOs and therefore, presented in Figure 3.17. The
HOMO was distributed over the diphenylmethylene hydrazine skeleton and extended up
to Schiff base linkage; while, LUMO has an electronic distribution over the hydrazine
unit and attached phenyl rings. The electronic distribution clearly depicted that the
electron density was shifted from —NEt, unit to the hydrazine core unit, and therefore,

So—S1 excitation was assigned as intramolecular charge transfer (ICT) transition.

3.3.3.3 Geometrical parameters

In order to understand the possible phenomenon of PT along with ICT, compound 4 was
optimized in possible tautomeric forms 4.NN, 4.NK, and 4.KK at Sp and S; states using
DFT and TDDFT methods, respectively. The optimized structures were validated for the
local minima through the absence of imaginary frequency and presented in Figure 3.18.
Compound 4 attained C> symmetry like compound 2 and 3, and thus, own the similar
bond lengths (OsgsH70 and Hzo-*Na7 as well as O71H72 and H72:-‘Nag) and bond angles
(Os9H70-*Na7(1) and O71H72-*Nag(11)) values in So, and S states. The bond lengths of
atoms involved in IraHB were summarized in Table 3.10. As listed, the bond lengths and
bond angles for interactions (Oe7H7o**Ns7 and O71H72:-Nag) were not changed

significantly on photoexcitation to S state.

Table 3.10. The essential bond lengths (A) and bond angles (°) of compound 4 in 4.NN, 4.NK,
and 4.KK tautomeric forms and their relative free energy AG (kcalmol™?) at So and S; states
based on the DFT and TDDFT methods, respectively

4.NN 4.NK 4. KK

So S1 So S1 So S1
Ogo—Hro 1.002 1.002 1.7156 1.7912 1.7162 1.7930
H7o—Na47 1.705 1.705 1.0396 1.0345 1.0395 1.0344
On—Hrn 1.002 1.002 0.9982 0.9982 1.7162 1.7930
H7,—Nas 1.705 1.705 1.7235 1.7235 1.0395 1.0344
Z/OgoH70Ns;  148.89 148.89 139.49 137.99 139.48 137.92
Z0711H7;Ngg  148.89 148.89 146.95 146.94 139.48 137.92
AG 0 64.92 3.36 67.40 6.72 69.87
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Further, the free energies were calculated for all tautomeric forms (4.NN, 4.NK, and
4.KK) and established a relationship as G(4.NN) < G(4.NK) < G(4.KK) at Sp and S:
states (Table 3.10). The positive AG for 4 NN—4.NK, 4. NK—4.KK, and 4. NN—4. KK

at Sp and S; states depicted that intramolecular PT could not be allowed.
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Figure 3.18 Optimized tautomeric forms of compound 4

3.3.3.4 Effect of H* ions on Absorption and emission spectra of Compound 4

The FMOs of compound 4 clearly displayed the electron density shift from —NEt, units
towards core hydrazine unit. The ICT mechanism was further better understood by
protonation/deprotonation of compound 4. The compound 4 contained two imine units

and two —NEt; units, which were of basic character, and thus, abstract the introduced H*
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ions. The protonation could take place either at imino N center or at the —NEt, center and
therefore, generate substitution isomeric monocationic and dicationic forms, which are
denoted by 4 HSB, 4 HN, 4 2HSB, and 4_2HN (Scheme 3.6).
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Scheme 3.6. Possible isomeric structures for the protonated form of compound 4.

Herein, both possibilities were studied by optimizing isomeric monocationic and
dicationic forms. It was noted that the protonated conformer 4 HSB was found to be
more stable by 12.64 kcalmol™ as compared to 4_HN. Similarly, 4 2HSB conformer was
found to be more stable by 25.19 kcalmol™® compared to 4 2HN. Thus, it could be
concluded that the protonation preferentially take place at imino N center. Herein, 4 HSB
and 4_2HSB forms were preferential and therefore, the optimized structures of 4 HSB
and 4 2HSB were displayed along with topology of FMOs in Figure 3.19. The
HOMO/LUMO electronic distribution displayed a shift of electron density from
unprotonated imino center side to protonated imino center side, and thus, represented the
increased ICT. On the other hand, for 4 2HSB, the HOMO and LUMO were located over
the whole molecule except the phenyl rings. However, it could be noted that the electron

density at protonated imino center was increased, while it was decreased at —NEt; center.
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Figure 3.19 Optimized structures and FMOs for 4 HSB and 4 _2HSB forms of compound 4

Therefore, —NEt> pushed the electron density towards the protonated imino center
symmetrically (Figure 3.19). The protonation at hydrogen accepting imino nitrogen
center would prevent PT, and therefore, a blue-shifted emission should be observed for
the absence of ESIPT phenomenon, while, the redshifted in emission should be observed
for ESICT phenomenon due to stabilization of the charge transfer state.
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Figure 3.20 Effect of H* ions on the absorption spectra of compound 4 (a) 0-30 puM and (b)
30-400 pM concentration of H,SO4 in CH3CN

The real-time addition of H* ions to compound 4, displayed a redshifted absorption band
at 455 nm with increased absorption intensity, suggesting the formation of monocationic
form. Further, the addition of H* ions, decreased the absorption intensity at 455 nm with
the concomitant rise of the new absorption peak at ~335 nm and ~260 nm, suggesting the

protonation at another imino center and thus, the formation of dicationic form. The
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stabilization energy and redshifted absorption spectra endorsed the calculated outcomes
and led to the formation of 4_HSB and 4 2HSB.
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Figure 3.21 Effect of H* ions on the emission spectra of compound 4 with the addition of (a)
0-30 uM and (b) 30-50 uM H,SO4in CH3CN
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Figure 3.22 Effect of H" ions on the emission spectra of compound 4 (a) 50-300 uM and (b)
300-400 uM concentration of H,SO4 in CH;CN

In case of emission spectra, the addition of H* ions (0-30 uM) to compound 4, a red-
shifted emission peak was observed from 500 nm to 520 nm, with a slight rise of emission
intensity. The observed redshifted emission was due to stabilization of monocationic form
4 _HSB in an excited state. However, further addition of acid (30-50 uM), decreased the
emission intensity at 520 nm, and the concomitant rise of a new peak at ~490 nm.
Interestingly, the appearance of a new peak with lesser intensity at 660 nhm was noted.
The emission intensity at 490 nm continuously increased up to 300 uM concentration of
H* ions. The blue-shifted emission at 490 nm was due to charge transfer in dicationic
form 4_2HSB, while emission at 660 nm was due to protonation at imino center. More
addition of H* ions, quenched the emission intensity at 490 nm, while the emission

intensity at 660 nm remains unaltered. It was due to protonation of —NEt> center in the
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presence of excess H* ions concentration, which further, decreased capacity of pushing

the electron density towards imino center.
3.3.3.5 Effect of the base on absorption and emission spectra of compound 4

Further, the effect of the base was studied on the steady-state absorption and emission
spectra of compound 4. The compound 4 contained two acidic sites in the form of
phenolic —OH unit. Thus, the deportation of acidic hydrogen could monoanionic and
dianionic forms, which are abbreviated as 4 O  and 4 OO Also, there was the
possibility of rotational isomerism, at —C=N— center, and thus, there could be two

isomeric structures of monoanionic and dianionic forms (Scheme 3.7).
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Scheme 3.7 Possible deprotonated forms of compound 4

Therefore, both monoanionic and dianionic forms of Compound 4 were optimized and it
was noted that the isomeric rotational structures (4 O I and 4 OO _I) were more
stabilized by 4.19 kcalmol? and 8.45 kcalmol™? for both monoanionic and dianionic
forms, respectively. Further, the optimized structure and topology of FMOs of 4 O_|
and 4 OO _l were discussed and displayed in Figure 3.23. The HOMO/LUMO

electronic distribution depicted that the electron density shifted from the deprotonated

60



site towards another end, depicted asymmetric charge transition. However, in case of
4 0O O_I, the electron density was shifted from —PhNEt, towards the center of molecule,

and therefore, the transition was assigned as symmetrical charge transfer.
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Figure 3.23 Optimized structure of monoanionic and dianionic forms 4 O I and 4 OO _I
along with their FMOs.
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Figure 3.24 Absorption spectra of compound 4 (20 uM, CHsCN) on addition of (a) 0-90 uM
and (b) 90-320 uM concentration of NaOH.

The real-time addition of OH" ions to compound 4, increased the absorption intensity at

its original band at 415 nm for monoanionic 4_O_I form. Further, the addition of OH"

ions decreased the absorption intensity and concomitant redshift to 435 nm (Figure 3.24).

On the other hand, the addition of OH" ions (0-90 uM), first increased the emission

intensity and concomitant blue shift from 510 nm to 480 nm for monoanionic form.
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However, further addition of OH" ions decreased the emission intensity at 480 nm and co-
occurrence new peak emission peak at 620 nm (Figure 3.25).

The addition of OH" ions at low concentration increased absorption intensity at 415 nm
and blue-shifted emission at 480 nm, which was due to the formation of monoanionic
form. However, at higher concentration of OH" ions, the red-shifted absorption at 435 nm
and emission at 620 nm was due to stabilization of dianions form and charge transfer
towards the core of the molecular structure. The hydrazine core accepts the electron

density from negatively charged phenolic oxygen and —NEt. unit.
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Figure 3.25 Emission spectra of compound 4 (20 uM, CH3;CN) on addition of (a) 0-90 uM and
(b) 90-500 uM concentration of NaOH.

3.3.4 Conclusion

Herein, the effect of electron-donating —NEt, group was studied on photophysical
behavior of compound 4. Compound 4 displayed yellow absorption at 410 nm and an
emission peak at 500 nm, which was accompanied by Stokes’ shift of ~90 nm. The
presence of —~NEt> group in compound 4 pushed the electron density towards the electron
loving hydrazine center and therefore, lead to intramolecular charge transfer (ICT). Also,
the relative free energy change (AG) was calculated for tautomeric forms exclude the
chances of ESIPT phenomenon. The introduction of acid to compound 4 preferentially
protonated the imino center and therefore, increased the ICT character, which was
supported by red-shifted absorption and emission peaks. Also, the interaction of base to
compound 4, the stabilized the anionic form and enhanced the charge transfer towards the
core of the molecular structure. The FMOs analysis also revealed the shifting of electron

density and thus, endorsed the ESICT phenomenon for modest Stokes”’ shift.
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3.3.5 Experimental data
3.3.5.1 Synthesis of compound 4

The compound 1 (390 mg, 1 mmol) and 4-(diethylamino)-2-hydroxybenzaldehyde (386
mg, 2 mmol) were dissolved in ethanol and heated at 80-85 °C. The progress of the
reaction was monitored by TLC. The yellow-colored compound was formed after 20 h,
which was further filtered off and washed with ethanol to get pure compound 4 in 70 %
yield; m.pt. 227°C.

e » 'H NMR (CDCl; + DMSO-ds, 400 MHz): 3
1 !‘ (ppm) 13.79 (s, 2H, —OH), 8.47 (s, 2H,

& YN —CH=), 7.52-7.30 (m, 16H, ArH), 7.18-7.13

(M, 4H, ArH), 6.26-6.16 (m, 2H, ArH), 3.42-

3.39 (q, J = 7.8 Hz, 8H, —CHy), 1.23-1.18 (t, J = 7.6 Hz, 12H, —CH3); *C NMR
(CDCl3 + DMSO-ds, 400 MHz): & (ppm) 161.5, 158.8, 149.1, 146.5, 138.2, 132.8,
132.4, 129.2, 127.9, 127.2, 126.7, 124.8, 122.8, 122.1, 119.7, 118.9, 111.6, 110.9
(ArCs) 47.9 (CHy), 15.9 (CHa). ESI-MS (m/z) = 741.9 (M*+1); calculated m/z (740.9).
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Summary of Chapter 3

In summary, three symmetrical bis(diphenylmethylene)hydrazine based Schiff base (2-4)
were synthesized and evaluated for their photophysical properties through experimental
and theoretical calculations. All the three compounds have symmetrically suited double
hydrogen donor (—OH) and hydrogen acceptor (—N=) sites at close proximity and
therefore, established the intramolecular O—H---N hydrogen bonding. The substituents
with a capacity of electron-withdrawing and donating were introduced at para position of
hydrogen acceptor sites.

Among these three compounds, compound 2 and 3 displayed dual emission with broad
Stokes’ shifts, while compound 4 displayed a single emission peak with small stokes’
shift. The compound 2 and 3 displayed ESIPT phenomena via single proton transfer at S,
and S; state, respectively. The compound 2 has dominant standard enol emission;
however, the introduced —NO> unit in compound 3 pull the electron density and therefore,
increased the acidity of —OH unit. The increased acidity of the proton eases the proton

transfer and therefore, has dominant keto emission.

On the other hand, the introduced —NEt> unit in compound 4 pushed the electron density
towards the core of the molecule. Also, the presence of electron-donating unit decreased
the acidity of —OH unit and therefore, condemned the ESIPT and permitted to rule ESICT
phenomenon over ESIPT.
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Chapter 4

Photophysical properties of bis(diphenylmethylene)hydrazine-based

compounds exhibiting AIE phenomenon towards common metal ions

Designing a molecule with excellent selectivity and sensitivity towards metal ions as well
as light-emitting ability in a polar medium such as water, methanol, etc. have appealing
attention due to their application to a living system, daily life experiments.?* Generally,
organic luminophores were studied in dilute solutions, but some of these behave
differently in the presence of a dual solvent system or in the presence of some analytes.
At high concentration, the molecular system forms an aggregate, which may further lead
to aggregation-caused quenching (ACQ) or aggregation-induced enhancement (AIE)
phenomenon. The AIE can be attained by resisting intramolecular motion. The critical
condition of resisting intramolecular rotation for AIE can be achieved by introducing
bulky substitution, hindering the rotation by hydrogen bonding and metal chelation. In
recent years, the AIE phenomenon has provided new scopes and functions to self-
assembly and disassembly based on the detection of analytes. The organic luminophores
with characteristics of AIE active have an advantage in a number of research areas such

as OLEDs, bio-imaging, environmental protection, etc.1?>1% ENREF_135

The organic compound derivatives based on tetraphenylethylene (TPE)3" 138 silole®®,
azine® % 140 are a novel class of material with properties of AIE and have been used as
sensors in the range of samples such as chemicals, environment, and biology.'26-12% 133
136, 141-145 On the other hand, compound exhibiting ESIPT have the advantage of a broad
spectral window with large Stokes™ shift, high quantum yield, and reducing the self-
quenching of fluoro-sensor. Therefore, the molecular architecture design with properties
of both AIE and ESIPT characteristics should have prominent Stokes™ shift and do not
require hydrophilic modification. Hence, they can find potential in chemical,

environmental and biological sensing.*414

Herein, a systematic study of AIE and ESIPT/ESICT, effects of different substitutions
and their photophysical properties behavior towards common metal ions has been
discussed. It has been predicted that substituents tuned the selectively and sensitivity
towards detected metal ions. Therefore, depending upon the nature of substituents and
their sensing behavior, this chapter has been divided into three sections:
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4.1.Aggregation-induced emission and excited state intramolecular proton transfer-based
“off-on” fluorescent sensor for AI¥* ions in liquid and solid-state

4.2.Aggregation-induced emission and excited-state intramolecular proton transfer based
ratiometric and “on-off” sensor for AI** and Cu?* ions

4.3.ESICT efficient sensor for discriminating Zn?* and Cu?* ions through the dual-

channel
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4.1

Aggregation-induced emission and excited state intramolecular proton
transfer-based “off-on” fluorescent sensor for AI** ions in liquid and solid-

state

4.1.1 Abstract

Bis(diphenylmethylene)azine based Schiff base (abbreviated as compound 2) exhibiting
AIE and ESIPT phenomenon has been synthesized and studied the photophysical
behavior towards detection of AI** ions. The results showed that compound 2 exhibit
aggregation-induced emission in >70% H:O/CHsCN. The significant hydrodynamic
diameter change from 20 nm to 200 nm upon increasing the H>O volume ratio in CH3CN
endorsed AIE phenomenon for compound 2. Compound 2 showed colorimetric and “off-
on” emission response for AI** ions, with a detection limit of 2.7x10" M in CH3OH. The
association of compound 2 to AI** also causes a restriction in intramolecular motion-
induced emission. The hydrodynamic diameter of compound 2 increases from 335 nm to
625 nm in the presence of AI** ion in CH3OH.

4.1.2 Results and discussion
4.1.2.1 Aggregation-induced emission (AIE) characteristic of compound 2

The compound 2 possesses the tetraphenylene moieties around the hydrazine, which
likely to show the characteristics of tetraphenylethylene moiety, which is known to
exhibit AIE phenomenon in a poor solvent. Thus, the AIE feature of compound 2 was
studied by absorption and emission spectra in a suitable solvent (CH3CN) with the
incremental addition of poor solvent (H20) and presented in Figure 4.1. The solution of
compound 2 (20 uM, CH3CN) showed absorption maxima at 355 nm. Upon incremental
addition of H20 ratio to compound 2 (20 uM, CH3CN), the absorption intensity at 355
nm decreased (up to 60% H>0:CH3CN; v/v) along with formation of new band at 400 nm
(70-90% H>0O:CH3CN; v/v) along with tail off absorption between 500-700 nm. The
redshift in absorption maxima with increasing the water content in CH3CN resulted in the
formation of J-types of aggregates. The emission spectrum of compound 2 (20 uM,
CH3CN, Aex = 355 nm) showed weak emission at 455 and 545 nm. The compound 2
persisted low emission up to 60% H>O:CH3CN (v/v). Further, increasing the H20O content
to 70-90%, increased the emission intensity at 545 nm. The emission of compound 2
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decreased in pure water, comparative to 90% H20:CH3CN (v/v). The increase in intensity
at ESIPT band indicated the protection of hydrogen bonding in aggregate form and thus,
available for the proton transfer. Therefore, the emission intensity increased at 545 nm in
aggregated form due to restriction in intramolecular rotation around C—N, N—N, and

C=N bonds and allowing proton transfer.
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Figure 4.1 (a) Absorption and (b) emission spectra of compound 2 (20 pM) upon increasing
the volume of H2O in CH3sCN (Aex = 355 nm); Inset in (b) emission profile of compound 2 at
545 nm for a different fraction of H,O in CH3CN.
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Figure 4.2 DLS bar graph of compound 2 in (@) CHsCN, and (b) 90% H,O/CH3CN (v/v);
FESEM images of compound 2 in (¢) CHsCN and (d) 90% H,O/CH3CN (v/v).

Further, the DLS measurements were also performed to support the aggregation behavior
of compound 2 and determined the size of aggregates of compound 2 in the presence of
different volume ratio of H2O with CH3CN. The DLS experiments revealed an average
hydrodynamic diameter of 2-20 nm for compound 2 (20 uM, CHsCN). However,
increasing the H>O volume ratio to 70-90% in CHsCN, the increase in average
hydrodynamic diameter was observed from 20 nm to 200 nm (Figure 4.2). FESEM
micrographs were also studied for morphology and particle size. The FESEM
micrographs showed the spherical morphology of compound 2 in pure CH3CN, with a
diameter of ~40 nm. However, increasing the H>O content up to 90% v/v in CH3sCN, the
formation of disordered aggregates were observed (Figure 4.2). The FESEM micrographs

analysis were consistent with DLS experiment results.
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4.1.2.2 Sensing properties of compound 2 towards various common metal ions

The interaction of compound 2 with various common metal ions such as Na*, K*, Mg?*,
Ca?*, Ba?*, AIF*, Pb?*, Fe** Co?*, Ni?*, Cu?*, Zn?*, Hg?" and Ag* was examined through
UV-Vis absorption spectroscopy in polar protic solvent (CH3OH) as shown in Figure 4.3.
The position of absorption bands remained unchanged over the various metal ions except
for AI** ions. The binding properties of compound 2 with AI** were studied by UV-Vis
titration in CH3OH solution. On gradual addition of AI** (0-140 puM), the absorption
bands at 355 nm decreased, while the absorption band at 465 nm increased progressively
with an isosbestic point at 390 nm (Figure 4.3). The presence of isosbestic point for
compound 2 and AI** during absorption titrations indicate complex formation with AI**
ion. The bathochromic shifts observed in the absorption spectrum inferring deprotonation
of a phenolic proton, which enable complexation with AI** ions. The spectral changes

were associated with visible color changes, as shown in Figure 4.3.
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Figure 4.3 (a) Absorption spectra of compound 2 (20 uM, CHsOH) in the absence and presence
of different metal ions (1000 pM); (b) Effect of incremental addition of AI** ions (0-140 uM) to
compound 2 and visible colour change for compound 2 on the addition AI** ions in CH3;OH

Further, the emission response of compound 2 was examined towards common metal ions
(Na*, K*, Mg?*, Ca?*, Ba?*, AI**, Pb?*, Fe3* Co?*, Ni?*, Cu?*, Zn?*, Hg?* and Ag*) at 1000
UM in CH3OH. Upon addition of 1000 uM of AI** ions, the fluorescent intensity of
compound 2 showed remarkable enhancement, at the different emission wavelength. The
fluorescence signal did not show any significant change in the presence of other metal

ions, as shown in Figure 4.4.
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Figure 4.4 (a) Fluorescence spectra of compound 2 (20 uM, CH3OH) before and after addition 1000
UM of metal ion; (b) Change of the emission intensity of compound 2 (20 uM) with increasing Al
concentration (0-180 puM) in CH3OH, Aex = 355 nm, Aem = 490 nm, Inset: fluorescence image of
compound 2 in absence and presence of Al ions.

The strong fluorescence ‘turn-on’ was associated with the formation of the complex
between compound 2 and AI** which suppressed intramolecular rotation present in
compound 2 and induced rigidity in the complexes. For quantitative analysis of AI**, the
fluorescence signals of compound 2 were measured at various concentrations of AI** ion,
and the results are shown in Figure 4.4. The solution of compound 2 and AI** showed
green emission with maximum emission wavelength at 490 nm and having Stokes™ shift
of 155 nm. Based on the experimental results, it has been observed that compound 2 could
be used to detect AI** selectively through emission response.

Furthermore, the complex formation was also confirmed by ESI-MS analysis where the
mass of the mixture of compound 2 and Al(ClO4)3.9H20 in CH3OH was taken. The m/z
peak for compound 2 and its complex was observed at 599.27 and 641.16 (compound 2
+ AP* + H,0), respectively. The binding constant for the complexation of compound 2
with AIP* has been found to be 1.6 x 10* M. It has been observed that the intensity of
the fluorescence signal increased almost linearly with the increasing AI** ions
concentration up to 82 uM. Thus, the detection limit of compound 2 towards AI** ions
was determined to be 2.7 x 10" M, which is low enough for any fluorescent probe to
detect AI** in environmental and biological samples. The observed value is much lower
than the permissible limit of 7.41 uM for AI** in drinking water, established by WHO.

4.1.2.3 Interference Study

In order to determine the sensitivity and selectivity of compound 2 towards AI** ions, the

competitive emission responses were measured in the presence of other metal ions. Most
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of the metal ions did not show any interference with the detection of AI** ions (Figure
4.5). However, Fe¥*, Mg?" and Ni?* partially reduced the emission intensity of the
compound 2.AI** complex, but clearly detectable. Therefore, “turn-on” fluorescence

signal of compound 2 is a good indication for the prime presence of AI** ions.
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Figure 4.5 Relative emission intensity of compound 2 (20 uM) in CH;OH (Aex = 335 nm) with
different competing metal ions (1000 uM) in the absence (blue bars) and presence of AI®* ions
(red bars), at Aem = 490 nm.

4.1.2.4 Theoretical studies

The geometry optimizations were carried out at DFT/B3LYP level of theories using 6-
31+G(d) basis sets for C, H, N, O, and LANL2DZ for AI**. The frequency calculations
were also performed on the obtained optimized structure at the same level of theory. In
addition, absorption properties were analyzed by vertical excitation energy calculation
using the time-dependent density functional theory (TD-DFT) method. The optimized
structure of compound 2.AI** has been shown in Figure 4.6. The calculated absorption

spectra have been summarised in Table 4.1.

Table 4.1 The calculated absorption value, the symmetry, contributing molecular orbital and
their % for compound 2.AI%*

Compound 2.AI”*

Agas (NM)  Xexp (hnM)  Osc. Strength  Symmetry % Major MOs

529.45 0.1177 Singlet-A H—-L+1 86
465
445.35 0.3422 Singlet-A H—-L+2 77

The compound 2 displayed the coordination with AI** ions through the nitrogen of imine
and phenolic oxygen and thus, indicated stable complexes formation. The calculated
charges on the nitrogen of imine and phenolic oxygen were found to be -0.554 and -0.691,

respectively, while aluminum has charge of +0.950 illustrated the dipolar interaction and
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thus, showed the coordination. The absorption calculation showed that the experimentally
observed absorption transition resulted from HOMO to LUMO+2 for compound 2.AI**,
The HOMO of complex (Compound 2.AI*") has a contribution from phenyl ring with
Schiff base linkage and hydrazine linkage of the molecule, while LUMO+2 was located
at A" only demonstrating charge transfer from compound 2 to AIP* ions, further
triggering the appearance of yellow color from colorless.

Figure 4.6 Optimized structures and frontier molecular orbitals of compound 2.APF*
(stoichiometry 1:1).

4.1.2.5 Mechanism

The compound 2 (CH3CN) displayed weak emission due to intramolecular rotations in
dilute solution, which was found to be improved in an aggregated form (70-90% H>0O-
CH3CN). The DLS study revealed an increase in hydrodynamic diameter for compound
2 in 70-90% H>0O-CH3CN and therefore, support the formation of aggregates. The
aggregation ceased the molecular motions and hence, induced the enhancement in
emission. The appearance of new absorption bands recognized as the coordination of AI**
ions with the imine and phenolic oxygen of compound 2. The binding of A" to

compound 2 also restricted the intramolecular rotation and caused enhancement in
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emission. Also, the hydrodynamic diameter of compound 2 (20 uM, CH30H) increased
from 335 nm to 625 nm on the addition of 200 uM of AI** ions (Figure 4.7).
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Figure 4.7 DLS profile for compound 2 (20 uM, CH3OH) in (a) pure CH3OH; (b) after the
addition of 200 uM of Al(CIO4)3; FESEM micrographs of (c) compound 2 in CH3OH and (d)
after addition of AI** ions in CH;OH.

FESEM micrographs displayed a change in morphology for compound 2 in the presence
of AI** ions with an average size of 650 nm (Figure 4.7). The observed sizes from the
DLS and FESEM were in good correlation and thus, supported the interaction with AI%*
ions. The increase in hydrodynamic diameter of a complex of compound 2.AIP* support

formation of aggregates, which induced the enhanced emission for the complex.

The reversible nature of binding of compound 2 towards AI** ions was also examined
with EDTA. The enhanced fluorescence was not reversed back to the state of the
compound. The irreversible nature of detection could be due to the AI** ion template-
based aggregation, which further, reduced the chances of direct interaction of EDTA to

Al ions.

Further, optimization of molecular structures has been performed at semi-empirical
method PM®6. It has been observed that compound 2 has head to head hydrogen bonding
linkage. However, the introduction of AI** ions to compound 2 resulted in coordination
through imine nitrogen and phenolic oxygen atoms (Figure 4.8). The binding behavior
was also studied by mass spectrometry and Job plot, which suggests 1:1 stoichiometry of

complex. The plausible binding can be according to Scheme 4.1.
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Figure 4.8 Optimized structure of compound 2 and compound 2.AI**
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Scheme 4.1 Plausible binding mode of compound 2 with AI** ions in CH3OH

4.1.2.6 Practical Applications

For on-site analysis, we developed paper-based fluorescent sensors for AI** detection. A
series of 2.0 L of 1.0 mM stock solution of compound 2 was dropped on to filter paper
strips and then dried in air and was found to give blue fluorescence spots (Figure 4.9).
Each spot was dropped with 2.0 pL containing 1.0 uM of various metal ions. AI** gave a
fluorescent green emission while other examined metal ions did not show any significant
change to spot. Interestingly, compound 2 could detect AI®* in the solid-state via a color
change from yellow to red color. The compound 2 is both AIE and ESIPT active and thus
is expected to show enhanced solid-state emission in the presence of AI** ions. Keeping

this in view, we explored the solid-state emission properties of compound 2. The
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compound 2 is non-fluorescent as observed under a UV lamp. The powder XRD studies
showed sharp peaks, which confirmed the strong crystalline properties of compound 2.
The compound 2 in the presence of AI** ions in the solid-state showed bright yellow
emission (Figure 4.9). The powder XRD studies of the compound 2.AI** complex showed
the weak peaks, which indicate the loss of crystallinity of this complex. We then explored
the affinity of compound 2 towards AI** in the bulk sample. The addition of solid
aluminum over stable compound 2 showed the yellow emission on gentle mixing for 5
min under the UV lamp. All the above studies proved the interaction of compound 2
towards APP* ions in solution as well as solid-state. Also, the biocompatibility of
compound 2 has been checked at physiological pH. It has been observed that compound
2 was observed to be effective in the pH range of 4.2 — 10.2 and the compound 2.AI**

was observed effectively in the pH range of 4.2 — 8.8.

Figure 4.9 (a) Portable testing paper for compound 2 showing the emission changes in the presence of
various metal ions under UV light; (b) Solid-state detection of AI** under visible light, (c) UV light.

4.1.3 Conclusion

In summary, we have synthesized the compound 2, enclosing tetrapheny| rings containing
Schiff bases, connected through hydrazine linkage. The hydrazine linked tetraphenyl
rings are proficient of AIE phenomenon, and Schiff bases provided binding sites
accomplished with ESIPT phenomenon. ESIPT-AIE active compound 2 has been
successfully utilized for highly selective, fast responding ratiometric estimation of AI**
in solution as well as solid-state. Moreover, the intense emission color of compound
2.AI¥* complex in the solid-state offers its application in designing tunable organic

luminescent materials.
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4.2

Aggregation-induced emission and excited state intramolecular proton

transfer based ratiometric and “on-off” sensor for A" and Cu?* ions

Likewise, compound 2, compound 3, also exhibited the AIE and ESIPT phenomenon.
Also, compound 3 was found to be a novel sensor for AI** and Cu?* ions in CH3OH.
Further, the effect of electron-withdrawing groups has been elaborated on the
photophysical properties and sensing ability. Compound 3 displayed the absorption
redshift of 120 nm and 25 nm towards AI** and Cu?* ions, respectively. In the presence
of AI** ions, compound 3 displayed blue-shifted ratiometric rise of new emission peak at
430 nm; however, the emission peak was decreased at 525 nm. The detection limit of
compound 3 towards AI** and Cu?" ions were determined to be 12 nM and 120 nM,

respectively.
4.2.1 Results and discussion

4.2.1.1 Aggregation-induced emission (AIE) characteristic of compound 3
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Figure 4.10 (a) Absorption and (b) emission spectra of compound 3 (20 M) upon increasing
the volume of H,O in CH3CN (Aex = 350 nm); Inset in (b) emission profile of compound 3 at
550 nm for a different fraction of H.O in CH3;CN.

The AIE features of compound 3 were studied by absorption and emission spectroscopic
techniques in CH3CN/H20. The solution of compound 3 (20 uM, CH3CN) showed
absorption maxima at 350 nm. Upon incremental addition of HO ratio to compound 3
(20 uM, CH3CN), the absorption intensity at 350 nm decreased (up to 70% H>O:CH3CN;
v/v), and rise of shoulder peaks area (70-90% H,O:CHsCN; v/v) was observed. Also, a
tail off absorption between 500-800 nm was observed (Figure 4.10).
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The emission spectrum of compound 3 (20 puM, CH3CN, Aex = 350 nm) displayed
emission at 525 nm. On increasing the H2O content in H2O/CH3CN, compound 3
displayed an increase in emission intensity at 525 nm and concomitant redshift to 550 nm
up to 60% H>O:CH3CN (v/v). Further, increasing the H2O content to 70-90%, slightly
decreased the emission intensity than 60 % H20:CH3CN (v/v); however, it was still higher
than its initial state. The increase of emission intensity at ESIPT band along with redshift
to 550 nm indicated the protection of IraHB and stabilization of excited state in aggregate
forms. Therefore, the rise emission intensity at 525 nm in aggregated form would be due
to restriction in intramolecular rotation around C—N, N—N, and C=N bonds and allowing
proton transfer. The absorption spectra variation and with increased emission intensity at
525/550 nm indicated the formation of J-types of aggregates. The formation of aggregates
was also endorsed by DLS measurements. The compound 3 displayed an average
hydrodynamic size of ~45 nm in CH3CN, which was determined to be ~220 nm and ~300
nm in 90 % H>O/CH3CN, respectively.
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Figure 4.11 DLS bar graph of compound 3 in (a) pure CH3CN; (b) 90% H,O/CH3;CN (v/v)
mixture.

4.2.1.2 Sensing properties of compound 3 towards metal ions

Compound 3 displayed an absorption peak at 350 nm and emission peak at 525 nm. The
interaction of compound 3 with various metal ions such as Na*, K*, Mg?*, Ca?*, Ba?",
A" Pb?* Fe3* Co?*, Ni?*, Cu?*, Zn?*, Hg?*" and Ag* was examined through absorption
and emission spectroscopy in polar protic solvent (CH30OH). The absorption response of
compound 3 remained unchanged over the various metal ions except for AI** and Cu?*

ions. In a similar way, the emission signal of compound 3 displayed variation in the
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presence of AI** and Cu?* ions only. No other ions significantly changed the emission

response of compound 3 (Figure 4.12).
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Figure 4.12. (a) Absorption and (b) emission response of compound 3 towards different metal
ions.
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Figure 4.13. Absorption spectra of compound 3 (20 uM, CH3sOH) on incremental addition of (a)
Al and (b) Cu? ions.

Further, the quantitative estimation of AI** and Cu?* ions were performed by titration
experiments. The incremental addition of AI** ions, the absorption intensity was
decreased at 350 nm and concomitantly increased at 470 nm ratiometrically with an
isosbestic point at 400 nm. On the other hand, on the gradual addition of Cu?* ions, the
absorption peak was red-shifted to 375 nm with decreased in absorption intensity. The
observed absorption bathochromic shift indicated the deprotonation of the phenolic unit,

which will further assist the complexation with AI** and Cu?* ions.
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The titration experiment was further extended to emission spectroscopy. The quantitative
addition of AI** ions to compound 3 displayed an emission ratiometric response. The
incremental addition of AI** ions to compound 3, decreased the emission intensity at 525
nm and the concomitant rise of emission peak at 430 nm. The emission intensity ratio at
430/525 nm was increased with increased concentration of AI¥* ions, and determined
variation from 0.05 to 2.7 depicted the 55 fold ratiometric emission enhancement. On the
other hand, the incremental addition of Cu?* ions to compound 3 decreased the emission
intensity at 525 nm. The emission intensity was decreased from 130 to 13, and thus, the
emission quenched to 10 % to its initial state. Based on the experimental results,
compound 3 was observed to be selective for AI** ions and Cu?* ions.
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Figure 4.14 Emission response of compound 3 (20 uM, CH3;OH) on incremental addition of (a)
APt ions and (b) Cu?* ions

Further, the stoichiometry of complexes was measured through Job plot and determined
to be 1:1 for both AI** and Cu?* ions. The binding constant for compound 3.AI** and
compound 3.Cu?* were calculated from the Benesi-Hildebrand equation and determined
to be 4.5 x 10* Mtand 1.4 x 10* ML, respectively. It was also observed that the emission
intensity of compound 3 linearly dependant to concentration of AI** ions (5-40 pM) and
Cu?* ions (2-25 pM). Thus, the determined limit of detection for compound 4 towards
A" and Cu?* ions has been found to be 12 nM, and 120 nM, respectively, which is low
enough as a fluorescence probe to detect AI** and Cu?* ions in environmental and

biological samples.

Further, the interference of other metal ions in recognition of AI** ions and Cu?* ions was

measured by determining their emission response of compound 3 in the presence of other
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metal ions in CH3OH (Figure 4.15). The presence of other metal ions did not alter the
emission signal of compound 3 towards AI** ions. Likewise, the emission signal of
compound 3 remains unaltered towards Cu?* in the company of other metal ions except
for AI** ions. The emission response of compound 3.Cu?* was restored to compound
3.AP*. Therefore, ratiometric emission enhancement and “turn-off” signal of compound

3 was a good indication for the prime presence of AI¥* ions and Cu?* ions, respectively.
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Figure 4.15 Emission intensity of compound 3 (blue bars), compound 3.AI** (red bars) and
Compound 3.Cu?* (green bars) in the presence of different competing metal ions.

4.2.1.3 Theoretical studies

The geometry optimizations for all molecules were carried out at DFT/B3LYP level of
theories using 6-31+G(d,p) basis sets for C, H, N, O, and LANL2DZ for AI** and Cu?*.
Further, absorption properties were analyzed by vertical excitation energy calculation
using the time-dependent density functional theory (TD-DFT) method. The calculated

absorption spectra have been summarised in Table 4.2.

Table 4.2 The calculated absorption value for compound 3, the symmetry of frontier orbital
and % contributions of molecular orbitals

Compound 3.APF*

A(nm) Aexp (nm)  Osc. Strength ~ Symmetry Major Orbital
450 470 0.2247 Singlet-A H—L+2 95
418 0.4360 Singlet-A H-1-L+1 94

Compound 3.Cu?*
476 375 0.4851 Singlet-A H-1-L+1 70
358 0.4706 Singlet-A H-1-L+3 81
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Figure 4.16. Optimized structures of compound 3.AI** and their FMOs.
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Figure 4.17 Optimized structures of compound 3.Cu?* and their FMOs.

The electronic excitation at 450 nm of compound 3.AIP* complex, displayed electron
density shift from on half of the molecule to AI** ions and therefore, the excitation was
assigned as LMCT transition. Another, excitation at 418 nm was originated from the
electron density shift from azine linked phenyl rings to AI** coordinated sites and attached
phenyl unit. On the other hand, the electronic excitations of compound 3.Cu?* complex
were originated from the electron density shift from different parts of molecular
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architecture to Cu?* coordinated sites and attached phenyl unit. Therefore, the excitations
involved the charge transfer.

4.2.1.4 Mechanism
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Figure 4.18 DLS profile for compound 3 (20 uM, CHsOH) in (a) pure CHsOH; (b) and (c) after
the addition of 200 uM of AI** and Cu?* ions, respectively.

The appearance of new absorption peaks and distinguished emission response of
compound 3 recognized AI** and Cu?* ions. The imine and phenolic oxygen are two
coordinating sites for metal ions. The binding of AI** ions to compound 3 could restrict
the intramolecular rotation and caused enhancement in emission. Likewise, the
coordination of Cu?* ions to compound 3 also restricted the intramolecular rotation and
however, quenching of emission could be due to electron transfer from the compound 3
to Cu?* ions. Further, the hydrodynamic diameters of compound 3 were measured in the
presence of A" and Cu?' ions. The compound 3 (20 uM, CHsOH) displayed a
hydrodynamic diameter of 165 nm. However, upon introduction of 200 uM of AI** and
Cu?* ions to compound 3, an increased in the hydrodynamic diameter was observed. The
determined diameters were 590 nm, and 615 nm for AI** and Cu?* ions, respectively. The
increased diameter has supported the formation of aggregates for complexes.
Supplementary, the emission response of compound 3.AIP* and compound 3.Cu?* were
measured in the presence of EDTA. However, the emission responses were not affected
by EDTA, which suggest that the formed aggregates were based on metal templates. The
chances of direct interaction of EDTA to AI** and Cu?* ions could not be possible due to

metal-template aggregate formation.

Further, optimization of molecular structure of compound 3 and its complex were
performed at semi-empirical method PM®6. It has been observed that compound 3 has

head to head hydrogen bonding linkage. However, the introduction of AI** and Cu?* ions
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to compound 3 resulted in coordination through imine nitrogen and phenolic oxygen
atoms (Figure 4.19).
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Figure 4.19 Optimized structure of compound 3 and its complex with AI** and Cu?*.

4.2.2 Conclusion

Compound 3 was explored for aggregation-induced emission and sensing properties. It
was noted that compound 3 exhibited the relatively stable AIE and ESIPT phenomenon
in CH3CN/H20 than compound 2. The increased DLS size in 70-90 % H>O/CHsCN
medium supported the aggregation of compound 3. Also, compound 3 was found to be a
novel sensor for AI** and Cu?* ions in CHsOH. Compound 3 displayed absorption redshift
of 120 nm and ratiometric blue-shifted emission response towards AI®* ions, with
detection limit of 12 nM. Also, compound 3 displayed the red absorption shift of 25 nm
and emission quenching at 525 nm and thus, established as novel sensor for Cu?* ions
with detection limit of 120 nM.
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4.3

ESICT efficient sensor for discriminating Zn** and Cu?* ions through the

dual-channel

4.3.1 Abstract

Compound 4 exhibited absorption and emission peak at 415 nm and 500 nm, respectively.
Further, the AIE properties of compound 4 were studied in CH3CN/H-O, likely compound
2 and 3. Compound 4 displayed a relatively weak AIE phenomenon due to presence of
bulky —NEt, group. Further, the effect of electron-donating groups has been elaborated
on the photophysical properties towards metal ions. The compound 4 was established as
a novel sensor towards Zn?* and Cu?* ions in CH3OH/H.0 (9/1; v/v). Compound 4
displayed a red absorption shift of 40 nm towards Zn?* ions, while a blue shift of 20 nm
towards Cu?* ions. In the presence of Zn?* ions, compound 4 displayed slight blue-shifted
emission enhancement at 490 nm; however, the emission intensity was decreased at 500
nm in the presence of Cu?* ions. The detection limit of compound 4 towards Zn?* and

Cu?" ions were determined to be 0.5 nM and 6.5 nM, respectively.
4.3.2 Results and discussion
4.3.2.1 Aggregation-induced emission (AIE) characteristic of compound 4

The compound 4 also possessed little flexibility through various single bonds likely
compound 2 and 3. Therefore, the AlE-characteristics of compound 4 was studied in
CH3CN/H20. The solution of compound 4 (20 uM, CH3CN) showed absorption maxima
at 415 nm. On increasing the H.O content in CH3CN/HzO, the absorption intensity at 415
nm decreased (up to 50% H>O/CH3CN; v/v) and concomitant redshift to 430 nm (80 %
H2O/CH3CN; v/v) along with tail off absorption between 500-700 nm (Figure 4.20). The
redshift in absorption maxima with increasing the water content in CH3CN resulted the
formation of J-types of aggregates. The emission spectrum of compound 4 (20 uM,
CH3CN, Xex = 415 nm) displayed an emission at 500 nm, which increased concomitantly
with slight redshift to 535 nm on increasing the H2O content (up to 80 %) in CH3CN/H20.
Further, the aggregation behavior of compound 4 was supported by DLS measurements.
The average hydrodynamic diameter of compound 4 (20 uM, CH3CN) was determined
to be ~50 nm, which increased to ~280 nm for 90 % H>O/CH3CN (v/v) and thus, endorsed

the outcome of absorption and emission spectra. Therefore, the emission at 535 nm was
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due to aggregated form. However, raised emission intensity was feeble compared to
compound 2 and 3. It was due to the presence of bulky —NEt, group.
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Figure 4.20 (a) Absorption and (b) emission spectra of compound 4 (20 M) upon increasing
the volume of H,O in CH3CN; Inset: increased emission intensity on increasing H»O fraction;
(c, d) DLS profile for compound 4 in CH3sCN and 90 % H,O/CH3CN; (v/v), respectively.

4.3.2.2 Sensing properties of compound 4 towards metal ions

The interaction of compound 4 with various metal ions such as Na*, K*, Mg?*, Ca?*, Ba®*,
Al Pb?*, Fe** Co?*, Ni?*, Cu?*, Zn?*, Hg?" and Ag* was examined through absorption
and emission spectroscopy in polar protic solvent (H.O/CH3OH; 1:9; v/v). It was noted
that the absorption and emission response of compound 4 remained unchanged over the
various metal ions except for Zn?* and Cu?* ions. The results were shown in Figure 4.21.
The absorption peak of compound 4 at 415 nm shifted to 455 nm and 395 nm on the
introduction of Zn?* and Cu?* ions, respectively. On the other hand, the presence of Zn?*
ions to compound 4 increased the emission intensity at 490 nm, while it was quenched at

500 nm in the presence of Cu?* ions.
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Figure 4.21 (a) Absorption spectra and (b) emission spectra of compound 4 (20 pM,
H>O/CH30H; 1:9; v/v) in the presence of different metal ions (1000 pM).

Further, the recognition of Zn?* and Cu?* ions were further studied quantitatively through
the titration experiment. On gradual addition of Zn?* ions, compound 4 displayed
increased absorption peak at 455 nm with increased intensity (Figure 4.22). On the other
hand, the addition of Cu?* ions to compound 4, decreased the absorption intensity to 395
nm (Figure 4.22). Also, it was noted that there are tailing off absorption intensity for
compound 4.Zn?** and compound 4.Cu?* from 500-700 nm. These observations signified

that the formation of aggregates for compound 4.Zn?* and compound 4.Cu?*,
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Figure 4.22. Absorption spectra of compound 4 (20 uM) on incremental addition of (a) Zn?*
ions and (b) Cu?* ions.

Further, the quantitative recognition behavior of Zn?* and Cu?®* ions were also studied
through emission spectroscopy through titration experiment. On addition of Zn?* ions,
compound 4 displayed a remarkable emission enhancement at 490 nm with a small blue
shift of 10 nm. The associated emission enhancement was due to the formation of
compound 4.Zn?* complex was presented in Figure 4.23.
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Figure 4.23. Change of the emission intensity of compound 4 with increasing concentration of
(@) Zn?* ions (0-30 uM) and (b) Cu?* ions (0-75 uM).

On the other hand, the gradual addition of Cu?* ions to compound 4 displayed a decrement
in emission intensity at 500 nm (Figure 4.23). Based on the experimental results, it has
been observed that the compound 4 efficiently detected Zn?* and Cu?* ions as a high
selectivity probe through emission spectroscopy with emission enhancement and

guenching mechanism, respectively.

Further, the stoichiometry of complexes was measured through Job plot and determined
to be 1:2 for Zn?* and Cu?* ions. Furthermore, the complex formation was also confirmed
by ESI-MS analysis where the mass of mixture of compound 4 and Zn?*/Cu?* perchlorate
in CH3OH/H20 (9:1; v/v) was taken. The m/z peaks for compound 4.Zn?" and compound
4.Cu®* were 869.15 (compound 4 + 2.Zn?") and 865.05 (compound 4 + 2.Cu?"),
respectively. Furthermore, the binding constant for compound 4.Zn?" and compound
4.Cu?* was calculated from Benesi-Hildebrand equation and determined to be 1.9 x 10*
M1and 2.6 x 10> M. It was also observed that the emission intensity of compound 4
linearly dependent on the concentration of Zn?* ions (1.25-10 uM) and Cu?* ions (5-55
uM). Thus, the determined limit of detection for compound 4 towards Zn?* and Cu?* ions
has been found to be 0.5 nM, and 6.5 nM, which is low enough for any fluorescent probe

to detect Zn?* and Cu?* in environmental and biological samples.
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4.3.2.3 Interference Study

In order to evaluate the probable interference of other metal ions in the detection of Zn?*
and Cu?" ions, the emission responses of compound 4 towards Zn?* and Cu?* ions was
observed in the presence of other metal ions. Most of the metal ions did not show any
interference with the detection of Zn?* and Cu?* ions. However, Mg?*, AP, Fe3* Co?*"
and Pd?* partially reduced the fluorescence intensity of the compound 4.Zn%* complex,
but clearly detectable, while the emission response of Zn?* ions was quenched in the
presence of Cu?* ions. The results were displayed in Figure 4.24.Therefore, enhancement
and quenching of emission for compound 4 is a good indication for the prime presence of

Zn%* and Cu?* ions.
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Figure 4.24. The emission intensity of compound 4 (blue bars, Aem = 490 nm) compound 4.Zn?*
(green bars, Aem = 490 nm) and compound 4.Cu?* (red bars, Aem = 500 nm) in CH;OH/H,0 (9:1;
v/v) (hex = 415 nm) with different competing metal ions.

4.3.3 Theoretical studies

The geometry optimizations for compound 4.Zn?* and compound 4.Cu?* were carried out
at DFT/B3LYP level of theories using 6-31+G(d,p) basis sets for C, H, N, O, and
LANL2DZ for AI**. The frequency calculations were also performed on the obtained
optimized structure at the same level of theory. In addition, absorption properties were
analyzed by vertical excitation energy calculation using the time-dependent density
functional theory (TD-DFT) method. The calculated absorption spectral values,
symmetry, oscillation strength, and significant contributing FMOs have been summarised
in Table 4.3. The optimized structures of compound 4.Zn?* and compound 4.Cu?* have
been shown in Figure 4.25, along with their FMOs. The MOs distribution analysis of
compound 4.Zn?* revealed that the electronic transitions were originated due to electron
density shift from the Zn?* center to compound 4, and therefore, assigned as MLCT

transition.
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Table 4.3 The calculated absorption value for compound 4, Osc. Strength (f) symmetry, and
frontier orbital contributions of for electronic excitation

HOMO-1

Complex A (nm) Aexp (NM) f Symmetry % MOs
Compound 431 455 2.2309 Singlet-A H-1-L 85
4.Zn%
366 0.3223 Singlet-A H-2—L 68
Compound 405 395 0.9603 Singlet-A  H-1-L+1 33
2+
4.Cu HoL+2 35
364 0.4317 Singlet-A  H-2—L+2 35
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Figure 4.25 Optimized structure of compound 4.Zn?*, and it's molecular orbitals
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Figure 4.26 Optimized structure of compound 4.Cu?* and it's frontier molecular orbitals

Likewise, MOs of compound 4.Cu?* complex were analyzed and found that the occupied
MO have electron density distribution over compound 4 and Cu?* center; however, the
unoccupied MOs has shifted from compound 4. Therefore, the electronic transitions were
of MLCT nature; however, the paramagnetic effect of Cu®* ions lead to emission

guenching of compound 4.
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4.3.3.1 Mechanism

The appearance of new absorption peaks and distinguished emission response was
recognized as the coordination of Zn?* and Cu?* ions with the imine and phenolic oxygen
of compound 4. The binding of Zn?* ions to compound 4 also restricted the intramolecular
rotation and caused enhancement in emission. The binding of Cu®* ions to compound 4
also restricted the intramolecular rotation and however, quenching of emission was due
to the paramagnetic effect of Cu?" ions. Further, the hydrodynamic diameters of
compound 4 were measured in the presence of Zn?* and Cu?* ions. The compound 4 (20
MM, H.O/CH3O0H; 1:9; v/v) displayed a hydrodynamic diameter of 255 nm. However,
upon introduction of 100 uM of Zn? and Cu?*ions to compound 4, the hydrodynamic
diameter was increased to 530 nm, and 590 nm, respectively. The increased diameter has

supported the formation of aggregates for complexes.
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Figure 4.27 DLS profile for (a) compound 4 (20 uM, CH3OH/H.0; 9:1; v/v) and after the
addition of 100 uM of (b) Zn?*ions (c) Cu?* ions.

4.3.4 Conclusion

Compound 4 exhibited absorption and emission peak at 415 nm and 500 nm, respectively.
Further, the AIE properties of compound 4 were studied in CH3CN/H2O, likely compound
2 and 3. Compound 4 displayed a relatively weak AIE phenomenon due to the presence
of bulky —NEt group. Further, the effect of electron-donating groups has been elaborated
on the photophysical properties towards metal ions. The compound 4 was established as
a novel sensor towards Zn?* and Cu?* ions in CH3OH/H20 (9/1; v/v). Compound 4
displayed a red absorption shift of 40 nm towards Zn?* ions, while a blue shift of 20 nm
towards Cu?* ions. In the presence of Zn?* ions, compound 4 displayed slight blue-shifted
emission enhancement at 490 nm; however, the emission intensity was decreased at 500
nm in the presence of Cu?* ions. The detection limit of compound 4 towards Zn?* and
Cu?" ions were determined to be 0.5 nM and 6.5 nM, respectively.
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Summary of Chapter 4

The presence of single bonds and azine linkage in bis(diphenylmethylene)azine based
Schiff base (abbreviated as compound 2-4) encouraged the little flexibility and
intramolecular motions and thus, lead to weak emission in the solution state. However,
the molecular motions were restricted by inducing aggregation and introducing large
groups. The measured absorption and emission spectra in CH3CN/H-O displayed that the
aggregates were formed in >70% H>O/CHsCN. The significant hydrodynamic diameter
changes were noted in support of aggregation. It was noted that compound 2 and 3
demonstrated strong AIE phenomenon relative to compound 4. The weak AIE
phenomenon for compound 4 was due to the presence of large —NEt> groups. Further,
compounds were elaborated for sensing properties towards metal ions.

Compound 2 displayed colorimetric and “off-on” emission response towards AI** ions,
with a detection limit of 2.7x107" M in CH3sOH. The association of compound 2 to AI®*
also causes a restriction in intramolecular motion-induced emission. The hydrodynamic
diameter of compound 2 increases from 335 nm to 625 nm in the presence of AI¥* ion in
CH3OH.

Further, the introduced —NO- group pulled the electron density towards the coordinating
sites and therefore, compound 3 displayed ratiometric absorption and emission response
towards AI** ions, with a detection limit of 12 nM. However, in the presence of Cu?* ions,
compound 3 displayed redshift to absorption spectra while emission quenching and thus

established as a novel sensor towards Cu®* ions with a detection limit of 120 nM.

For compound 4, the -NEt, groups pushed the electron density towards azine center, and
therefore, the compound 4 was established as a novel sensor towards Zn** and Cu?* ions
in CH3OH/H20 (9/1; v/v). Compound 4 displayed a red absorption shift of 40 nm towards
Zn?* ions, while a blue shift of 20 nm towards Cu?* ions. In the presence of Zn?* ions,
compound 4 displayed slight blue-shifted emission enhancement at 490 nm; however, the
emission intensity was decreased at 500 nm in the presence of Cu?* ions. The detection
limit of compound 4 towards Zn?* and Cu?* ions were determined to be 0.5 nM and 6.5

nM, respectively.
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Chapter 5

Theoretical investigation of excited state intramolecular proton and charge

transfer in naphthalimide-based Schiff bases

The naphthalimide unit is a potential candidate with versatile application in fluorescent
markers, anticancer activity, chemical and biological sensors, photosensitizers, electron
sinker etc.%% 7072, 73, 150-158 The naphthalimide based compounds were used as potential
candidates for chemo-sensing properties.'® 1%°-164 Therefore, naphthalimide-based Schiff
bases as compound 5 and 6 have been investigated for their photophysical properties by
means of experimental and theoretical studies (Figure 5.1). Both compounds 5 and 6
contained the acidic —OH group (phenolic unit) as hydrogen donor and basic =N— (imine
unit) as hydrogen acceptor unit in close proximity to each other and therefore, established
the intramolecular hydrogen bonding. Further, compound 6 contained electron-donating
—N(Et)2 group at para to imine linkage, which has the tendency to push the electron
density. On the other hand, naphthalimide unit has a tendency to attract electron density
towards itself, and therefore, a push-pull mechanism could control the charge transfer
along with proton transfer. The variation in photophysical behavior of compound 6 was
studied. The study involved the calculation of origin of absorption and emission
properties through different mechanistic photophysical processes. The analysis revealed
that the substitution has altered the photophysical properties and tuned the PT mechanism

in excited states.
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N
_\_N HO SZR:H
O 6 : R = N(C,Hs),
(0]

Figure 5.1 The different derivative naphthalimide-based Schiff base
Further, the substitution and phenomenon-based studies were summarized in the

following three section

5.1.Excited state intramolecular proton transfer mechanism for high Stokes’ shifted
emission of naphthalimide based Schiff base

5.2. Excited state intramolecular proton and twisted charge transfer mechanism for dual
emission of naphthalimide based Schiff base

5.3.Triple signaling (CHEF-ESICT-ESIPT) mechanism for a chromo-fluorescent
ratiometric response for AI** and F ions
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5.1

Excited state intramolecular proton transfer mechanism for high Stokes’

shifted emission of naphthalimide-based Schiff base

5.1.1 Abstract

The detection of Hg?* ions and HSO4  ions is very crucial. In this respect, a fluorescent
naphthalimide based compound 5, was designed to detect the Hg?* and HSO4™ ions by our
group and reported in Sensors and Actuators B: chemical, 2017, 246, 776-782. The study
described the detection mechanism based on the cleavage of compound 5 to its precursors
in the presence of Hg?* and HSO4 ions. However, the study lacks in the origin of
absorption and emission behavior of compound 5. Therefore, in this work, we gave an in-
depth insight into the origin of the spectral behavior of compound 5 for the first time. The
compound 5 displayed an emission peak at 530 nm with significant Stokes shift of ~130
nm. Indeed, the compound 5 contained excited state intramolecular proton transfer
(ESIPT) site in the form of acidic —OH (phenolic group) as hydrogen donor and basic
=N— (imine group) as hydrogen acceptor units. The intramolecular hydrogen bonding
(IraHB) was established at So state, and its strengthening at S: state was demonstrated
through geometrical parameters, FTIR, and AIM study. The proton transfer and isomeric

torsional conversion were analyzed by potential energy curves (PECs).
5.1.2 Results and discussion
5.1.2.1 Photophysical properties of compound 5

Compound 5 (20 puM, CH3OH) displayed an absorption peak at 380 nm. Upon
photoexcitation, compound 5 (20 uM, CH3CN, Aex = 380 nm) showed emission bands at
510 nm accompanied by Stokes™ shift of 130 nm (Figure 5.2). Indeed, compound 5
contained the acidic —OH group (phenolic unit) and basic =N— (imine unit) in close
proximity, which could establish keto-enol tautomerism through proton transfer. In
addition, the large Stokes’ shift or dual emission are two characteristics signs of ESIPT
phenomenon. Therefore, the photophysical behavior of compound 5 was studied for the
ESIPT mechanism. In order to explore the phenomenon, the theoretical calculations have
been carried out for compound 5 at So and S; state at B3LYP/6-31+G(d,p) using DFT and
TDDFT methods, respectively.
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Figure 5.2. Normalized absorption and emission spectra of compound 5
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Figure 5.3. Calculated absorption peaks and contributing frontier molecular orbitals; and Hole-
electron (h-e) distribution of compound 5.

5.1.2.2 Electronic spectra and charge distribution

Further, the Frank-Condon (FC) excitations were calculated on the So optimized structure
to determine contributing vertical excitation, and the results have been summarized in
Figure 5.3. In addition, electronic transition symmetry, the oscillation strength, and
involved FMOs were summarized as an associated important parameter. The calculated
absorption peak at 407 nm/3.05 eV was originated from the HOMO—LUMO transition,
with the contribution of 97 % and oscillation strength of 0.6165, while another absorption
peak at 364 nm/ 3.41 eV was originated from the HOMO-1—-LUMO transition, with
contribution factor of 96 % and oscillation strength of 0.1251. The FMOs analysis
revealed that the HOMO and LUMO has electron density distribution over the whole

molecular structure except the propyl chain. Further, the hole-electron plot was
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constructed and used to determine the quantitative nature of the excitations (Figure 5.3).
For So—S1 hole-density was dispersed over the whole molecule (majorly over the phenyl
unit and minor extension over the naphthalimide unit), while the electron density was
located over the naphthalimide unit majorly. Also, the determined hole-electron spatial
separation (1.89 A) and their trivial overlap integral (0.716) indicated that the transition
has the nature of local excitation. On the other hand, hole-electron density for So—S»
transition was dispersed over the hydroxyphenyl unit and naphthalimide unit,
respectively. The determined hole-electron spatial separation (4.05 A), and their
significant overlap integral (0.606) indicated the excitation as a charge-transfer transition.
Also, it signified that the electron density shifted from hydroxyphenyl to the

naphthalimide unit.

5.1.2.3 Geometrical parameters
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Figure 5.4. Optimized structure of compound 5 in Sp and S; states.

The compound 5 was optimized at So and S; states, with no imaginary frequency and

found to be in the non-planar state. The optimized structures of compound 5 were
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presented in Figure 5.4. The essential geometrical parameters of atoms involved in IraHB
were discussed. The O4—Ha4 bond distance was calculated to be 0.988 A at So state, which
increased by 0.009 A to 1.005 A at S; state. In addition, the phenolic functional group
(O42—Ha4) has a short contact distance of 1.774 A with N3 at So state. Further, on
photoexcitation to S state, the Os2Has--N39 bond distance was decreased by ~0.044 A to
~ 1.730 A. Meanwhile, the bond angles for interactions O2Haa+-N3g was enlarged from
145.89° to 147.83° for So—Si. Thus, the small interacting distance of Os2Has--*Nag
indicated six-membered intramolecular hydrogen bonding (IraHB) in Sp and S; states.
However, the decreased Os2Haa*N3g bond lengths, and increased interacting bond angles
imply that the IraHB strengthens in Sy relative to So state. In addition, it was noted that
compound 5 tends to be more planar at S; state than So state. The effective dihedral angle

8(C13CoN39C28) Was calculated to be -43.15° and -15.93° at Sp and S; state, respectively.
5.1.2.4 Frequency analysis

The FTIR signals and the spectral shifts to the characteristics of functional groups
involved in IraHBs provided information on the nature of IraHBs. Therefore, the
simulated FTIR spectra at So and S; states have been presented in Figure 5.5, which was
further enlarged as an inset for O42—Ha4 signals of compound 5. The O4>—Ha4 vibrational
stretching frequency was located at 3268 cm™ at Sy state, which was calculated at 3087
cm? at Sy state. The relatively large red-shift of 181 cm™ in FTIR signal for So—S:
implied that the IraHBs (Os2Ha4--*N3g) was relatively more strengthened at the S; state

compared to So state and thus, could promote the ESIPT.

0 500 1000 1500 2000 2500 3000 3500

Figure 5.5. FTIR spectra of compound 5 at Sp and S; state
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5.1.2.5 AIM Analysis

Further, the prerequisite condition of IraHB was also established via an effective and
established Popelier criteria using Bader’s quantum theory of atoms in molecules
(QTAIM).1?22 The topological properties of the bond critical points (BCP) for IraHBs were
within the limit of Popelier criteria (Table 5.1). The determined BCPs for IraHBs
(O42Haa-N3g) were of type (3,-1) at So and S: state. The positive value of Laplacian of
electron density [V2p(rc)] for the standard enol form of compound 5 depicted electrostatic
close shell interaction in So, and S; states. Also, the Laplacian of electron density for
O42Ha4--N3g interactions was increased for S; state relative to Sp state, which signified

the strengthening of IraHBs at S; state.

Table 5.1. Topology parameters electron density(p), Laplacian electron density (V?p), potential
energy density [V(r)], total energy density [H(r)], hydrogen bonding energy [Eng(kcalmol™)]
at bond critical point of non-covalent interactions (D---HA) for enol form in So, and S; states of
compound 5

State Interaction p V2p V(r) G(r) H(r) Ens

So Oa2Haa--Nag 0.0011 0.1098 -0.0409 0.0342 -0.0067 -12.83

S1 Oa2Haa-*N3g 0.0021 0.1234 -0.0483 0.0396 -0.0087 -15.15
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Figure 5.6. Molecular graph of compound 5 in Sp and S; states

The degree of covalency and strength of the IraHB interactions were characterized
according to Rozas’ rules. The listed BCPs have V?p(rc) > 0 and H(r) < 0 and thus,
ascertained as medium-range interactions with the partial covalent character for So, and
S; states (Table 5.1).12 Moreover, the interaction energies for OszHas-Nzg was
determined to be -12.83 kcalmol* and -15.15 kcalmol™ at S and S; state, respectively.'!
The increased IraHB strength at S; state also endorsed FTIR spectral red-shift. Further,
the molecular graphs of compound 5 were plotted at So, and S; states and presented in

Figure 5.6.
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5.1.2.6 Proton transfer mechanism

Next, the ESIPT phenomenon was rationalized by optimizing the tautomeric forms of
compound 5 (Scheme 5.1) in So and S; states. The standard enolic tautomeric form
(Compound 5) was found to be stable relative to the keto-tautomeric form by 2.78
kcalmol? at So state. However, on photoexcitation to S; state, it was a keto-tautomeric
form (5.K), which was relatively stabilized by 6.52 kcalmol? than standard enol-
tautomeric form (5). Therefore, the positive AG for 5—5.K at Sp state depicted that
compound 5 has a preference for standard enol tautomeric form (Compound 5), and
intramolecular PT was not allowed at So state (where AG (5—5.K) = [G (5.K)-G (5)]).
On the other hand, the negative AG for 5—5.K at S; state, indicated that the Compound
5.K tautomeric form was more stabilized and thus, the intramolecular PT was
permissible. In order to get the precise mechanism of dynamical PT process for compound
5, PECs were calculated as a function of constrained IraHB bond distances (O2Haa-+*Na39),

where the Ha4 was transferred to the Nsg at So and S states.

Scheme 5.1. Possible pathways of proton transfer for compound 5.

It was noted that the PT in forwarding direction has an energy barrier of 6.39 kcalmol?,
and 2.64 kcalmol™ at Sp and S; states, respectively. While the reverse PT has a barrier of
3.61 kcalmol™?, and 9.16 kcalmol™ at So, and S; states (Figure 3.7). Therefore, the low
energy barrier value for forwarding PT and high barrier value for reverse PT support the

5—5.K tautomeric conversions at S state and thus, lead the ESIPT phenomenon.

On the other hand, the rotational flexibility about dihedral angle 3(C13C9N39Cog) for
compound 5 was also studied at S; state for standard enolic and tautomeric forms 5 and
5.K. No local minima were obtained for rotational isomeric configuration change and

therefore, clearly indicated that rotational isomerism was not a feasible process.
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Figure 5.7. Energy profile of PEC of tautomeric conversion 5—5.K at Sp, and S; states.

5.1.3 Conclusion

In this study, we investigated the ESIPT phenomenon and emission response of
compound 5 through theoretical calculation approach. The computed absorption and
emission peaks were in close agreement to the experimental outcomes. The prerequisite
of IraHB was established using short-distance interaction, FTIR spectral signals, and
calculated IraHB energy was 12.83 kcalmol™ at S state. The redshift of 181 cm™?in FTIR
spectral signal for —OH functional group verified the strengthening of IraHB, and
calculated energy was found to be -15.15 kcalmol™ at S; state. In addition, the tautomeric
forms (5.K) was found to be more stable than its standard enol form (5) at S; state. The
calculated energy barrier for forwarding ESIPT was 2.64 kcalmol?, which was
determined to be lower than reverse PT (9.16 kcalmol™?). Therefore, it could be concluded

that the ESIPT phenomenon stimulates the emission with a significant Stokes’ shift.
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5.2

Excited state intramolecular proton and twisted charge transfer mechanism

for dual emission of naphthalimide based Schiff base

5.2.1 Abstract

The designed compound 6 comprises of naphthalimide unit conjugated with the Schiff
base linkage was synthesized and displayed excellent chromo-fluorescent properties.
Compound 6 contained electron sinker naphthalimide unit and the introduced electron-
donating —NEt> could push the electron density. This push-pull system could induce the
intramolecular charge transfer and therefore tune the photophysical properties. The
compound 6 exhibited two absorption peaks at 340 nm and 460 nm as local and charge-
transfer excitation, respectively. On excitation at 460 nm, compound 6 displayed two
emission bands at 510 nm and 610 nm, accompanied by Stokes™ shift of 50 nm and 150
nm, respectively. In addition, on increasing the polarity of the medium, the compound 6
displayed a redshift of 20 nm and 80 nm in absorption and emission spectra, respectively.
Indeed, the dual emissions are the characteristics sign of excited state intramolecular
proton transfer (ESIPT). However, ESIPT could not explain the redshift in the absorption
and emission peaks at high polarity. Therefore, in this work, in-depth insight was given
into the ESIPT phenomenon and red-shifted absorption and emission spectra. The
compound 6 contained short distance of 1.720 A and 1.694 A between basic imine group,
(—N3s9=) and acidic phenolic group (—Oa42H44) and thus, established intramolecular
hydrogen bonding (IraHB) through AIM calculations at Sp and S; states. The redshift of
224 cm™ in FTIR spectral signals for Os2Has at So and S state depicted the strengthening
of IraHB in S; state and could promote excited state intramolecular proton transfer
(ESIPT). Further, the torsional isomeric form of compound 6 was found by calculating
and analyzing the potential energy curves (PECs), which demonstrated the proton transfer
at Sy state. Further, the obtained torsional isomeric form at PECs displayed the relaxation
at S; state, and the frontier molecular orbitals portrayed the charge distribution and thus,
explained the spectral redshift originated from the twisted intramolecular charge transfer
(TICT).
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5.2.2 Experimental section

5.2.2.1 Synthesis of compound 6

0 [
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Scheme 5.1 Synthesis of compound 6

The Naph-NH; has been synthesized using the reported procedure.'®® Further, Naph-NH;
(100 mg, 0.39 mmol) was mixed with 4-diethyl amino salicylaldehyde (75 gm, 0.39
mmol) in ethanol (10 ml) at room temperature followed by refluxing (Scheme 5.1). The
reaction progress was monitored using TLC. On the total consumption of reacting
materials, an orange-colored solid was separated out. The solid was filtered out and
washed with ethanol thrice. The filtered solid was dried over vacuum to give 260 mg
(95%) of solid of compound 6; m.pt. 238°C.

The *H NMR spectrum displayed resonating signals at 5 1.03 ppm as triplet due to 3H of
propyl-CHs, 6 = 1.25 as triplet due to 6H of CH3 (—NCH>CHa), & 1.75-1.81 as multiplet
due to 2H of propyl CH2, 6 3.45 as quartet due to 4H of CH2 (—NCH2CHy), 5 4.14 as
triplet due to 2H of NCH, 6 6.25 as doublet due to 1H, ArH, & 6.32-6.34 as doublet of
doublet due to 1H, ArH, & 7.26-7.28 as multiplet due to 1H, ArH, & 7.36 as doublet due
to 1H, ArH, 3 7.75 as triplet due to 1H, ArH, ppm as singlet s, 1H, =CH—, & 8.60 as
doublet due to 1H, ArH, § 8.63-8.66 as multiplet due to 2H, ArH; 3C NMR resonating
signals at & 11.5 due to propyl CHs, 12.7 for CHs, 21.4 due to propyl CH2, 41.8 due to
NCHa, 44.8 due to CH», 97.4, 104.6, 109.4, 1145, 119.0, 122.5, 126.5, 126.8, 129.1,
130.1, 131.5, 132.4, 134.7, 152.5, 152.8, 162.8, 164.0 due to aromatic carbons (ArCs),
164.1 due to C=0, 164.5 due to C=0 suggest the formation of compound 6. The observed
ESI-MS (m/z) 430.5 (M*+1) was in close agreement with the calculated m/z =429.6 and

thus, verified the formation of compound 6.
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5.2.3 Results and discussion

5.2.3.1 Photophysical properties of compound 6
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Figure 5.8. (a) Normalized absorption and emission spectra of compound 6 (20 uM, CH3CN);
(b) pictorial presentation of the possible photophysical phenomenon in compound 6.

Photophysical properties of compound 6 were examined through absorption and emission
spectroscopic techniques. Compound 6 (20 uM, CH3CN) exhibited yellow and orange
color absorption at 340 nm and 460 nm, respectively. Upon photoexcitation, compound
6 (20 M, CH3CN, Lex = 460 nm) showed dual emission bands at 510 nm and 610 nm
accompanied with Stokes™ shift of 50 and 250 nm, respectively (Figure 5.8). The dual
emissions of compound 6 could be designated as characteristic ESIPT phenomenon. The
emission band at 510 nm has been attributed to standard enol emission, while the emission

band at 610 nm was due to excited state intramolecular proton transfer (ESIPT).

However, the presence of different functional groups/moiety of different capacity also
permits different photophysical phenomenon for compound 6. The presence of —NEt»
unit with a capacity of electron-donating and naphthalimide core with a capacity of
accepting electron density could induce ICT. Therefore, the dual emission could be tuned
from a combination of the ICT or/and ESIPT (Figure 5.8). In order to understand this, the
absorption and emission studies have been extended to different polarity system (Figure
5.9). The displayed redshift of 20 nm and 80 nm in absorption and emission spectra,
respectively for compound 6 on increasing the polarity of system, demonstrated the
presence of ESICT phenomenon along with ESIPT. In addition, the spectral changes were

accompanied by several emission colors in different polarity system.
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Figure 5.9. Normalized absorption and emission spectra of compound 6 in different solvents

5.2.3.2 Electronic spectra and charge distribution

First, compound 6 was optimized at So state using DFT/B3LYP/6-31+g(d,p). Further,
Frank-Condon (FC) excitations were calculated on the So optimized structure to
determine electronic excitation values using TDDFT method at the same level of theory.
The determined contributing vertical excitation, and the results were summarized in
Figure 5.10. In addition, electronic transition symmetry, the oscillation strength, and
involved FMOs were summarized as an associated important parameter. The observed
absorption peak at 460 nm was originated from the HOMO—LUMO transition, with the
contribution of 99 % and oscillation strength of 0.7039, while another absorption peak at
340 nm was originated from the HOMO-1—LUMO transition, with contribution factor
of 81 % and oscillation strength of 0.2039. The FMOs analysis revealed that the HOMO
has significant electron density dispersal over —PhNEt, containing Schiff base unit, with
a minor extension over the naphthalimide unit, however, LUMO has significant electron
density dispersal over the naphthalimide unit, with a minor extension over —PhNEt,

containing Schiff base unit.
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Figure 5.10. (a) Calculated absorption peaks and contributing frontier molecular orbitals;
absorption values in parenthesis are the experimental values. (b) Hole-electron distribution of
compound 6

Further, the concept of hole-electron was used to determine the quantitative nature
transition in Figure 5.10. For So—S:1 hole-density was dispersed over —-PhNEt,, while the
electron density was located over the naphthalimide unit. This signified that the electron
density shifted from —PhNEt, to naphthalimide unit. Also, the determined hole-electron
spatial separation (4.807 A) and their trivial overlap integral (0.290) indicated that the
transition has the nature of charge transfer. On the other hand, hole-electron density for
So—S; transition was dispersed over the whole molecular units, and the determined hole-
electron spatial separation (2.241 A), and their significant overlap integral (0.495)

indicated the transition as local excitation.
5.2.3.3 Geometrical parameters

The compound 6 was found to be in a non-planar structure in the Sp and S; states, with
no imaginary frequency. The optimized structure of compound 6 has been presented in

Figure 5.11. The essential geometrical parameters of atoms involved in IraHB were
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discussed. The Os—Has bond distance was calculated to be 1.000 A at So state, which
increased by 0.005 A to 1.005 A at S; state. In addition, the Os;—Haa unit has short contact
distance of 1.720 A with N3 at So state. Further, on photoexcitation to S state, the
O42Ha4---N3g bond distance was decreased by ~0.026 A to ~ 1.694 A. Meanwhile, the bond
angles for interactions Os2Ha4--*N3g was enlarged from 148.86° to 149.73° for So—S1. The
determined IraHB distances of compound 6 were smaller than compound 5 and bond
angles were extended, which suggest that the IraHBs would be relatively stronger for
compound 6. Also, the small interacting distance of O42Ha4:+-N3g indicated six-membered
intramolecular hydrogen bonding (IraHB) at So and Sy states. However, the decreased
O42Ha4-"N39 bond lengths, and increased interacting bond angles imply that the IraHB

strengthens in Sy relative to So state.
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Figure 5.11. Optimized structure of compound 6 in Sp and S; states.

5.2.3.4 Frequency analysis

The FTIR signals and characteristics of functional groups involved in IraHBs were
simulated and noted at Sp and S; states (Figure 5.12), which was further enlarged as an
inset for O42—Has signals of compound 6. The O42—Has vibrational stretching frequency
was located at 3199 cm™ at Sp state, which was calculated at 2975 cm™ at S state. The
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relatively large red-shift of 224 cm™ in FTIR signal for So—Sz implied that the IraHBs
(O42H44:N3g) was relatively more strengthened in the Sy state compared to So state and
thus, could promote the ESIPT.

—So =——8i m
2950 3050 3150 3250
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500 1000 1500 2000 2500 3000 35(

Wavenumber (cm!)

Figure 5.12. FTIR spectra of compound 6 at Sp and S; state

5.2.3.5 AIM Analysis

Further, the prerequisite condition of IraHB and its energy profile was established via
Popelier criteria using Bader’s quantum theory of atoms in molecules (QTAIM).'?? The
determined topological properties of the bond critical points (BCPs) for IraHBs were
within the limit of criteria and thus, established IraHBs as O42Ha4*N3g at So, and S; states
for compound 6 (Table 5.2). The determined BCPs for IraHBs (O42Ha4°--N3g) were of type
(3,-1) at Sp and S; state. The positive value of Laplacian of electron density [V2p(rc)] for
the standard enol form of compound 6 depicted electrostatic close shell interaction in S,
and S; states. Also, the Laplacian of electron density for Os2Has-*N3g interactions was
increased at S; state relative to So state, which signified the strengthening of IraHBs at S1
state. All the listed BCPs have V?p(rc) >0 and H(r) <0 and thus, ascertained as medium-
range interactions with the partial covalent character for So, and S; states (Table 5.2).123
Moreover, the interaction energies for Os2Has---N3gwere determined to be -11.99 kcalmol
L and -13.27 kcalmol™ at Sp and S state, respectively!'! and the increased IraHB strength
endorsed the FTIR outcomes and preference for tautomeric conversion at S; state.
Further, the molecular graphs of compound 6 were plotted at Sp, and S; states and

presented in Figure 5.13.
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Table 5.2. Topology parameters electron density(p), Laplacian electron density (V2p), potential
energy density [\V/(r)], total energy density [H(r)], hydrogen bonding energy [Eng(kcalmol™?)]
at bond critical point of non-covalent interactions (D--HA) for standard enol form in Sp,and S;
states of compound 6

State Interaction p Vp V(r) G(r) H(r) Ens

So Oa2Haa-*N3g 0.0018 0.1142 -0.0382 0.0334 -0.0048 -11.99

S1 Oa2Haa-*Nag 0.0026 0.1168 -0.0423 0.0357 -0.0065 -13.27

Figure 5.13. Molecular graph of compound 6 in Sp and S; states

5.2.3.6 Proton transfer mechanism
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Scheme 5.2. Possible pathways of proton transfer for compound 6.
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In order to get the precise mechanism of emission spectra different possible pathways

were investigated for compound 6 (i) dynamical PT process (6—6.K) followed by

molecular rotation at (a) Schiff base linkage through C—N single bond, (6—6.K.T_SB)

or at (b) amine centre through C—N single bond (6—6.K.T_NEt), Pathway I, and (ii)

molecular rotation at (a) Schiff base linkage through C—N single bond, (6—6.T_SB) or
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at (b) amine centre through C—N single bond (6—6.T_NEt) followed by dynamical PT
process (6—6.T.K_NEt or 6—6.T.K_SB), Pathway Il (Scheme 5.2). Further, all the

structures have been optimized using PECs approach at So, and S; states.
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Figure 5.14. Energy profile of 6—6.K tautomeric conversions at S; state.
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Figure 5.15. Energy profile of (a) 6—6.T_NEt and (b) 6.T_NEt—6.T.K_NEt tautomeric
conversion at S; state

First, IraPT process was elaborated, and it was noted that the forwarding PT has energy
barrier of 4.56 kcalmol? (6—6.K) and reverse PT has the barrier of 6.57 kcalmol™
(6.K—6) (Figure 5.14). Further, the following molecular rotations were of high energy
and therefore, low energy barrier for forwarding PT suggested the ESIPT process only
through pathway I. On the other hand, the PECs of pathway Il suggested that molecular
rotation at amine center has energy barrier of 2.96 kcalmol™ and followed forwarding PT

process has energy barrier of 1.01 kcalmol? (Figure 5.15). The molecular rotation at
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Schiff base center was of high energy and therefore, condemned the
6—6.T_SB—6.T.K_NEt isomeric conversions. The total energy barrier of PT through
pathway Il was determined to be lower than PT of pathway |, and therefore, emission
spectra were originated from 6—6.T_NEt—6.T.K_NEt tautomeric conversions at Sz

states.
5.2.4 Conclusion

In this study, the origin of photophysical spectra of compound 6 was investigated through
ESICT/ESIPT mechanism using theoretical calculation approach. The computed
absorption and emission peaks were in close agreement to the experimental outcomes.
The prerequisite of IraHB was established using short-distance interaction, FTIR spectral
signals, and calculated IraHB energy was 11.99 kcalmol™? at Sp state. The redshift of 224
cm? in FTIR spectral signal for —OH functional group verified the strengthening of
IraHB, and calculated energy was found to be -13.27 kcalmol™ at S; state. In addition,
the isomeric conversion was elaborated through two pathways, where the molecular
motion and tautomeric conversions were incorporated. The PT energy barrier was of 4.56
kcalmol™? for 6—6.K, while it was calculated to be 6.57 kcalmol™ for 6.K—6 at S; state.
Further, 6.K—6.K.T_NEt and 6.K—6.K.T_SB isomeric conversion were not favorable
through pathway 1. On the other hand, the 6—6.T_NETt conversion has energy barrier of
2.96 kcalmol, while it was calculated to be 5.07 kcalmol-1 for 6. T _NEt—6. Further, the
6.T_NEt—6.T.K_NEt has energy barrier of 1.01 kcalmol™ and it was 2.49 kcalmol™ for
6.T.K_NEt—6.T_NEt. However, 6—6.T_SB—6.T.K SB was not favorable. In
addition, the total energy barrier for ESIPT (Pathway 1) was 4.56 kcalmol-1, while it was
3.97 kcalmol™ for ESICT/ESIPT (Pathway I1). Therefore, it could be concluded that the
ESICT/ESIPT process stimulates the emission with a significant Stokes’ shift.

5.2.5 Experiential data

The Naph-NH; has been synthesized using the reported procedure.'®® Further, Naph-NH;
(100 mg, 0.39 mmol) was mixed with 4-diethyl amino salicylaldehyde (75 gm, 0.39
mmol) in ethanol (10 ml) at room temperature followed by refluxing (Scheme 5.1). The
reaction progress was monitored using TLC. On the total consumption of reacting
materials, an orange coloured solid was separated out. The solid was filtered out and
washed with ethanol thrice. The filtered solid was dried over vacuum to give 260 mg
(95%) of solid of compound 6; m.pt. 238°C.
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H IH NMR (CDCI3, 400 MHz): & (ppm) 1.03 (t, J = 7.56 Hz, 3H, propy!-

0n N. O CH3), 1.25 (t, J = 7.10 Hz, 6H, CHs), 1.75-1.81 (m, 2H, propyl CHy),
3.45 (q, J = 7.17 Hz, 4H, CHy), 4.14-4.18 (m, 2H, NCH>), 6.25 (d, J =

OO 2.28 Hz, 1H, ArH), 6.32-6.34 (dd, 2J = 8.72 Hz, 3J = 2.32 Hz, 1H,
Na  ArH), 7.26-7.28 (m, 1H, ArH), 7.36 (d, J = 8.24 Hz, 1H, ArH), 7.75

HO (t, J = 7.90 Hz, 1H, ArH), 8.57 (s, 1H, CH), 8.60 (d, J = 7.76 Hz, 1H,

ArH), 8.63-8.66 (m, 2H, ArH); 13C NMR (CDCI3, 100 MHz): & (ppm)
6 rNj 11.5 (propyl CHa), 12.7 (CHz3), 21.4 (propyl CH>), 41.8 (NCH>), 44.8

(CH), 97.4,104.6, 109.4, 114.5, 119.0, 122.5, 126.5, 126.8, 129.1, 130.1, 131.5, 132.4,
134.7, 152.5, 152.8, 162.8, 164.0 (ArC), 164.1 (C=0), 164.5 (C=0); MS (ESI): m/z
430.5 (M*+1)
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5.3

Triple signaling (CHEF-ESICT-ESIPT) mechanism for a chromo-fluorescent

ratiometric response for AP and F- ions

5.3.1 Abstract

The designed compound 6 comprises of naphthalimide unit conjugated with the Schiff
base linkage was synthesized and displayed excellent chromo-fluorescent selectivity
toward AI** and F ions using conventional spectroscopic techniques. Upon addition of
Al®* ions, compound 6’s absorption band at 460 nm was enhanced ratiometrically with
respect to another absorption band at 340 nm, showing color change from orange to
yellow. Likewise, compound 6.AI** displayed ratiometric emission response at 530 nm
with respect to compound 6’s emission at 610 nm in HoO/CH3CN (1:9; v/v) and showing
color change from yellow to blue-green emission. Therefore, the detection of AI¥* ions
was followed up by inhibition of ESIPT band and exhibition of CHEF mechanism. On
the other hand, on the addition of F~ ions, compound 6 showed a ratiometric absorption
response with a new peak at 570 nm and accompanied by a color change from orange to
purple. However, the emission responses of compound 6.F were followed by a decrement
in emission at 610 nm. The limit of detection of compound 6 towards AI** and F ions
was measured to be 2 x 107 M and 7.5 x 107 M, respectively. The compound 6.AI**
complex was explored for the intercalation with calf thymus (ct)-DNA. The ethidium
bromide displacement assay confirmed the intercalation.

5.3.2 Results and discussion
5.3.2.1 Sensing properties of compound 6

The recognition behavior of compound 6 towards various common metal ions and anions
have been examined by absorption and emission spectroscopic techniques in H.O/CH3CN
(1:9; v/v) and CH3CN, respectively. The examined metal ions included Na*, K*, Mg?*,
Ca?*, Ba?*, Cr3*, AI**, Co?*, Ni?*, Zn?*, Cu?*, Pb®* and Ag* as their perchlorate salts,
while the studied anions were CI°, Br-, I, CN", SCN", F, HSO4", NOs", H.PO4", CH3COO"
and PPi as their tetrabutylammonium salts. It has been observed that compound 6
selectively interacted to AIP* in H,O/CHsCN (1:9; v/v) and F ions in CHsCN through
dual channel (colorimetric and fluorometric) response via ratiometric optical variations
(Figure 5.16 and Figure 5.17).
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5.3.2.1.1 Absorption responses of compound 6 towards Al** ions

Throughout the experiments, the compound 6 displayed a noticeable, and significant
visible color change from orange to yellow in the presence of AI** ions specifically and
quickly, as shown in Figure 5.16. In the presence of AI** ions to compound 6 (20 UM,
H>O/CH3CN (1:9; v/v)) induced an absorption enhancement at 460 nm, however,
absorption intensity receded at 340 nm (Figure 5.16). Further, the gradual addition of AI**
ions (1-100 pM) to the solution of compound 6 also endorsed the preliminary
examination, where the absorption intensity of the band at 340 nm was decreased with
the simultaneous growth of absorption band at 460 nm with an isosbestic point at 390 nm
(Figure 5.16). It was also determined that the absorption ratio for compound 6.AI** at 460
and 340 nm vary from 2.7 to 4.8, indicating ~3 fold ratiometric response. Therefore, these
results demonstrated that compound 6 has high selectivity towards AI®* ion over other

metal ions and could serve as a “naked eye” sensor in H2O/CH3CN (1:9; v/v).
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Figure 5.16. Absorption spectra of compound 6 (20 uM, H,O/CHsCN (1:9; v/v)) (a) in the
presence of 50 equiv. of different metal ions; (b) with the incremental addition of AI** (1-100
uM); Inset: Visible color changes of compound 6 in the presence of 50 equiv. of Al** ions.

5.3.2.1.2 Emission response of compound 6 towards Al** ions

The compound 6 (20 uM, H2O/CH3CN (1:9; v/v)) on excitation at 460 nm showed two
emission bands having weak emission at 510 nm and strong emission at 610 nm. On
addition of different metal ions to the solution of compound 6, no significant alteration
was observed in the emission response of compound 6. However, on the introduction of
AlI®* jons, compound 6 exhibited a quick and noticeable emission color change from
bright yellow to blue-green under UV light (Figure 5.17). In the presence of AI** ions,
compound 6 showed a new emission peak at 530 nm ratiometrically with respect to

emission at 610 nm. Further, the quantitative determination of AI®* ions was performed
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through a titration experiment. On gradual addition of AI** (1-250 uM) to compound 6,
the emission intensity at 610 nm was decreased with a simultaneous rise in intensity at
530 nm, with an isoemissive point at 560 nm (Figure 5.17). Also, it was determined that
the emission intensity ratio at 530/610 nm showed a variation from 0.16 to 5.46 and thus,
indicating ~ 34 fold ratiometric response. This enhancement in emission intensity at 530
nm might be due to the interaction of AI** ion with imine nitrogen and a hydroxyl group,
which caused the chelation enhancement fluorescence (CHEF). A Job plot of the
compound 6 (20 uM, H20O/CH3CN (1:9; v/v)) with AI** ion showed the maxima at a molar
fraction of 0.5. This phenomenon indicated that the compound 6 bound to the AI®* ions
in a 1:1 ratio. The binding constant for compound 6.AI** complex was determined by
Benesi—Hildebrand equation and was found to be 5.4 x 10* M1, The compound 6 (20uM,
H,O/CHsCN (1:9; v/v)) showed a linear response for AI** ion (3 - 37 pM) and the lowest
detection limit was found to be 2 x 107 M.
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Figure 5.17. Emission spectra of compound 6 (20 uM, H,O/CHs:CN (1:9; v/v)) (a) in the
presence of 50 equiv. of different metal ions; (b) effect of the incremental addition of AI** ions
to compound 6; inset: Colour changes of compound 6 under UV light in the presence of AI%*
ions.

Further, the selectivity and sensitivity of compound 6 towards AI** ions were observed in
the presence of other examined metal ions through emission response. The emission
response of compound 6 and its complex with AI®* was presented in Figure 5.18. The
blue bars in Figure 5.18 represented the selectivity of compound 6 towards AI** ions over
different metal ions, while red bars depicted the competitive selectivity and sensitivity of
compound 6.AI** complex in the presence of interfering metal ions. It could be noted that
the emission response of compound 6.AI** complex was not altered and therefore showed

excellent specificity towards AI** ions (Figure 5.18).
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Figure 5.18. The relative emission intensity of compound 6 towards different metal ions in the
absence and presence of AI** ions.

5.3.2.1.3 NMR studies

Further, the mode of interactions of compound 6 with AI** ions was studied through *H
NMR titrations. The addition of 1.0 equiv. of AI** ions to compound 6, resulted in shifting
of imine proton (CH=N) of Schiff base present at 6 8.68 ppm and merged with aromatic
protons at o 8.60 ppm. The downfield shift of 0.3 ppm was observed with an aromatic
proton from & 7.50 to 6 7.80 while protons at 6 8.65 were shifted upfield by 0.2 ppm.
Aromatic protons at 8 6.18 and 6.38 also shifted downfield to 6 6.30 and 6.58, respectively
(Figure 5.19). Thus, the chelation of AI** ion with the nitrogen of imine bond, oxygen of

the phenolic group was expected.

Figure 5.19. *H NMR titration spectra of compound 6 and compound 6 with 1.0 equiv. of A"
ions

5.3.2.1.4 Theoretical calculations

The experimental results have been complemented with the theoretical calculations. The
compound 6.AI** complex was optimized and shown in Figure 5.20, with precise
coordination of AI** ion with phenolic O and imine N atom. The calculated absorption
spectra for compound 6.AI¥* was found to be in good agreement with observed absorption
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value and summarised in Figure 5.20. The complex of compound 6.AI** showed only
enhancement and detraction at compound 6’s absorption maxima experimentally, which
could also be inferred from the oscillation strength values. From FMOs analysis, the
observed absorption peak at 460 nm has been assigned as electron density transfer from
N, N-diethyl, and propylamine to naphthalimide and Schiff base linkage, resulting in
coordination with AI** ion. On the other hand, the transition at 340 nm, could be assigned
as MLCT transition. Conclusively, the combinatorial analysis of experimental and
theoretical results depicted that the compound 6 recognized the AI** ions in H2O/CH3sCN
(1:9; v/v) through inhibition of ESIPT/ESICT and exhibition of CHEF phenomenon.
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Figure 5.20. Optimized structures and frontier molecular orbitals of complex of compound
6.Al%*

5.3.2.1.5 Absorption response of compound 6 towards F ions

The recognition behavior of compound 6 towards various anions was studied in CH3CN
through absorption spectroscopy. Absorption spectra of compound 6 showed two
absorption bands at 340 nm and 460 nm. Upon addition of 50 equiv. of
tetrabutylammonium salts of various anions such as CI', Br,, I, CN", SCN-, F, HSO4,
NOs’, H2PO4, CH3COO™ and PPi to compound 6 (20 uM, CH3CN), no significant change

was observed in absorption spectrum except with F~ ions. A visible color change from

116



orange to purple with the naked eye was also observed on addition of 50 equiv. of F~ion
to 20 uM of compound 6 (Figure 5.21). On incremental addition of F~ ion (0.5-12.5 puM)
to compound 6, the absorption band at 460 nm was quenched followed by a redshift of
band from 340 nm to 395 nm with the concomitant appearance of the new band at 570
nm with clear isosbestic points at 420 nm and 500 nm (Figure 5.21). The absorption ratio
at 570 nm and 460 nm changes from 0.008 to 1.142 showed ~142 fold ratiometric

response for F~ ions.
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Figure 5.21 Absorption spectrum of compound 6 (20 uM, CH3sCN) (a) in the presence of 50
equiv. of different anions; (b) effect of the incremental addition of F (0.5-12.5 uM) to
compound 6; Inset: Visible color changes of compound 6 in the presence of various anions.

5.3.2.1.6 Emission response of compound 6 towards anions
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Figure 5.22. Emission spectra of compound 6 (20 UM, CH3CN) (a) in the presence of different
anions; (b) effect of incremental addition of F- (1-20 pM) to compound 6 (20 uM, CH3CN);
Inset: Color changes of compound 6 (20 uM, CHsCN) in the presence of F ions.

Further, the interactions of compound 6 towards various anions were also studied through
emission spectroscopy. As discussed earlier, compound 6 (20 uM, CH3CN) showed the

dual emission band at 510 nm and 610 nm. On addition of examined anions, no significant
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change was observed in emission spectra except with F~ions. A color change from yellow
to green under UV light was also observed on addition of F~ ion to compound 6 (Figure
5.22). The incremental addition of F ions (2-20 uM) to compound 6, resulted in a
decrease in emission intensity at 510 nm and 610 nm. The equilibrium constant of
compound 6 with F- ion has been determined with the Benesi-Hildebrand equation and
found to be 2.2 x 10* M. The compound 6 (20 uM, CH3CN) showed a linear response

for F- ion with the lowest detection limit of 7.5 x 107 M.

The selectivity of compound 6 with F ions was confirmed by carrying out the competitive
anion experiment with 50 equiv. of F* to compound 6 and various other anions such as
CI, Br, I, CN7, SCN’, HSO4, NOs, H2PO4,, AcO™ and PPi. The addition of various
competing anions to compound 6 in the presence of F~ ions did not affect the absorption
spectra of compound 6 (Figure 5.23). Thus, compound 6 showed the selective and

sensitive, detection of F~ion in the presence of other anions as well.
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Figure 5.23. The relative emission intensity of compound 6 towards different metal ions in the
absence and presence of F ions.

5.3.2.1.7 NMR Studies

Further, the 'H NMR titration study was carried out to investigate the mode of interactions
of compound 6 with F~ ions. On addition of 1.0 equiv. of F ions, the broad signal due to
OH at 6 13.08 ppm disappeared, which suggesting hydrogen-bond interactions between
compound 6 and Fions. The slight downfield shift of aromatic protons and deprotonation

of OH proton in the presence of F~ ions suggested the interaction (Figure 5.24).
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Figure 5.24. 'H NMR titration spectra of compound 6 and compound 6 with 1.0 equiv. of F
ions

5.3.2.1.8 Theoretical calculation
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Figure 5.25. Optimized structures and frontier molecular orbitals of compound 6.F.

Further, the experimental results have been supported with the theoretical calculation.
The compound 6.F was optimized and presented in Figure 5.25. The origin of absorption
spectra was predicted on the optimized structure, and predicted absorption values were
found to be in good agreement with experimental results. The observed absorption peaks
of compound 6.F was found to be due to HOMO—LUMO transition at 570 nm, HOMO-
1->LUMO transition at 464 nm and HOMO-3—LUMO transition at 378 nm,
respectively. The HOMO and HOMO-1 of Compound 6.F were majorly distributed over
the phenyl ring with Schiff base, while HOMO-3 and LUMO were majorly located at

naphthalimide phenyl ring only. Therefore, the electronic transition at 570 nm, was
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demonstrated as an intramolecular charge transfer transition, which further triggering the
appearance of violet color from orange. On the other hand, the transition at 460 nm and 395 nm
has a character of local excitation. Therefore, the experimental results have been endorsed by
theoretical calculation, and the detection of F ions was followed by deprotonation of compound
6.

5.3.2.2 DNA binding studies

The naphthalimide-derived molecules have fluorescent nature and found application for a
biological activity like antiviral, anticancer activity, analgesic. Naphthalimide moiety is planar n-
deficient heteroatom aromatic ring known for DNA intercalation." 166168 The complex of
compound 6.Al** could increase n-deficient properties, and thus, DNA base pair could interact
more efficiently. The interaction of compound 6 with ct-DNA was studied by absorption and
emission spectroscopies techniques. As discussed earlier, the compound 6.AI** complex has
characteristic absorption peaks at 340 nm and 460 nm. On consequent addition of ct-DNA (10-
50 uM) to compound 6.AI** complex, the absorption was gradually increased, indicating a
hyperchromic effect at 340 nm and 460 nm (Figure 5.26). Hyperchromic effect of compound
6.AI* complex with ct-DNA specifies strong intramolecular interaction. This is due to the
overlapping of the electron cloud of naphthalimide with ct-DNA base pairs. Fluorescence
experiments were also undertaken to investigate the interaction of compound 6.AI** complex with
ct-DNA. On excitation at 460 nm, compound 6.AI** complex showed the strong band at 520 nm.
On incremental addition of ct-DNA to compound 6.AI** complex, the fluorescence intensity was
subsequently increased while the maximum emission wavelength was slightly shifted from 520
nm to 530 nm. The binding constant for probe 1.AIP*.DNA was determined through Benesi-

Hildebrand equation and determined to be 1.1 x 10° M, with stoichiometry of 1:1.

0.4 (@) 7,460 nm 0 )

7\ /]\ 500 520nm
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Figure 5.26. Effect of incremental addition of ct-DNA (10-50 uM) (a) on absorption spectra;
(b) emission spectra of compound 6.AI** complex
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5.3.2.2.1 Ethidium bromide displacement study

In order to confirm the reversibility of compound 6.AIF* with DNA, the competitive
ethidium bromide (EB) displacement study was performed, where ethidium bromide is
one of a fluorescent dye, which binds to DNA via intercalation mode. The emission
spectra of ethidium bromide bound to ct-DNA in absence and presence of each complex
have been recorded at 10 uM of EB and 10 pM of DNA. The addition of 0-20 uM solution
of compound 6.AI** complex, the emission intensity of ct-DNA.EB at 615 nm underwent
quenching with a blue shift at 600 nm and concomitant enhancement in emission intensity
at 520 nm, indicating the displacement of DNA from EB.DNA complex. It is generally
agreed that substantial emission enhancement accompanies intercalation of dye into
double helix conformation of nucleic acids. There were significant changes in the
emission intensity of EB.DNA complex, suggesting that compound 6.AI** complex binds

to DNA through intercalation mode (Figure 5.27).
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Figure 5.27 (a) Ethidium bromide displacement assay of compound 6.AI**.DNA complex; (b)
Competitive ethidium bromide displacement assay of compound 6.AI**.DNA complex

Further, the competitive binding experiments were carried out to confirm the binding
mode of compound 6.AI** complex with DNA. ), The measured addition of compound
6.AI%* (0-20 uM) to complex of EB.DNA (containing 20 uM of EB and DNA each) led a
slight blue shift from 615 nm to 600 nm and the concomitant rise of emission intensity at
520 nm. This signified that EB displacement of DNA and thereby confirming the

compound 6.AI** complex as a strong DNA intercalated (Figure 5.27).
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5.3.3 Conclusion

In summary, a novel naphthalimide based compound 6 has been designed and
synthesized. The compound 6 was efficiently used as a ratiometric chromo-fluorescent
probe, for AI** and F~ ions selectively over other interfering metal ions and anions. The
compound 6 showed rapid color changes for AI** and F~ ions from orange to yellow and
orange to purple under visible light, respectively. Compound 6 also displayed blue-green
and green emission under UV light for detection of AI** and F ions, respectively. The
combinatorial results of absorption, emission, *HNMR spectroscopy, and theoretical
calculation revealed that the detection followed up the inhibition of ESIPT/ESICT
phenomenon. The recognition of AI** and F~ ions followed the CHEF and deprotonation
mechanism, respectively. The detection limit was calculated to be as low as 2 x 107 M
and 7.5 x 107" M for AIP* and F ions, respectively. UV-vis and fluorescence studies
predicted the possible binding capability of compound 6.AF* complex with ct-DNA
through intercalation mode; thus, find its applications as drug candidates.
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Summary of Chapter 5

In summary, the ESIPT phenomenon and emission response of compound 5 and 6 were
investigated through theoretical calculation approach. The computed absorption and
emission peaks were in close agreement to the experimental outcomes. The prerequisite
of IraHB was established using short-distance interaction, FTIR spectral signals, and AIM
analysis at So and S; state. For compound 5, tautomeric forms (5.K) was more stabilized
than its standard enol form (5) at S; state and calculated energy barrier for forwarding PT
(2.64 kcalmol™®) was lower than reverse PT (9.16 kcalmol™?). Therefore, it could be
concluded that the emission with a significant Stokes’ shift was simulated through the
ESIPT phenomenon. The isomeric conversion of compound 6 was elaborated ways,
where the molecular motion and tautomeric conversions were incorporated. The PT has
energy barrier of 4.56 kcalmol? for 6—6.K, while rotameric isomeric conversions
6.K—6.K.T_NEt and 6.K—6.K.T_SB were determined to be high in energy and
therefore, were not favorable. On the other hand, the 6—6.T NEt rotameric isomeric
conversion has an energy barrier of 2.96 kcalmol™ and following tautomeric conversion
6.T NEt—6.T.K_NEt has an energy barrier of 1.01 kcalmol?®. However,
6—6.T_SB—6.T.K_SB was not favorable. The total energy barrier for ESIPT/ESTICT
(Pathway 1) was 4.56 kcalmol™® was higher than 3.97 kcalmol? for ESTICT/ESIPT
(Pathway I1) and thus, concluded that the ESICT/ESIPT process stimulates the emission
with large Stokes’ shift. The compound 6 was used as a ratiometric chromo-fluorescent
sensor towards AI** and F ions selectively over other interfering metal ions and anions.
The compound 6 showed rapid color changes for AI** and F- ions from orange to yellow
and orange to purple under visible light, respectively. Compound 6 also displayed blue-
green and green emission under UV light for detection of AI** and F~ ions, respectively.
The combinatorial results of absorption, emission, tHNMR spectroscopy, and theoretical
calculation revealed that the detection followed up the inhibition of ESIPT/ESICT
phenomenon. The recognition of AI** and F ions followed the CHEF and deprotonation
mechanism, respectively. The detection limit was calculated to be as low as 2 x 107 M
and 7.5 x 107 M for AI** and F ions, respectively. UV-vis and fluorescence studies
predicted the possible binding capability of compound 6.AI** complex with ct-DNA
through intercalation mode; thus, find its applications as drug candidates.
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Chapter 6

Appraisal of excited state intramolecular proton transfer in asymmetric

systems containing double intramolecular hydrogen bonding

Excited state proton transfer (ESPT) is a very fundamental phenomenon and studied
extensively in chemical, physical, and biological sciences.% %4 % 102,189 The ESPT has
been taken place with a capacity of double or multiple proton transfer such as DNA A-T,
G-C base pairs, amino acid units, aligned H,O etc.8% %2 93 170-184 The myltiple proton
transfer could be assisted by self-assembly or/and solvent. Therefore, it has been studied
extensively for wvarious molecular architectures possessing symmetrical double
inter/intramolecular hydrogen bonding through experimental and theoretical methods.®°
All the studied molecular systems have symmetrical double IraHBs in respect of
interacting atoms such as OH---N/NH---N and their strength. However, literature still
limits with reports of the asymmetrical structure containing asymmetrical double IraHBs.
The contained asymmetrical double IraHBs could have different strength. The IraHB
could be either distinguished by different interacting atoms such as OH---N/NH---N or by
its ring size. Such molecular systems could have risen the competitive proton transfer,
proton transfer triggering proton transfer or charge transfer coupled proton transfer

mechanism.

In this chapter, asymmetrical molecular structures (Figure 6.1) containing asymmetrical
double IraHBs were investigated for ESIPT process. Also, this chapter involved the study
of structural analysis of rotamer stabilized distinguished IraHB and origin of
photophysical properties.

©\ OH
HN _N o N%&N

NZ =N @J\/NJ
| NJ

8A, 8B 9A, 9B

Figure 6.1 The different asymmetrical compound containing intramolecular hydrogen bonding
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Based on the study, this chapter was divided into three sections based on the study as

following:

6.1.An asymmetric quinoline-benzimidazole system undergoing intramolecular charge-
coupled double proton transfer in an excited state

6.2.Investigation of rotameric conformations of substituted imidazo-[1,2-a]pyrazine:
Experimental and theoretical approaches

6.3.Investigation of excited state intramolecular double proton transfer in asymmetrical

imidazo-[1,2-a]pyrazine compound: a theoretical study
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6.1

An asymmetric quinoline-benzimidazole system undergoing intramolecular

charge-coupled double proton transfer in an excited state

6.1.1 Abstract

8-(1H-benzo[d]imidazol-2-yl) quinolin-7-ol (compound 7) has structural asymmetry and
encloses two kinds of hydrogen bonds (HBs), which undergoes excited state
intramolecular charge transfer and double proton transfer (ESICT/ESIDPT). On
excitation at 360 nm, compound 7 resulted in dual emission at 420 nm and 570 nm,
respectively. The FMOs analysis revealed the intramolecular charge transfer nature in the
excited state. However, calculated hydrogen bond strength and FTIR analysis revealed
that the emission was raised from the relaxation of intramolecular charge transfer excited
state, followed by ESIDPT. The proton transfer (PT) pathways study showed that first
proton transfer was barrierless followed by a small barrier for the ESIDPT and thus,
favored the sequential PT mechanism. In this study, the photophysical properties of 8-
(1H-benzo[d]imidazol-2-yl) quinolin-7-ol (compound 7) system was systematically
studied via experimental and theoretical techniques. The calculated results were used to
evaluate the absorption and emission spectra, frontier molecular orbitals (FMOs), electron
density difference map, hydrogen bond strength, and FTIR analysis. The compound 7
was optimized for possible tautomeric forms (7, SPT(NH), SPT(NH) and DPT) involved
in proton transfer (PT) and established an energy relationship as
SPT(OH)>DPT>SPT(NH)> 7 at Sp state and 7>SPT(OH)>DPT>SPT(NH) at S; state.
The theoretical results revealed that the generation of ESIPT was attributed to ESICT
owing to change in electron density on the frontier molecular orbitals (FMOs) and
electron density difference map. The AIM calculation established the dual HBs for
compound 7. On So —S1, compound 7 displayed a redshift of 212 cm™ for N—H and
blue shift of 121 cm? for O—H vibrational stretching. However, on tautomeric
conversion 7—SPT(NH)*, the O—H vibrational stretching displayed redshift of 178 cm”
! which strengthen the intramolecular HBs and thus, promote the dual proton transfer in
S: state. The proton transfer (PT) pathways study showed that first proton transfer was
barrierless followed by a small barrier for the ESIDPT and thus, favors the sequential PT
mechanism. Also, the predicted absorption and emission spectral value resembled
experimental results.
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6.1.2 Experimental Section
6.1.2.1 Synthesis of Compound 7

Compound 7 was synthesis by two-step reaction (Scheme 6.1). First, 7THQ-CHO was
synthesized using Riemer-Tiemann reaction. Further, 7THQ-CHO was stirred and heated
with o-phenylenediamine in the presence of 10 mL of nitrobenzene. The reaction was
monitored by thin-layer chromatography. On successful consumption of reactant
materials, diethyl ethyl ether was added to get the crude solid. The filtered solid was
purified by column chromatography using CHCIs as an eluting solvent to get yellow-

colored pure compound 7 in 60 % yield; m.pt. 277°C.

HN__N
HO N NaOH NH,
| N\ OH
X CHC13 PhNO
NH
2 2 | _
7HQ 7HQ-CHO 7

Scheme 6.1 Synthesis of compound 7

The 'H NMR spectrum displayed resonating signals at & 8.95-8.93 ppm as doublet of
doublet for 1H of ArH, 5 8.17-8.15 ppm as doublet of doublet for 1H of ArH, & 7.80-7.76
ppm as multiplet for 2H of ArH, 3 7.66-7.63 ppm as multiplet for 1H of ArH, 6 7.42 ppm
as doublet for 1H of ArH, & 7.37-7.32 ppm as multiplet for 3H of ArH, and *C NMR
signals resonate at 6 103.9, 111.4, 117.7, 118.4, 121.4, 122.5, 123.4, 130.9, 131.8, 136.9,
139.4, 147.4, 149.3, 152.7, and 163.6 for aromatic carbons (ArCs) suggest the formation
of compound 7. The observed ESI-MS (m/z) 262.1 (M*+1) was in close agreement with

the calculated m/z =261.09 and thus, verified the formation of compound 7.
6.1.3 Results and discussion
6.1.3.1 Photophysical properties

Figure 6.2 depicted the steady-state absorption and emission spectra of compound 7. The
compound 7 exhibited the absorption peak at 360 nm, 315 nm, and 305 nm in CH3CN.
Further, on excitation at 360 nm, compound 7 showed the dual emissions in CH3CN at
420 nm and 570 nm with a Stokes shift of 60 nm and 210 nm respectively. The dual
emission for compound 7 could be inferred from the ESIPT phenomenon. The low
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energy/high Stokes-shifted emission could be assigned as ESIPT emission from the keto
tautomeric form, while high energy/low Stokes shifted emission could be from the
standard enol form. In addition, the steady-state absorption and emission spectra were
measured in different polarity systems (Figure 6.2). The absorption spectra displayed a
rise of shoulder band at ~400 nm in high polarity system, while the emission spectra
displayed a rise of emission intensity for the high energy emission, along with significant
redshift of ~35 nm with an increase of polarity. This observation depicted the stabilization
of the standard form in high polarity system, and thus, lead intramolecular charge transfer
relaxation prior to the ESIPT phenomenon. Therefore, it could be implicated that the high
energy/low Stokes’ shifted emission resulted from the ESICT while low energy/high

stoke shifted emission resulted from ESIPT.
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Figure 6.2. (a) Normalized absorption and emission spectra of compound 7 in CH3CN; (b, ¢)
absorption and emission spectra of compound 7 in different solvents.

6.1.3.2 Geometrical optimization

First, the stability of four tautomeric forms involved in the PT process (compound 7,
SPT(OH), SPT(NH), DPT) was confirmed through structural optimization in Sp and S1
state. All the local minima were supported via the absence of imaginary frequency. The
optimized tautomers have been presented in Figure 6.3. The important geometrical
parameters for tautomers have been summarized in Table 6.1 for So and S; state. The
calculated geometric parameters of compound 7 displayed alteration on photoexcitation
(So—S1). For better understanding, the atoms involved in HB were labeled in Figure 6.3
and interactions were assigned as | and I1. The bond distance of O1—Ho (1), H2---N3 (1),
Ns—Hs (11) and Hs---Ne (IT) were determined to be 1.0104 A, 1.6403 A, 1.0192 A and
2.0119 A, respectively at So state. However, on photoexcitation, the O1—H> (I) bond
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distance was decreased by 0.0070 A to 1.0034 A, while the interacting distance for Hz---N3
(1) was increased by 0.04 A to 1.6803 A in S; state.
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Figure 6.3 Optimized structure of tautomeric forms of compound 7

Table 6.1. Calculated bond distances (A) and bond angles (°) for different tautomeric forms of
compound 7 at Spand S; state.

7 SPT (OH) SPT (NH) DPT

So S1 So S1 So S1 So S1
O1H2 1.0104 1.0034 1.8175 19084 1.0301 1.0131 1.9032 1.8130
N3Hz 1.6403 1.6803 1.0275 1.0215 1.5896 1.6148 1.0203 1.0252
N4Hs 1.0192 1.0312 1.0232 1.0314 1.7456 1.8698 1.7844 1.8689
NeHs 2.0119 1.8702 19672 1.8747 1.0545 1.0217 1.0414 1.0230

Z01H2N3  148.87 148.65 129.81 125.23 150.83 149.06 127.37 128.94
/NsHsNg 12452 128.83 125.86 129.03 141.13 136.73 139.22 136.81
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Scheme 6.2. Possible pathways of proton transfer in compound 7

On the other hand, the bond distance for Ns—Hs (IT) was increased by 0.012 A to 1.0312
A, while the Hs--Ns (I1) interacting distance was decreased by 0.1417 A to 1.8702 A in
S1 state. Meanwhile, the bond angle of £O:1H2N3z was decreased by 0.22° to 148.65°,
while ZN4HsNg was increased by 4.31° to 128.83° in S; state. These remarks indicated
that O1H2...N3 HB was weakened, while N4Hs...N¢ HB was strengthened in S; state.
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Therefore, the asymmetric structure of compound 7 has enclosed two types of HBs
through different hydrogen donor and acceptor sites. Consequently, there could be the
existence of single/double proton transfer phenomenon in the S; state (Scheme 6.2).
Therefore, an attempt to answer the question of the origin of emission from intramolecular
charge transfer and single/double proton transfer (SPT/DPT) was countered through
structural optimization, FTIR calculations, AIM analysis, frontier molecular orbitals

(FMOs) and different possible proton transfer pathways.
6.1.3.3 FTIR

Herein, the FTIR signals of O1—H> and N4+—Hs were analyzed to provide a closer eye
on the strength of HBs at So and S; state (Figure 6.4). The FTIR signals of OH and NH
were observed at 2920 and 3486 cm™ for compound 7 at Sp state. However, on
photoexcitation, the calculated FTIR spectra demonstrated a blue shift of 121 cm™ for
01—H; to 3041 cm™ and a redshift of 212 cm™ for Ns.—Hs to 3273 cm™ for S; state.
Therefore, it established that the N4Hs-N¢ IraHB was strengthened, while O1H>:--N3,

IraHB was weakened at the S state for compound 7.
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Figure 6.4. FTIR spectra of compound 7 at Se and S; state

6.1.3.4 AIM analysis

Further, the IraHBs was established via Popelier criteria using Bader’s quantum theory
of atoms in molecules (QTAIM).*?? The determined topological parameters were within
the limit of criteria and thus, established two IraHBs as O1H>---N3 and N4Hs:--Ng at So and
S: states for the primary structure of compound 7 (Table 6.2). The positive value of
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Laplacian of electron density [V2p(rc)] with small electron density value for both the So
and S; state, depicted electrostatic close shell interaction. Further, according to Rozas’
rules; all the BCPs listed in Table 6.2 has been ascertained as medium-range interaction
with the partial covalent character (V?p(rc) >0 and H(r) < 0) for both the Sp and S; state
except for NaoHasN1s (in So state), which has electrostatic nature.!?® Moreover, the
interaction energies for O:Hz--N3 and NsHs:+-Ns were determined to be -15.37 kcalmol?,
and -6.28 kcalmol™, respectively at So state. However, on photoexcitation to S; state,
O16H17*N2g HB was weakened to -13.18 kcalmol™, while NsoHzg*Nis HB was
strengthening to -8.79 kcalmol™.1*! Thus, these analyses clearly indicated that the HB

strengthen for compound 7 at S; state.

Table 6.2. HB distances, bond angles & topology parameters electron density(p), Laplacian
electron density (V?p), potential energy density [V(r)], total energy density [H(r)], hydrogen
bonding energy [Ens(kcalmol™)] at bond critical pint of non-covalent interactions (D--HA)
compound 7 at B3LYP/6-31++G**,

Interaction p V2p G(r) V(r) H(r) |Ens|

So O16H17--"N2g 0.060 0.126  0.040 -0.049  -0.0089 15.37

NsoH2s:*N1s 0.028 0.083 0.020 -0.020 0.21E-3 6.28

S1 O16H17--"N2g 0.054 0.122 0.036 -0.042  -0.0060 13.18

NsoH2s:*N1s 0.038 0.104 0.027 -0.028  -0.84E-3 8.79

6.1.3.5 Absorption/emission spectra and charge distribution

Further, first three low lying absorption peaks (So—Si, So—S2 and So—S3) were
calculated for compound 7 and located at 366 nm, 313 nm and 303 nm, which were in
close agreement with the observed absorption peaks 360 nm, 315 nm and 305 nm, shown
in parenthesis (Figure 6.5). Further, qualitative/quantitative nature of the electronically
excited state was discussed through charge distribution. The calculated So—S: transition
peak was at 633 nm with considerable oscillation strength of 0.3613 and composition of
HOMO—LUMO (98 %).

The HOMO was localized all over the molecular structure while the LUMO was majorly
localized over the quinoline moiety with partial contribution from the benzimidazole
units. Next observed absorption peak at 315 nm was predicted at 313 nm with oscillation
strength of 0.0147 and 97 % composition of HOMO-1 to LUMO. Likewise, the observed
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absorption peak at 305 nm was predicted at 303 nm with oscillation strength of 0.0394
and 68 % composition of HOMO-2 to LUMO. Further, the quantitative nature of
excitations was measured through hole-electron distribution; the distance between the
hole and electron center. The smaller value of overlap integral with generous spatial
separation of hole-electron distribution revealed these transitions as charge transfer
excitation. The hole-electron distribution clearly depicted that all three transitions have

an electron density shift from the benzimidazole unit to the quinoline.
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Figure 6.5. (a) Calculated absorption peaks for compound 7 and contributing frontier molecular
orbitals in electronic transitions (value in parenthesis were experimental values; f= Oscillation
strength; Cl= % contributions of molecular orbitals); (b) The hole-electron distribution of
compound 7 for the different observed excitation; color code: blue= hole, green = electron.

In order to get an insight into the properties of the S; state of compound 7, SPT(OH),
SPT(NH), and DPT tautomeric forms, a qualitative FMOs and emission energies were
presented in Figure 6.6. The calculated emission energies were determined to be 454 nm,
445 nm, 656 nm, and 583 nm corresponding to 99.3 %, 98.5 %, 99.5 %, and 98.9 %
composition of LUMO—HOMO for 7, SPT(OH), SPT(NH), and DPT tautomeric forms,
respectively. The calculated Stokes’ shift for 7, SPT(OH), SPT(NH) and DPT were
determined to be 88 nm, 79 nm, 290 nm, and 217 nm, respectively. The emission energies
of compound 7 and DPT were in good agreement with the experimental values (420 nm,

and 570 nm) along with their Stokes’ shift. Therefore, this analysis indicated that the used
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method was reasonable and sufficient to predict the phenomenon. The emission energies
of SPT(NH) was not observed experimentally. Also, the energy profile of FMOs of 7,
SPT(OH), SPT(NH) and DPT was presented in Figure 6.6. With respect to compound 7,
the FMOs energy gap decreased for SPT(NH), and DPT, however, it was increased for
SPT(OH). Also, Figure 6.6 depicted that charge transfer state at 360 nm, emission was
observed at 454 nm, on the relaxation of charge transfer state at S; state.
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Figure 6.6. Schematic presentation of the photophysical phenomenon

6.1.3.6 Energy profile of proton transfer mechanism

Among the 7, SPT (OH), SPT (NH), and DPT tautomeric forms, the 7 was found to be
most stable at So state, while it was DPT tautomeric form, which was most stable at S1
state. The relative energy profile of tautomeric forms was presented in Figure 6.7. This
energy profile indicated that the PT reaction likely to occur at S; state. Herein, two
pathways of PT were presented as accessible in Scheme 6.2; Path I: PT for OH---N site
followed by PT for site NH---N; Path II: PT for NH---N HB site followed by PT for OH---N
site. The calculated energy barriers of forwarding ESIPT were determined to be 2.17
kcalmol™ and 0.21 kcalmol™ for 7—SPT(OH) and SPT(OH)—DPT, respectively (in total
2.38 kcalmol™ for Path 1). However, the reverse ESIPT has a barrier of 2.86 kcalmol™
and 10.84 kcalmol™? for 7<~SPT(OH) and SPT(OH)<«DPT, respectively (in total 13.69
kcalmol™ for Path I).

133



~
<

Sl
65
=
£
Z 60
=
T
=
55
10
S, 7
=
£
s 4
=
o
<]
! 0.0/ .
0.74
7
2

Proton transfer

Figure 6.7. Energy diagram ESIPT mechanism of compound 7 at S and S; state

0
M

oL

.

RAAIVe EneTRY

e

Figure 6.8 PECs of proton transfer of compound 7 at Sp and S; state

Likewise, the calculated energy barriers of forwarding ESIPT were determined to be 0.05
eV and 1.18 eV for 7—>SPT(NH) and SPT(NH)—DPT, respectively (in total 1.23
kcalmol™? for Path I1), however, the reverse ESIPT has barriers of 11.02 kcalmol™? and
1.52 kcalmol? for 7<-SPT(OH) and SPT(OH)«DPT, respectively (in total 12.54
kcalmol? for Path I1). The total energy barrier of tautomeric conversion was nearly
similar for Path |1 (7—SPT(H)—DPT) and Path Il (7—SPT(NH)—DPT) and determined
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to be very similar. Therefore, the tautomeric conversion pathways could not be concluded
from the total energy barrier. The PECs of PT were presented in Figure 6.8

6.1.3.7 Emission mechanism

Av (O,H,)
=121 cm’!

2800 2900 3000 3100 3200 3300 3400 3500 3600
Wavenumber (cm™!)

~——8,7 =S, SPT(OH) ——S, SPT(NH)

Figure 6.9 FTIR spectra of compound 7, SPT(OH), and SPT(NH) at S; state.

Now, we discussed the emission mechanism of compound 7 and the driving forces for
the ESIPT mechanism. It was noted that the forward and reverse ESIPT energy for
7—>SPT(OH) and 7«-SPT(OH) were similar and therefore, 7—SPT(OH) conversion
couldn’t be feasible process through Path 1. On the other hand, the 7—SPT(NH) has low
energy barrier than SPT(NH)—7, and hence, 7—SPT(NH) conversion was allowed
through Path I1. The driving force for 7—SPT(NH) conversion was increased strength of
N4Hs---Ng IraHB at S state. Once the SPT(NH) tautomeric conversion was taken place
the OjH2---N3 IraHB was strengthened, and consequently lead SPT(NH)—DPT
tautomeric conversion. The increased strength of O:H---N3 IraHB was shown by a
redshift of 121 cm™ to 2863 cm™ from 3041 cm™ for O—H vibrational frequency of
SPT(NH) tautomer (Figure 6.9). The N—H vibrational frequency for SPT(OH) was found
to be at 3273 cm™* and hence displayed no change in the strength of N4Hs---Ng IraHB.

Thus, we make the conclusion on the consolidated results obtained from AIM, FTIR,
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energy profile and calculated vertical emission values that the ESICT/ESIDPT process
originated the dual emission and the ESIDPT was followed up by path 1l (Scheme 6.3).

Scheme 6.3. Schematic pathway for the ESIDPT in compound 7.

6.1.4 Conclusion

In Summary, a new compound enclosed dual hydrogen bonding was synthesized and
studied for the photophysical properties. The compound 7 exhibited dual emission at 420
nm and 570 nm with Stokes’ shifts of 60 nm and 210 nm, respectively. The dual emission
with large Stokes’ shifts and growth of absorption shoulder peak at ~400 nm in polarity
system depicted the excited state intramolecular charge transfer (ESICT) coupled excited
state intramolecular proton transfer (ESIPT). The theoretical results also revealed that the
generation of ESIPT was attributed to ESICT owing to change in electron density on the
frontier molecular orbitals (FMOs) and electron density difference map. The atoms in
molecule (AIM) calculation established the dual HBs for compound 7. On So —Si,
compound 7 displayed a redshift of 212 cm™ for N—H and blue shift of 121 cm™ for
O—H vibrational stretching. However, on tautomeric conversion 7—SPT(NH)*, the
O—H vibrational stretching displayed redshift of 178 cm™, which strengthen the
intramolecular HBs and thus, promote the dual proton transfer in Sz state. The calculation
established energy relationship as SPT(OH)> DPT > SPT(NH) > 7 for Sp state and 7
>SPT(OH) > DPT > SPT(NH) for S1 state. The proton transfer (PT) pathways study
showed that the sequential PT mechanism was followed with a small barrier for
forwarding ESIPT.
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6.1.5 Experimental data
6.1.5.1 Synthesis of Compound 7

First, 7THQ-CHO was synthesized using Riemer-Tiemann reaction. Further, 7THQ-CHO
was stirred and heated with o-phenylenediamine in the presence of 10 mL of
nitrobenzene. The reaction was monitored by thin-layer chromatography. On successful
consumption of reactant materials, diethyl ethyl ether was added to get the crude solid.
The filtered solid was purified by column chromatography using CHCI3 as an eluting

solvent to get yellow-coloured pure compound 7 in 60 % yield; m.pt. 277°C.

IHNMR (400 MHz, CDCls): 8.95-8.93 (dd, 1H, Jz = 2 Hz, Js = 4.4
Hz, ArH), 8.17-8.15 (dd, 1H, J» = 2 Hz, Js = 8.3 Hz, ArH), 7.80-
HN_ N
7.76 (M, 2H, ArH), 7.66-7.63 (m, 1H, ArH), 7.42 (d, 1H, J = 9.2
| NS OH " Hz ArH), 7.37-7.32 (m, 3H, ArH). 3C NMR (400 MHz, CDCls): &
= 103.9, 111.4, 117.7, 118.4, 121.4, 122.5, 123.4, 130.9, 131.8, 136.9,
7

139.4, 147.4, 149.3, 152.7, 163.6. ESI-MS (m/z) 262.1 (M*+1)
[calculated m/z =261.09]. m.pt. = 277°C
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6.2

Investigation of rotameric conformations of substituted imidazo-[1,2-

a]pyrazine: Experimental and theoretical approaches

6.2.1 Abstract

The imidazo-[1,2-a]pyrazine based rotameric conformations were synthesized and
characterized by the correlation of different experimental techniques such as NMR, FTIR,
and absorption spectra and quantum chemical calculations. The different conformations
were stabilized by intramolecular hydrogen bonding such as OH--N, ArH:-N, and
ArH-+ArH. The ground state optimizations, potential energy curves (PECs) scanning
profile displayed two stable rotameric forms for each molecule at density functional
theory (DFT). The calculated absorption spectra and isotopic shielding constant were
done by time-dependent density functional theory (TDDFT) and gauge-invariant atomic
orbitals (GIAO)-DFT, respectively. The strength of hydrogen bond interactions resulted
in different conformations was studied by quantum theory of atoms in molecules (AIM)
theory. The conformation 8A and 8B were stabilized by six and seven-membered
intramolecular hydrogen bonding respectively. Likewise conformation 9A was stabilized
by double six-membered O—H---N hydrogen bonding with shared site of interaction.
However, the 9B was stabilized by six-membered as well as seven-membered O—H---N

double intramolecular hydrogen bonding.
6.2.2 Experimental section
6.2.2.1 Synthesis of rotamers

2-Aminopyrazine is used as the starting material, which was brominated with N-
bromosuccinimide (NBS) in DMSO and H>O at room temperature for 6 hours. The
resultant 2-amino-3, 5- dibromopyrazine (2-NH2-Py-Br)! was cyclized with
chloroacetaldehyde in isopropyl alcohol to obtain 6, 8-dibromo-imidazo[1,2-a]pyrazine
(Imidazo-py-Br).*8" Further, Suzuki-Miyaura cross-coupling reaction was performed
with 6, 8-dibromo-imidazo[1,2-a]pyrazine and 2-hydroxyphenyl boronic acid in the
presence of palladium catalyst afforded substituted mono-arylated products (8A and 8B)
and di-arylated products (9A and 9B).1%
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Scheme 6.4 Synthesis of compound 8 and 9

6.2.2.2 Synthesis of compound 8

A vial equipped with stirring bar was charged with 6,8-dibromo-imidazo[1,2-a]pyrazine
(Imidazo-py-Br) (0.5 g, 1.8 mmol), Cs.COs (0.6 g, 1.8 mmol) and boronic acid (1.8
mmol), dissolved in CH3CN:H20 (9:1) at 100 °C under an inert atmosphere. Then, 5
mol% of Pd(PPhs)s was added, and the vial was capped. The reaction mixture was
refluxed for 7-12 h. After the completion of the reaction, (monitored by TLC), the reaction
mixture was cooled and then extracted with water and chloroform. The organic layer was
dried over Na>SOg, filtered and concentrated in vacuum to get crude product. The residue
was purified by silica gel (60-120 mesh) column chromatography using hexane: ethyl
acetate as eluents. Two different colored products were obtained in solid-state as

compound 8A and 8B were obtained.

Compound 8A: Yellow solid; Yield: 30%; mp 232-234°C; *H NMR spectrum displayed
signals resonating at 6 7.05-7.09 ppm as multiplet due to 2H of ArH, & 7.42-7.47 ppm as
multiplet due to 1H of ArH, 6 7.74 ppm as doublet due to 1H of C2H, & 7.90 ppm as
doublet due to 1H of CsH, & 8.23 ppm as singlet due to 1H of CsH, 6 9.54-9.56 ppm as
multiplet of 1H of ArH, § 13.03 ppm as singlet due to OH; **C NMR (CDCls, 100 MHz):
5 114.7,117.2,117.9, 1185, 118.9, 119.4, 132.4, 133.7, 135.8, 137.4, 150.0, and 160.8
ppm for aromatic carbons (ArCs), suggest the formation of compound 8A. The observed
MS (El): m/z =292 (M*+1) was in close agreement with calculated m/z = 291 and thus,

confirmed the formation of compound 8B.
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Compound 8B: White solid; Yield: 30%; mp 232-234°C; *H NMR spectrum displayed
signals at ¢ 7.29-7.34 ppm as multiplet due to 2H of ArH, ¢ 7.43-7.47 ppm as multiplet
due to 2H of ArH, 6 7.68 ppm as doublet due to 1H of C2H, 6 7.77 ppm as doublet due to
1H of C3H, & 7.99 ppm as singlet due to 1H of CsH; *3C NMR (CDCls, 100 MHz): §
115.3, 115.5, 119.3, 121.8, 125.9, 129.6, 132.6, 135.2, 152.1, and 152.1 for aromatic
carbons (ArCs) suggested the formation of compound 8B. Further, the observed MS (ElI):
m/z = 291 was in close agreement with calculated m/z = 291 and thus, confirmed the

formation of compound 8B.
6.2.2.3 Synthesis of compound 9

A vial equipped with stirring bar was charged with 6-bromo-8-substituted-imidazo[1,2-
ajpyrazine (8) (0.1 g, 0.323 mmol), Cs.COz (0.105 g, 0.323 mmol) and 2-
hydroxyphenylboronic acid (0.323 mmol), dissolved in CH3CN:H2O (9:1) at 100 °C
under inert atmosphere. Then, 5 mol% of Pd(PPhz)s was added, the vial was capped and
refluxed for 6-12 h. After the completion of the reaction, (monitored by TLC), the reaction
mixture was cooled, and then extracted the reaction mixture with water and chloroform.
The organic layer was dried over Na SO, filtered, and concentrated in vacuum to get
crude product. The residue was purified by silica gel (100-200 mesh) column
chromatography using hexane: ethyl acetate as eluent. Two new different compounds as

9A and 9B were obtained with respect to their starting reactants as 8A and 8B.

Compound 9A: Yellow solid; Yield: 65%; mp 240-241 °C; *H NMR (CDCls, 400 MHz)
spectrum displayed resonating signals at & = 6.97 ppm as triplet due to 1H of ArH, 5 7.05
ppm as doublet due to 1H of ArH, & 7.10 ppm as triplet due to 1H of ArH, 6 7.17 ppm as
doublet due to 1H of ArH, 6 7.31-7.35 ppm as multiplet due to 1H of ArH, & 7.46-7.50
ppm as multiplet due to 1H of ArH, & 7.65 ppm as doublet due to 1H of ArH, & 7.87 ppm
as singlet due to 1H of C2H, & 7.88 ppm as singlet due to 1H of C3H), & 8.27-8.30 ppm as
multiplet due to 1H of ArH, & 8.59 ppm as singlet due to 1H of CsH; *C NMR (CDCls,
100 MHz): 6 113.3,115.2, 117.8, 118.6, 119.9, 120.8, 121.4, 125.7, 130.9, 131.2, 133.6,
133.7, 137.6, 139.8, 147.9, 157.6, and 158.0 for aromatic carbons (ArCs) suggested the
formation of compound 9A. Further, the observed MS (El): m/z 303 was in close

agreement with calculated m/z=303 and thus, confirmed the formation of compound 9A.

Compound 9B: White solid; Yield: 70%; mp 244-246°C; 'H NMR (CDCls, 400 MHz)
spectrum displayed resonating signals at 3 = 6.82-6.86 ppm as multiplet due to 2H of
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ArH, 8 =7.18 ppm as triplet due to 1H of ArH, 6 = 7.29-7.31 ppm as multiplet due to 2H
of ArH, & = 7.39 ppm as triplet due to 1H of ArH, 5 = 7.50-7.55 ppm as multiplet due to
2H of ArH, & = 7.80 ppm as singlet due to 1H of CoH), & = 7.84 ppm as singlet due to 1H
of CsH), 6 = 8.28 ppm as singlet due to 1H, CsH, & = 10.70 ppm as singlet due to 1H of
OH; 3C NMR (CDCls, 100 MHz): § 110.5, 116.2, 117.1, 118.9, 119.6, 122.1, 124.9,
126.8, 130.3, 130.9, 131.7, 135.6, 136.5, 151.9, 152.6, 157.4 for aromatic resonating
carbons (ArCs) suggested the formation of compound 9B. Further, the observed MS (El):
m/z 304 (M*+1) was in close agreement with calculated m/z = 303 and thus, confirm the

formation of compound 9B.

Interestingly, the molecular mass from ESI-MS was found to be the same for compound
8A and 8B. However, both compounds possessed different NMR signals, different
absorption maxima, and characteristics FTIR signals. Likewise, the 9A and 9B possessed
the same molecular mass but distinguishable spectral signals. This depicted that the
obtained compounds 8A and 8B would be isomeric forms of each other and likewise 9A
and 9B. The obtained compounds have rigid architecture except for rotation around single
bond connecting phenyl ring to imidazo-[1,2-a]pyrazine moiety. Therefore, the only
possibility for the isomeric form to be rotameric conformations. Thus, in order to find the
accurate structures of the possible conformers of compounds 8 and 9, theoretical

calculations were performed on the Gaussian 03 program .2’
6.2.3 Results and discussion
6.2.3.1 Geometry optimizations and reactivity of compound Imidazo-py-Br

The Imidazo-py-Br was optimized and was further, treated for Fukui indices analysis,
which is widely used to predict the reactivity indices in order to observe the reactive sites
(electrophilic and nucleophilic sites) present on the molecule.'® Fukui functions are the

partial derivatives of electron density with respect to the number of electrons present.

dp(r)
aN

f(r)=l

Where p(r) denotes the electron density, N is the number of electrons present in the
molecular system. Generally, the indices calculated for HOMO and LUMO, which further

represents nucleophilicity and electrophilicity index, respectively. Reactive sites in the
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molecular system have a more considerable value of Fukui indices (Figure 6.10) The
molecular graph with Fukui indices suggested the Ce as a reactive site. Therefore,

followed reactions were taken place at Ce.

Figure 6.10 Optimized structure of precursor molecule (Imidazo-py-Br) (left) and the Fukui
function mapping (right) (isosurface = 0.05), green and blue region denote the positive and
negative electron density respectively

6.2.3.2 Conformational analysis of compound 8

The aim of finding the most stable conformational search has been fulfilled with a simple

general strategy.

1. Compound 8 has rotational flexibility with respect to single bond joining the phenolic
ring and rigid imidazo-[1,2-a]pyrazine ring. Therefore, the conformational search was
carried out by rotational potential energy surface (PES) using DFT at B3LYP/6-31+G*
level. All possible conformations of compound 8 at local minima have been shown in
Figure 6.11.

2. The obtained structure at local minima was analyzed for relative Boltzmann
contribution. From the principle of Boltzmann contribution, the conformers having free
energy within the range of 5 kcalmol™ can have some contribution to the Boltzmann
population at room temperature (RT). Thus, the contributing conformers have been
further optimized and confirmed by no imaginary frequency using DFT at B3LYP/ 6-
31++G(d,p).

3. The absorption spectra and NMR chemical shifts were computed for each optimized
conformers using TDDFT and GIAO methods.
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4. The experimental and calculated data for absorption spectra, FTIR signals, and NMR
shielding tensors were compared and evaluated to determine the structure of the

compounds.
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Figure 6.12 Energy variation (in kcalmol™) of different conformations for compound 8 with
the dihedral angle between imidazole moiety and a phenolic moiety in the ground state.

6.2.3.3 Structure analysis of compound 8

At first, compound 8 was optimized in the form represented by 8A. Further, the potential
energy surface (PES) of dihedral angle for single bond rotation connecting phenyl ring
and imidazo-[1,2-a]pyrazine moiety was performed for compound 8. The PEC resulted
in new local minima, with conformation represented by 8B. Both the conformer were
found to be stabilized by hydrogen bonding primarily examined by a bond distance of
OH and NH, and it is found that the conformer at local minima 8B has energy closer to
8A. On the other hand, compound 8 was also optimized in conformer 8C to know the
impact of hydrogen bonding in the stabilization of conformer 8A and 8B. Also, the

dihedral angle PES was performed to check other local minima. The new local minima

143



observed was assigned as conformer 8D. The relative energy diagram for all
conformation has been shown in Figure 6.12. It is found that both 8C and 8D have high
energy relative to 8A and 8B. The relative free energy of optimized conformations along

with Boltzmann distributions have been summarized in Table 6.3.

Table 6.3 The relative free energy of optimized conformations along with Boltzmann
distributions for compound 8

Conformers 8A 8B 8C 8D
AE (kcalmol™?) 0.000 1.488 9.948 23.845
Boltzmann Distribution (%)  92.5 7.5 0 0
8A - ? 8B ?
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Figure 6.13 Optimized structures of stable conformers for compound 8 along with their
structural parameters

From the principle of Boltzmann distribution, the conformers having free energy within
the range of 5 kcalmol™ can have some contribution to the Boltzmann population at room
temperature (RT). Further, conformer 8A and 8B have been optimized at B3LYP/ 6-
31++G(d,p). Both the conformer 8A and 8B found to be planar geometry and stabilized
by six-membered and seven-membered hydrogen bonding, respectively. The conformer
8A exists majorly about ~92.5% while 8B, which is close in the energy of the
configuration 8B has relatively low (~7.5%) contribution. No other configurations have
a significant contribution. The optimized structures of rotamers were shown in Figure
6.13, along with critical structural parameters such as bond lengths, and bond angles. The

stabilization of conformers was discussed below:
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6.2.3.3.1 Conformer 8A

According to Boltzmann distribution and optimized geometry, the conformer 8A was
critical conformation in the gas phase. The stability of conformation can be explained by
the relative charges and hydrogen bonding distances. The calculated charges on H24
[0.505 (Mulliken); 0.505 (NBO)], N7 [0.074 (Mulliken); -0.571 (NBO)] and 023 [-0.320
(Mulliken); -0.677 (NBO)] atoms establishes the intramolecular dipolar interaction
between phenolic hydrogen (023—H24) and pyrazine nitrogen (N7) of imidazole moiety.
The calculated non-bonded distance between the N7 and H24 bonded to 023 [d
(N7---H24) = 1.678 A), is less than the sum of the van der Waals radii of hydrogen and
nitrogen. The smaller distance and dipolar interaction with opposite charges on H24, N7

support the six-membered intramolecular hydrogen bonding.
6.2.3.3.2 Conformer 8B

The other probable conformer 8B have relatively low Boltzmann contribution in spite of
its planar geometry. The calculated charges on H24 [+0.581 (Mulliken); +0.520 (NBO)],
N4 [-0.28B8 (Mulliken); -0.538B (NBO)] and 023 [-0.560 (Mulliken); -0.712 (NBO)]
atoms establishes the intramolecular dipolar interaction between phenolic hydrogen
(023-H24) and pyrrole nitrogen (N4). The non-bonded distance between phenolic
hydrogen and pyrrole nitrogen [d (H24---N4) = 1.58B2 A], which is less than the sum of
the van der Waals radii of hydrogen and nitrogen support the hydrogen bonding. The
smaller distance and dipolar interaction with opposite charges on H24, N4 confirmed the
seven-membered intramolecular hydrogen bonding. In addition to N--*H—QO hydrogen
bonding interaction in conformer 8A and 8B, there is (ArH--N) interaction where the
aromatic hydrogen of phenolic moiety showed interaction to the nitrogen of pyrrole for
conformer 8A and imidazole nitrogen for conformer 8B. These interactions are weak in
nature, as confirmed by interacting distances and topological parameters. Additionally,
both the conformers 8A and 8B were free from inter-electronic repulsion, which is present
in conformer 8C and 8D. Further, the hydrogen bonding interaction is also estimated by
QTAIM calculations (Table 6.4).

6.2.3.3.3 Topology parameters

In order to determine the nature of the intramolecular hydrogen bonds (HB) existing
within key conformers, were studied by means of the Bader’s quantum theory of atoms

in molecules (QTAIM) using multiwfn 3.3.7. The existence of hydrogen bonding was
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examined based on Popelier criteria.'??> The determined BCPs were off (3,-1) type. The
positive value of V2p(rc) for both the conformers 8A and 8B, depicted electrostatic close
shell interaction and the value found to be within Popelier’s hydrogen bonding criteria.
The Laplacian of electron density for N---HO hydrogen bonding in conformer 8A is more
than 8B (Table 6.4). On the other hand, ArH--*N has more Laplacian electron density in
conformer 8B. Further, the degree of covalency and strength of the interactions were
characterized according to Rozas’ rules.3® All the bond critical points have (V2p(rc) > 0,
and H(r) <0) are designated as medium-range interaction with the partial covalent
character for both the conformers. Moreover, the hydrogen bond energy is determined by
Espinosa equation.!* The conformer 8A manifested by two interactions N--HO and
ArH-N, contributed -14.18 and -4.11 kcalmol™? stabilization. On the other hand, the
conformer 8B also manifested by N--*-HO, and ArH--N interaction contributed, -18.22
and -4.39 kcalmol™ stabilization, respectively. The ArH--N interaction has a nearly the
same contribution for both conformers 8A and 8B, while the N---HO hydrogen bond
found to be weaker in conformers 8A than 8B. This is due to the presence of electron
withdrawing bromine atom which attracts the electron density and therefore, weakens the
hydrogen bonding. On the other hand, lone pair on nitrogen atom could easily interact to
a polarized hydrogen atom in conformer 8B, forming strong hydrogen bonding. The bond

critical point and bond paths of forms 8A and 8B were shown in Figure 6.14.

Table 6.4 Topology parameters electron density(p), Laplacian electron density (V?p), potential
energy density [V(r)], total energy density [H(r)], hydrogen bonding energy [Eng(kcalmol™)]
at bond critical pint of non-covalent interactions (D---HA) for conformer 8A and 8B at
B3LYP/6-31++G**.

Compounds Interactions V?p V(r) G(r) H(r) Ens

8A N--HO 0.1303 -0.0452  0.0419  -0.0063  -14.18
ArH-N 0.0637 -0.0131  0.0145 -0.0014 -411

8B N---HO 0.1295 -0.0581  0.0453 -0.0129  -18.22
ArH-N 0.0812 -0.0137  0.0170 -0.0033  -4.39
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Figure 6.14 Molecular graphs for conformer 8A (left) and 8B (right); red dot denote BCP along
with the bond path.

6.2.3.3.4 MBO and LBO analysis for compound 8A and 8B

Further, the Laplacian bond order (LBO), Mayer bond order (MBO) were analyzed for
stable conformers 8A and 8B. LBO has a direct correlation to bond polarity and
vibrational frequency. The bonds with bond order value smaller than 1.0 are polarized in
nature and lower value, more is polarization. Mayer bond order and Laplacian bond order
were summarized in Table 6.5. The MBO for C15-023 in form 8A is slightly lower than
form 8B. On the other hand, a smaller value of MBO and LBO for O23-H24 reflects more
bond polarity for form 8B than form 8A. The polarization in OH bond causes a difference
in bond strength, which results in the shift in vibrational frequency in two different

conformations and validates the intramolecular hydrogen bonding.

Table 6.5 Affected bond order for conformer 8A and 8B

Bond MBO at 6-31G** LBO at 6-31++G**

8A 8B 8A 8B
N4—H24 - 0.1867 -- 0.0011
N7—H24 0.1497 -- 0.0006 --
C15—023 1.0574 1.0746 0.5981 0.5917
023—H24 0.7432 0.7011 0.5103 0.4638

6.2.3.3.5 Frequency analysis

FTIR is an excellent tool for functional group analysis. The FTIR signals of functional
groups OH, C=N, C=C, etc. were observed for both conformers 8A and 8B. All computed
band positions are in good agreement with the experimental values for both conformers.

But, the OH stretching vibrations which are usually environmental dependent,
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suggestively distinguish both conformations. The free O—H stretching vibration occurs
between 3500-3700 cm™ and hydrogen-bonded O—H stretching vibration usually
observed in the range of 3200-3600 cm.18% 1% The computed frequency result showed
the O—H stretching band at 3230.25 cm™* in FTIR for conformer 8A. Experimentally a
broad O—H stretching band is observed at 3158 cm* for form 8A (Figure 6.15). The
computed and experimental values of FTIR for conformer 8B were at 2999.47 cm™ and
3069 cm™ respectively (Figure 6.15). The broadness in the band also confirmed the
presence of intramolecular hydrogen bonding. The difference in values of FTIR O—H
bands for 8A and 8B revealed that OH bond found to be slightly weak in conformer 8A
relative to 8B. As discussed earlier, the more polarized nature of the O—H bond through
LBO bond order analysis and strong hydrogen bonding through QTAIM analysis for
conformer 8B which further weaken the O—H bond strength for 8B. Therefore, FTIR
values endorsed the observations from topology analysis, hydrogen bond strength, and
LBOs.

Figure 6.15 FTIR spectra of compound 8A and 8B for IraHB

6.2.3.3.6 NMR analysis

The H and *CNMR shielding tensors were calculated using the GIAO method on the

optimized structure, and the effect of solvent is included using the IEFPCM model. The
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experimental chemical shifts of 'H NMR and **C NMR have located between & = 7.07 to
13.12 ppm and & = 114.65 to 160.84 ppm, respectively. The comparison between the
computed and experimental *H NMR and *C NMR results correlation value R?>=0.9888
and R?=0.9331, respectively, for form 8A (Figure 6.16). The deviation in an experimental
chemical shift of C15 from the computed one is only due to the attachment of the hydroxy
group to the phenyl ring. In a similar way, experimental NMR of conformer 8B has been
compared with calculated data. Although the correlation was not good, however, the
combined information from FTIR and NMR could distinguish two conformers. The
correlation of experimental and calculated NMR spectrum for conformer 8B has been
shown in Figure 6.16.
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Figure 6.16 Experimental and theoretical correlation of *H and **C NMR for conformer (a, b)
8A and (c, d) 8B

6.2.3.3.7 Absorption analysis

The vertical excitations were calculated for conformers 8A and 8B on the optimized
structure in gaseous and acetonitrile solution phase using TDDFT. The obtained
absorption value for conformation 8A at 380, 361, 318 nm has a contribution from the

first three Franck-Condon excited states [(So-S1), (So-S2), (So-S3)], respectively.
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Table 6.6 The calculated absorption value (A/nm) for conformer 8A and 8B in gas and CH;CN
solvent phase, the symmetry of frontier orbital and % contributions of Molecular orbitals

So—Sn  AacN  AGas AExp f Symmetry MOs (%)
8A
So—S1  370.20 388.50 380 0.2567 Singlet-A H—-L 94
So—S2 329.15 326.29 361 0.1214 Singlet-A H-1-L 89
So—S3  311.03 309.84 318 0.184  Singlet-A H-2—L 86
8B
So—S1  381.54 402.60 290 0.2699 Singlet-A H—L 94
So—S2  333.23 336.02 0.1178 Singlet-A H-1-L 94
So—Ss  300.16 300.28 0.1204 Singlet-A H-2—L 81
8A 8B

Figure 6.17 Frontier molecular orbital for conformer 8A and 8B
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The first transition results from HOMO to LUMO majorly and has the nature of charge
transfer from HOMO to LUMO (from phenolic moiety to imidazole moiety). While
second and third transitions are kind of m—n* nature and have a significant contribution
from (HOMO-1) to LUMO and (HOMO-2) to LUMO respectively. On the other hand,
the experimental absorption maxima value for conformer 8B has been observed at 290
nm found due to the third Frank Condon transition. The transition resulted from (HOMO-
2) to LUMO due to charge transition in the opposite direction. The calculated and
experimental absorption values for conformers 8A and 8B are summarized in Table 6.6.
The contributing frontier molecular orbitals have been shown in Figure 6.17. Thus, the
synthesized conformers have been optimized in the form of 8A and 8B. Both the
conformers 8A and 8B have planar geometry and found to be stabilized by six and seven-
membered hydrogen bonding, respectively. The stability and strength of hydrogen
bonding were established by QTAIM. The observed and calculated spectral data for

NMR, FTIR found to be in good correlation for each form.
6.2.3.4 Structural analysis of compound 9

As discussed above, the isomeric forms of compound 8 found to have 8A and 8B
geometry. Further, the separated isomers were reacted with another boronic acid and
resulted in two new compounds. Therefore, the conformers resulted in the second

substitution could have the possible structures, as shown in Figure 6.18.
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Figure 6.18 Possible conformers of Compound 9

The conformer 8A, stabilized by six-membered hydrogen bonding could further result in
either of 9A or 9B form. Therefore, compound 9 was first optimized for conformer 9A
using the same protocol as for compound 8. The optimized geometry was confirmed by

no imaginary frequency. Further, the optimized structure of form 9A was analyzed
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through potential energy surface for the dual dihedral scan of two phenolic moieties with
imidazo-[1,2-a]pyrazine moiety with variation from 0° to 180° at a step size of 20 degrees.

1555D)d
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(

140 -120 -100 -80 -60 -40 -20 0

D(C;5,C4,C7,Cy)

Figure 6.19 Energy variation (in kcalmol™) of different conformations for compound 9 with
the dihedral angle between imidazole moiety and a phenolic moiety in the ground state.

Table 6.7 The relative free energy of optimized conformations along with Boltzmann
distributions for compound 9

Conformers 9A 9B 9C aD
AE (kcalmol™) 1.530 0 8.508 2.627
Boltzmann Distribution (%)  6.96 91.91 0 1.09

For significant structures, the Boltzmann contribution at potential energy surface with
relative energy of 5 kcalmol™ was considered for further analysis. Four conformers
represented by 9A, 9B, 9C, and 9D found to be within Boltzmann energy limit for

significant contribution (Figure 6.19).

The relative energy and Boltzmann distributions for all conformers at minima have been

calculated in Table 6.7. All the conformers found to be stabilized by hydrogen bonding,

established by interacting distance primarily. The conformer 9B has been found to be

most stable with the highest contribution of 91.9 %, followed by conformer 9A with ~

6.7 % contribution. On the other hand, 9C and 9D have negligible Boltzmann distribution.
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The molecular structure with adequate Boltzmann distribution has been optimized and
analyzed by frequency calculations. The optimized structures for conformers have been
shown in Figure 6.20, along with their specific structural parameters such as bond length
and bond angle. The stabilization of conformers has been discussed on the basis of

hydrogen bonding.
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Figure 6.20 The optimized structure for compounds 9

6.2.3.4.1 Conformer 9A

The conformer 9A has ~ 7 % Boltzmann contribution, stabilized by two six-membered
hydrogen bonding, which is further quantified by relative charges, and hydrogen bonding
distances. The calculated charges on H12 [0.500 (Mulliken); 0.522 (NBO)], O1 [-0.488
(Mulliken); -0.699 (NBO)], H13 [0.446 (Mulliken); 0.519 (NBO)], 02 |[-
0.320(Mulliken); -0.677 (NBO)] and N3 [-0.355 (Mulliken); -0.567 (NBO)] atoms
establishes the N---H—O intramolecular dipolar interactions between phenolic hydrogen
and pyrazine nitrogen of imidazole moiety. The calculated non-bonded distance between
phenolic hydrogen (H12, H13) and pyrazine nitrogen (N3) [d (N3--H12) = 1.762 A), and
d (N3--H13) = 1.994 A] has been found to be less than the sum of the van der Waals radii
of hydrogen and nitrogen. The smaller distance and dipolar interaction with opposite
charges on H12, H13, and N3 supported the six-membered intramolecular hydrogen

bonding.
6.2.3.4.2 Conformer 9B

The conformer 9B has ~ 92 % Boltzmann contribution, stabilized by six-membered and
seven-membered hydrogen bonding, which are further quantified by relative charges, and
hydrogen bonding distances. The calculated charges on H12 [0.510 (Mulliken); 0.525
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(NBO)], O1 [-0.549 (Mulliken); -0.710 (NBO)], N2 [-0.321 (Mulliken); -0.512 (NBO)],
H13 [0.499 (Mulliken); 0.523 (NBO)], O2 [-0.498 (Mulliken); -0.722 (NBO)] and N1 [-
0.198 (Mulliken); -0.540 (NBO)] atoms establishes the N---H—O intramolecular dipolar
interactions between phenolic hydrogen and pyrazine/pyrrole nitrogen of imidazole
moiety. The calculated non-bonded distance between phenolic hydrogen (H12, H13) and
pyrazine/pyrrole nitrogen (N3/N2) [d (N2--H12) = 1.663 A), and d (N3---H13) = 1.764
A] were found to be less than the sum of the van der Waals radii of hydrogen and nitrogen.
The smaller distance and dipolar interaction with opposite charges on H12, H13, and N3
support the six-membered intramolecular hydrogen bonding. Additionally, both the

conformers 9A and 9B were free from inter-electronic repulsion.
6.2.3.4.3 Topology Analysis

The nature of the intramolecular hydrogen bonds existing within key conformers 9A and
9B were established by means of the Bader’s QTAIM. Both the conformers were
stabilized by intramolecular hydrogen bonding and recognized by Popelier’s criteria of
hydrogen bonding. The topological parameters for hydrogen bonding have been
summarized in Table 6.8. It is found that the conformer 9A, exhibiting N--H—O
interactions of moderate strength with partial covalent character (V2p(rc) > 0 and H(r) <
0) have largest stabilization contribution of -6.18 and -11.1 kcalmol™?, while the weak
electrostatic ArH--N interaction (V2p(rc) > 0 and H(r) > 0) have stabilization contribution
of -3.45 kcalmol™. On the other hand, the key conformer 9B, demonstrated six-membered
(6HB) and seven-membered (7HB) N-+-H—O and Ar—H--H—Ar interactions, it is
ascertained that the N--H—O (6HB, 7HB) interactions have contributed major
stabilization of -11.42, and -13.71 kcalmol?, while Ar—H--H—Ar interaction®®! has
stabilization contribution of -1.76 kcalmol™. The N--H—O (6HB, 7HB) interactions
(V2p(rc) > 0 and H(r) < 0) have moderate strength with partial covalent character, while
Ar—H---H—Ar interaction (V?p(rc) > 0 and H(r) > 0) has weak electrostatic nature. The
Laplacian of electron density V2p(rc) and stabilization energy for six-membered N---H—O
hydrogen bonds have the nearly same value for both conformers 9A and 9B. However,
the Laplacian of electron density V?p(rc) and stabilization energy for seven-membered
N---H—O hydrogen bonds have significantly high value for conformer 9B relative to six-

membered N--H—O hydrogen bond for conformer 9A, which ensured the large
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Boltzmann contribution for conformer 9B. The bond critical points and bond paths for

both forms have been shown in Figure 6.21.

Table 6.8 Topology parameters electron density(p), Laplacian electron density (V?p), potential
energy density [\V/(r)], total energy density [H(r)], hydrogen bonding energy [Eng(kcalmol™?)]
at bond critical point of non-covalent interactions (D-*HA) for conformer 9A and 9B at
B3LYP/6-31++G**.

Compounds Interactions V2p V(r) G(r) H(r) Ens

9A N-+-HO 0.0742 -0.0197 0.0191 -0.0006 -06.18
N--HO 0.1151 -0.0354 0.0321 -0.0033  -11.10
ArH--N 0.0577 -0.0110 0.0127 0.0017 -3.45

9B N--HO (7HB) 0.1240 -0.0437 0.0374 -0.0064 -13.71

N--HO (6HB) 0.1165 -0.0364 0.0327 -0.0036  -11.42

ArH--HAr 0.0471 -0.0056  0.0087 0.0030 -1.76

9B
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Figure 6.21 Molecular graphs for conformer 9A and 9B; red dot denotes BCP along with the
bond path

6.2.3.4.4 MBO and LBO analysis for compound 9

Further, Mayer bond order (MBO) and Laplacian bond order (LBO) were analyzed for
stable conformers 9A and 9B (Table 6.9). The MBO and LBO indexes for O—H bond
have a value less than 1, clearly indicated the polarization of bond, which further allows
hydrogen atom to interact with nitrogen atom through hydrogen bonding and validating
the intramolecular hydrogen bonding. The low value of LBO and MBO indexes for

conformer 9B for O—H bonds ascertained the high bond polarization compared to
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conformer 9A. Additionally, both O—H bond polarization reasonably supported by
almost same LBO and MBO indexes for conformer 9B, while the difference in indexes
for two O—H bonds for conformer 9A depicted the difference in the strength of bonds as

well.

Table 6.9 Affected Bond Order for conformer 9A and 9B

Bond MBO at 6-31G** LBO at 6-31++G**
9A 9B 9A 9B

N2-H12 — 0.1702 — —
N3-H12 0.1268 — — —
N3-H13 0.0764 0.1317 — —
C12-01 1.0336 1.0451 0.5755 0.5775
C18-02 0.9226 1.0342 0.5455 0.5775
0O1-H12 0.7663 0.7261 0.5433 0.4993
02-H13 0.8114 0.7565 0.6042 0.5364

6.2.3.4.5 Frequency analysis.

As discussed earlier, the free O—H stretching vibration occurs between 3500-3700 cm™
and hydrogen-bonded O—H stretching vibration usually observed in the range of 3200-
3600 cm™*. The simulated FTIR spectrum for conformer 9A has a broad signal for O—H
bonds at 3695.05, and 3391.24 cm™, while conformer 9B have O—H signals at 3159.33
and 3233.54 cm™. As discussed above, the conformer 9A has two O—H bonds of different
strength. Consequently, the calculated FTIR signals were found at higher wavenumber
with a significant difference of ~ 300 cm™. The experimentally observed FTIR signals for
conformer 9A were found at 3100, and 3030 cm™ (Figure 6.22). On the other hand, the
conformer 9B has O—H bonds of almost the same strength and high stabilization. Thus,
the calculated FTIR signals were originated at lower wavenumber with a small difference
of ~ 70 cm™™. Likewise, the observed FTIR signals for conformer 9B were at 3000, and
2930 cm (Figure 6.22). The observed and calculated FTIR signals for O—H bonds in
both conformers were in correlation with respect to their strength and polarization in

bonds.
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Figure 6.22 FTIR spectra of compound 9A and 9B

6.2.3.4.6 NMR

Likewise for 8A and 8B, the H and 3 CNMR shielding tensors were calculated for
conformers 9A and 9B using the GIAO method. The assessment of computed and
experimental *CNMR results revealed good correlation for both conformers 9A and 9B.
The correlation value for *CNMR found to be R?=0.97, and 0.99 for conformer 9A and
9B, respectively. Furthermore, the correlation value of computed and experimental
'HNMR results for conformer 9B was R? = 0.97. However, the correlation of *HNMR for
conformer 9A was R? = 0.90. The weak correlation could be due to deviation in OH
signals. The correlation of *HNMR and *CNMR for conformer 9A and 9B has been

shown in Figure 6.23.
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Figure 6.23 Experimental and theoretical *H NMR and **C NMR correlation for conformer (a, b)
9A and (c, d) 9B, respectively.

6.2.3.4.7 Absorption Properties

The vertical Frank Condon excitations were calculated for conformers 9A and 9B on their
optimized structures, using TDDFT and further compared with experimental absorption
spectra. The obtained absorption values for conformation 9A at 380, 360, 265 nm has a
significant contribution from three Franck-Condon excited states [(So-S1), (So-Ss), (So-
Se)], respectively. On the other hand, the experimental absorption peak for conformer 9B
has been observed at 375, 315, 260 nm. The experimentally observed transitions were
found due to [(So-S1), (So-S2), (So-Se)] Frank Condon transition, respectively. The
calculated and experimental absorption spectral data have been tabulated in Table 6.10.
The different contributed molecular orbitals have been shown in Figure 6.24. Thus, the
difference in signals for NMR, FTIR, and absorption peaks for two compounds and their

correlation with theoretical calculations clearly predict the proper orientation of rotamers.
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Table 6.10 The calculated absorption value (A (nm)) for conformer 9A and 9B in gas and
CHsCN solvent phase at B3LYP/6-31++G** level of theory, the symmetry of frontier orbital
and % contributions of Molecular orbitals

9A
So-Sn AGas AACN AExp f Symmetry  MOs contrib.
1 387.15 377.15 380 0.1640 Singlet-A H-L 96%
2 375.78 357.40 360 0.0624 Singlet-A  H-1-L 98%
5 297.45 290.59 265 0.4008 Singlet-A  H—L+1 55%
6 292.17 286.91 0.2020 Singlet-A H-4—L 81%
9B
1 406.33 391.19 315 0.1003 Singlet-A H-L 91%
2 389.98 362.46 0.1141 Singlet-A  H-1-L  93%
3 335.74 329.86 260 0.073 Singlet-A  H-2—-L  93%
4 321.73 317.88 0.1328 Singlet-A H—-L+1 80%

LUMO

Figure 6.24 Frontier Molecular orbital of 9A and 9B

6.2.4 Conclusions

In summary, we have successfully synthesized and purified the rotameric conformations
of mono/di-arylated substituted imidazo-[1,2-a]pyrazine. The PECs approach was used
to investigate the fundamental structures of rotamers. The obtained rotameric forms were
found to be stabilized by intramolecular hydrogen bond locking, which was further

established and estimated by QTAIM analysis. The Laplacian and Mayer bond order
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(LBO/MBO) analysis also revealed the difference in bond strength for different
conformations and thus, distinction in vibrational frequency, NMR signals, assisted to
recognize the fundamental structure for different conformations. The correlation between

experimental and calculated results displayed directed us in the assignment of rotamers.
6.2.5 Experimental data
6.2.5.1 Synthesis of 2-amino-3,5-dibromopyrazine (2-NH:-py-Br)88

N-Bromosuccinamide (14.95 g, 83.99 mmol) was added over 50 min to a mixture of 2-
aminopyrazine (3.80 g, 40 mmol) in 80 ml DMSO and 2 ml H20 below 15 °C. Mixture
was then stirred for 6 h at room temperature. After completion of the reaction, the mixture
was then extracted with water and ethyl acetate. Ethyl acetate layer was dried over
Na,SO4 and concentrated in vacuum. The crude product was purified by column
chromatography using hexane: ethyl acetate (9:1) as eluents. White solid; Yield: 90%;
mp 115-116 °C.

N NH2 'H NMR (CDCls, 400 MHz): § 5.12 (bs, 1H, NHy), 8.04 (s, 1H,
BriNlBr C6H); 3C NMR (CDCls, 100 MHz): & 123.5, 123.9, 143.1, 151.8;
MS (El): m/z 254 (M* +1).
2-NH,-Py-Br

6.2.5.2 Synthesis of 6,8-dibromo-imidazo[1,2-a]pyrazine (Imidazo-py-Br)*’

To 2-amino-3,5-dibromopyrazine (5.0 g, 19.8 mmol) in 100 ml of isopropyl alcohol
(IPA), 50% aqueous solution of chloroacetaldehyde (99 mmol) was added dropwise. The
reaction mixture was refluxed at 110 °C for 24 h. After the completion of the reaction,
cooled to room temperature and then extracted with water and chloroform. The
chloroform layer was dried over sodium sulfate and concentrated in vacuum to get the
crude product. The product was purified by column chromatography using hexane:ethyl

acetate (6:4) as eluent to get pure compound as white solid. Yield: 80%; m.pt.: 165 °C;

35 5 HNMR (CDCls, 400 MHz): § 7.80 (d, J = 0.92 Hz, 1H, C,H),

4 /=
5 N/j\N . 7.86 (d, J = 1.36 Hz, 1H, C3H), 8.29 (s, 1H, CsH); 3C NMR
Bf/(N _ (CDCls, 100 MHz): § 115.9, 119.3, 119.9, 137.0, 137.4, 142.5; MS

BT (El): miz 278 (M* +1).

Imidazo-Py-Br
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6.2.5.3 Synthesis of compound 8

A vial equipped with stirring bar was charged with 6,8-dibromo-imidazo[1,2-a]pyrazine
(Imidazo-py-Br) (0.5 g, 1.8 mmol), Cs.COsz (0.6 g, 1.8 mmol) and boronic acid (1.8
mmol), dissolved in CH3CN:H20 (9:1) at 100 °C under an inert atmosphere. Then, 5
mol% of Pd(PPhz)s was added, and the vial was capped. The reaction mixture was
refluxed for 7-12 h. After the completion of the reaction, (monitored by TLC), the reaction
mixture was cooled and then extracted with water and chloroform. The organic layer was
dried over Na SO, filtered, and concentrated in vacuum to get the crude product. The
residue was purified by silica gel (60-120 mesh) column chromatography using hexane:
ethyl acetate as eluents. Two different colored solids as products (8A and 8B) were

obtained.

Compound 8A: Yellow solid; Yield: 30%; m.pt. 232-234 °C; 'H
NMR (CDCls, 400 MHz): & 7.05-7.09 (m, 2H, ArH), 7.42-7.47
(m, 1H, ArH), 7.74 (s, 1H, C2H), 7.90 (s, 1H, C3H), 8.23 (s, 1H.
C5H), 9.54-9.56 (m, 1H, ArH), 13.03 (s, OH); 3C NMR (CDCls,
100 MHz): 6 114.7, 117.2, 117.9, 118.5, 118.9, 119.4, 132.4,
133.7, 135.8, 137.4, 150.0, 160.8 (ArC); MS (El): m/z 292
(M*+1).

Compound 8B: White solid; Yield: 30%; m.pt. 232-234 °C; *H
NMR (CDCls, 400 MHz): 6 7.29-7.34 (m, 2H, ArH), 7.43-7.47
(m, 2H, ArH), 7.68 (d, J = 1.40 Hz, 1H, C2H), 7.77 (d, J = 0.92
Hz, 1H, C3H), 7.99 (s, 1H, C5H); *C NMR (CDClI3, 100 MHz):
6 115.3, 115.5, 119.3, 121.8, 125.9, 129.6, 132.6, 135.2, 152.1,
152.1 (ArC); MS (El): m/z 291 (M™).

6.2.5.4 Synthesis of compound 9

A vial equipped with stirring bar was charged with 6-bromo-8-substituted-imidazo[1,2-
a]pyrazine (8) (0.1 g, 0.323 mmol), Cs2COsz (0.105 g, 0.323 mmol) and 2-
hydroxyphenylboronic acid (0.323 mmol), dissolved in CH3CN:H20 (9:1) at 100 °C
under inert atmosphere. Then, 5 mol% of Pd(PPhz)s was added, the vial was capped and
refluxed for 6-12 h. After the completion of the reaction, (monitored by TLC), the reaction

mixture was cooled, and then extracted the reaction mixture with water and chloroform.
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The organic layer was dried over Na>SOyg, filtered and concentrated in vacuum to get the
crude product. The residue was purified by silica gel (100-200 mesh) column
chromatography using hexane: ethyl acetate as eluent. Two new different compounds as

9A and 9B were obtained with respect to their starting reactants as 8A and 8B.

1 2 3 Compound 9A: Yellow solid; Yield: 65%; m.pt. 240-241
N/:‘\ 4 OC; 'H NMR (CDCls, 400 MHz): § 6.97 (t, J = 7.48 Hz, 1H,

ArH), 7.05 (d, J = 8.52 Hz, 1H, ArH), 7.10 (t, J = 7.48 Hz,
1H, ArH), 7.17 (d, J = 7.48 Hz, 1H, ArH), 7.31-7.35 (m, 1H,
" ArH), 7.46-7.50 (m, 1H, ArH), 7.65 (d, J = 6.52 Hz, 1H,
ArH), 7.87 (s, 1H, C2H), 7.88 (s, 1H, C3H), 8.27-8.30 (m,
1H, ArH), 8.59 (s, 1H, C5H): 3C NMR (CDCls, 100 MH2):

§ 113.3, 115.2, 117.8, 118.6, 119.9, 120.8, 121.4, 125.7, 130.9, 131.2, 133.6, 133.7,
137.6, 139.8, 147.9, 157.6, 158.0 (ArC); MS (EI): m/z 303 .

1 24 Compound 9B: White solid; Yield: 70%; m.pt. 244-246 °C;

) IH NMR (CDCls, 400 MHz): 5 6.82-6.86 (m, 2H, ArH), 7.18
(t, J = 7.56 Hz, 1H, ArH), 7.29-7.31 (m, 2H, ArH), 7.39 (¢,

" J=7.34Hz, 1H, ArH), 7.50-7.55 (m, 2H, ArH), 7.80 (s, 1H,
C2H), 7.84 (s, 1H, C3H), 8.28 (s, 1H, C5H), 10.70 (s, 1H,
OH); 3C NMR (CDCls, 100 MHz): § 110.5, 116.2, 117.1,
118.9, 119.6, 122.1, 124.9, 126.8, 130.3, 130.9, 131.7,

135.6, 136.5, 151.9, 152.6, 157.4 (ArC); MS (EI): m/z 304 (M*+1).
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6.3

Investigation of excited state intramolecular double proton transfer in

asymmetrical imidazo-[1,2-a]pyrazine compound: A theoretical study

6.3.1 Abstract

The compound 9A and 9B were stabilized by double intramolecular hydrogen bonding.
The compound 9A contained six-membered O—H---N hydrogen bonding with the shared
site of interaction. On the other hand, compound 9B contained six-membered as well as
seven-membered O—H---N double intramolecular hydrogen bonding at different sites of
interaction. Due to the presence of different mode of interactions, compound 9B could
rise the excited state intramolecular single/double proton transfer. Therefore, A novel
compound 9B enclosed double IraHB was studied for the photophysical properties. The
compound exhibited dual emission at 430 nm and 570 nm with Stokes’ shifts of 70 nm
and 210 nm, respectively. The dual emission with large Stokes’ shifts portrayed the
excited state intramolecular proton transfer (ESIPT). Therefore, the prerequisite condition
of IraHBs was established by atoms in molecules (AIM), and calculated IraHB energy
showed that IraHBs were strengthened on photoexcitation So —S1. The AIM results were
endorsed through the redshifts in vibrational stretching of 879 cm™ and 372 cm™ for
O34—Hzs and O22—Hss, respectively. Therefore, there could be four tautomers as 9B,
EK1, EK2, and KK. The theoretical results also revealed the change in electron density
on the frontier molecular orbitals (FMOs) and electron density difference map. Further,
the ESIPT was estimated through the PECs as a function of IraHBs distances and
corrected for the free energy of tautomeric forms. The relative free energy established
stability order as EK1>EK2>KK>9B at S; state and thus, drive the ESIPT phenomenon.
Also, the predicted emission for 9B and EK1 were in close agreement with observed

emission.
6.3.2 Results and discussion
6.3.2.1 Photophysical properties

Compound 9B (20uM, CH3CN) displaced absorption peaks at 315 nm and 260 nm. Upon
photoexcitation, at 315 nm, compound 9B (20uM, CH3CN) displayed dual emission at
430 nm and 570 nm with stokes’ shift of 115 nm and 255 nm, respectively (Figure 6.25).
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Indeed, compound 9B contained double IraHBs and the presence of dual emission with
broad stokes’ shift clearly indicated the ESIPT phenomenon. The emission peak at 430
nm could be ascribed as standard enol emission. The emission band at 570 nm, with large

Stokes" shift was due to excited state intramolecular proton transfer (ESIPT).
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Figure 6.25 Normalize absorption and emission spectra of compound 9B

6.3.2.2 Geometrical parameters

The compound 9B was optimized at Sp and S; states using DFT and TDDFT methods
with ©b97-XD/6-31+g(d,p) and was validated for the local minima through the absence
of imaginary frequency. The compound 9B contained two ESIPT sites in the forms of
two IraHBs. For better understanding, the interactions were labeled as | and 11 and shown
in Figure 6.26. The geometrical parameters such as bond lengths, bond angles for IraHBs

were also displayed.
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Figure 6.26. Optimized structure of compound 9B in three tautomeric forms at Sp and S; state
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As displayed, for the interaction I, the bond lengths for O2>—H3zs was increased by ~0.039
A from 0.993 at S state to 1.032 A at S; state, while the Has—Ns bond length was
decreased by 0.191 A from 1.675 A at So state to 1.484 A at S; state. On the other hand,
the Oss—Hss bond distance was also increased by 0.018 A, while the Hss—Na4 bond
distance was decreased by 0.103 A from 1.740 A at So state to 1.637 A at S; state, for
interaction 1l. Meanwhile, for So—S1, the bond angles for interaction O22Hzs-Ng (I) was
increased from 162.87° to 167.36°, likewise for Ozs4Hzs--*Na4 (I1) from 146.96° to 150.15°.
Thus, the small interacting distances and angles indicated two kinds of intramolecular
hydrogen bonding (IraHB) in Spand S; states. However, the decreased O22Hzs-*Ng (1) and
Os4H3e*N4 (1) bond lengths, and increased interacting bond angles imply that the IraHB
strengthens in S; state relative to S state.

6.3.2.3 Frequency analysis

The FTIR spectral signals are rightly related to IraHBs strength, and therefore, the spectral
shifts to the characteristics of functional groups provided insight into the nature of IraHBs
at Si state. Therefore, the simulated FTIR spectra at So and S; states were presented in
Figure 6.27, where the essential signals involved in the IraHBs were labeled. The O—H
stretching vibrational frequency for O2;—Hss and Oss—Hss were located at 3392 cm™
and 3222 cm™, respectively at S state. On photoexcitation to S; state, the FTIR signal for
02,—Hzs was displaced by redshifted of 372 cm™ to 3020 cm™.

8v (0,H35)
So /™S4 =372 em!

2343

&v (O34H36)
=879 cm! J

0 1000 1500 2000 2500 3000 3500

Wavenumber (cm™)

J

0 S0

Figure 6.27 FTIR spectra of compound 9B in So, and S; states

Likewise, the FTIR signal of Oss—Hzs was determined with the redshift of 879 cm™ to

2343 cm at S; state. The relatively large red-shift in FTIR signals on photoexcitation
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So—S; implied that the IraHBs (OH---N (1) and OH---N (Il)) were more strengthened at

S1 state compared to S state.
6.3.2.4 AIM analysis

Further, the prerequisite condition of IraHBs existing within key conformer, for the
presence of ESIPT was also recognized via effective and well-established Popelier
criteria using Bader’s quantum theory of atoms in molecules (QTAIM).?2 The existence
of hydrogen bonding was examined by critical bond points (BCPs) based on Popelier
criteria. The topological properties of the BCPs for IraHBs were examined for stability
and strength of the interactions. The determined topological parameters were within the
limit of criteria and thus, established two IraHBs as O22Hzs-*Ng (1) and OssHze N4 (11) at
So, and S state for the primary structure of 9B (Table 6.11). The determined BCPs were
of (3,-1) types. The positive value of Laplacian of electron density [V?p(rc)] for normal
form of 9B depicted electrostatic close shell interaction at Sg and S; states. It was noted
that the V2p(rc) for O—H:N (I/II) interactions was increased for S state relative to So
state, which signified the strengthening of IraHBs. The degree of covalency and strength
of the IraHBs interactions were characterized according to Rozas’ rules. Therefore, all
the listed BCPs has been ascertained as medium-range interactions with the partial
covalent character at So, and S states (Table 3.3).12 Moreover, the hydrogen bond energy
was determined by Espinosa equation!!! and determined to be -11.58 kcalmol™ and -13.08
kcalmol? for Oz2Hss--Ns (1) and OssaHss-Na (11), respectively at So state. However, on
photoexcitation to S: state, the OgzHss*Ng (I) and Oss4Hze*Na (I1) IraHBs were
strengthened to -16.22 kcalmol?, and -28.90 kcalmol™ respectively. The molecular graph

of 9B was presented in along with BCPs (Figure 6.28).

Table 6.11 Topology parameters electron density(p), Laplacian electron density (V?p), potential
energy density [V(r)], total energy density [H(r)], hydrogen bonding energy [Ens(kcalmol™)]
at bond critical point of non-covalent interactions (D-*HA) for conformer 9B at ©h97-XD/6-
31+G**

Interaction V2p V(r) G(r) H(r) Ens

So  OzHss+Ng(l) 0.1206 -0.0369 0.0335 -0.0036  -11.58

OzsHss*Na (1) 0.1246 -0.0417 0.0364 -0.0053  -13.08

S1 OzHss+Ng(l) 0.1347 -0.0517 0.0427 -0.0090 -16.22

OssHse*N4 (11)  0.1001 -0.0921 0.0585 -0.0034  -28.90
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Figure 6.28 molecular graph of compound 9B

6.3.2.5 Electronic Spectra and charge density difference

Further, the first six Frank-Condon (FC) excitations were calculated on the So optimized
structure to determine contributing vertical excitation, and the results were summarized
in Table 6.12. In addition, electronic transition symmetry, the oscillation strength, and
involved FMOs were summarized as an associated important parameter. The calculated
spectroscopic data were in close agreement to experimental values. The electronic density

distribution for the contributing molecular orbitals was discussed in the last section.

Table 6.12 The electronic excitation wavelength (nm/eV), oscillator strengths (f) and
compositions of the low-lying singlet excited states of the compound 9B

So—>Sn  Symmetry  Aexp Acalc f MOs (%)

So—S1  Singlet-A 315/ 324.7/3.82  0.2955 H—L 85
3.94

So—S2  Singlet-A 291.7/4.25  0.0592 H-1-L 58

So—S3  Singlet-A 281.3/4.41  0.1322 H-L+1 62

So—Ss  Singlet-A 260/4.7 271.8/456  0.2995 H-3—L 30
! H-2-5L 24

So—Ss  Singlet-A 256.7/4.83  0.1817 H-5-L 29
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Figure 6.29. (a) The electrostatic potential of 9B at Sy, S1, and electron density difference map
for (Sl-So).

However, the electrostatic potential (ESP) maps were plotted along with the difference in
density at S1 and So state. The ESP maps displayed that the electron density shifted from
phenyl units to the imidazo-pyrazine unit at So and Sz state. However, the difference in
electron density map displayed that electron density on the hydrogen atoms decreased the
shift of electron density at hydrogen donor atoms decreased, while it increased at

hydrogen acceptor, and hence favor the ESIPT phenomenon.
6.3.2.6 Proton transfer mechanism

Further, the possible conversion of tautomeric forms was analyzed through PECs as a
function of constrained bond lengths at ESIPT sites. As compound 9B has two different
kinds of IraHB sites, and which were strengthened at S; state. Therefore, the ESIPT
phenomenon could take place through two sequential pathways. The path I involved the
proton transfer, where the first Hzs moved from Os4 towards the N4 to form EK1 and then
Hzs moved from Oz, towards the Ng to form KK. On the other hand, the path Il followed
the other way, where first Hss moved from Oz, towards the Ng to form EK2 and then Hass

moved from Os4 towards the N4 to form KK.

The PECs were calculated for different tautomeric conversion as 9B—EK1—KK (Path
1) and 9B—EK2—KK (Path Il) using constraints on interacting distances for O22Hzs:--Ng
(1) and Os4Hz3s°--Na (I1) respectively at Sp and Sy states. It was noted form PECs (Path 1/11)
calculated the high energy barrier for 9B—EK1, EK1—-KK, 9B—EK2, EK2—-KK,
9B—KK at Sp state (Figure 6.31, and Figure 6.32). However, the reverse tautomeric
conversions 9B«—EK1, EK1—KK, 9B«—EK2, EK2—KK, 9B«—KK were barrier-less,

and thus, no tautomeric form was converged to minima and their geometrical
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Figure 6.30 Pathways of proton transfer and tautomeric conversion of compound 9B
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Figure 6.31 Energy profile of (9B—EK1; EK1—KK) tautomeric conversion at So, and S:
states of compound 9B

optimization lead to NN structure. Now moving towards S; state, the path | calculated the
energy barrier of 1.61 kcalmol? and 6.93 kcalmol? for 9B—EK1 and EK1—-KK
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tautomeric conversion, respectively. While, 9B—EK1 and EK1—KK tautomeric
conversion have an energy barrier of 10.97 kcalmol™ and 0.61 kcalmol™, respectively
(Figure 6.31). The low energy barrier for 9B—EK1 and EK1—KK depicted that only

9B—EK1 tautomeric conversion could be a feasible process through the path I.
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Figure 6.32 Energy profile of (9B—EK2; EK2—KK) tautomeric conversion at Sp, and S;
states of compound 9B

On the other hand, path 1l calculated the energy barrier of 0.55 kcalmol™ and 6.88
kcalmol™? for 9B—EK1 and EK1—KK tautomeric conversion, respectively. While,
9B—EK1 and EK1—KK tautomeric conversion have an energy barrier of 4.76 kcalmol
L and 1.54 kcalmol™, respectively (Figure 6.32). The low energy barrier for 9B—EK?2
and EK2«+—KK depicted that only 9B—EK?2 tautomeric conversion could be a feasible
process through path I1l. However, it could be noted that the 9B—EK1 and 9B—EK2
tautomeric conversion did not have considerable barrier difference. Therefore, the
tautomeric forms 9B, EK1, EK2, and KK were optimized for corrected free energy and
determining the emission peaks. The relative free energy change (AG=G(S)-G (K); where
S and K are the enol and keto tautomeric forms) predicted preference of the tautomeric

conversion at Si state. The AG for 9B—KK, 9B—EK1 and 9B—EK?2 were determined
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to be -2.20 kcalmol? -5.56 kcalmol™ and 4.07 kcalmol?, respectively. The calculated
Boltzmann population depicted that the EK1 would be more preferential tautomer at Sy
state. Also, the calculated vertical emission value (S1—So) for 9B and EK1 were
determined to be 418 nm, and 566 nm, respectively, which were in close agreement with
the observed emission peak at 430 nm and 572 nm, respectively. On the other hand, the
predicted emission peaks for EK2 and KK were determined to be 510 nm, and 574 nm,
respectively. Thus, it could be concluded that the 9B—EKI1 tautomeric conversion is

possible and results in dual emission.
6.3.3 Conclusion

In Summary, a novel compound enclosed double IraHB was studied for the origin of dual
emission through ESIPT phenomenon. The compound exhibited dual emission at 420 nm
and 570 nm with Stokes’ shifts of 115 nm and 255 nm, respectively. The dual emission
with large Stokes’ shifts portrayed the excited state intramolecular proton transfer
(ESIPT). The theoretical results also revealed the change in electron density on the
frontier molecular orbitals (FMQOs) and electron density difference map. The AIM
calculation established the double IraHBs for 9B, which strengthened on photoexcitation
So —S1. The results were endorsed through the redshifts in vibrational stretching of 879
cm™ and 372 cm™ for Oss—Hss and Ox—Has, respectively. Further, the ESIPT was
estimated through the PECs as a function of IraHBs distances and corrected for the free
energy of tautomeric forms. The stabilization of EK1 conformer at S; state drove the
ESIPT. Also, the predicted emission of 9B and EK1 were in close agreement with the

observed emission.
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Summary of Chapter 6

In this chapter, asymmetrical systems containing intramolecular hydrogen bonding were
studied. The first section involved the study of photophysical properties of quinoline
based compound 7. The compound 7 exhibited dual emission at 420 nm and 570 nm with
Stokes’ shifts of 60 nm and 210 nm, respectively. The dual emission with large Stokes’
shifts and growth of absorption shoulder peak at ~400 nm in polarity system depicted the
excited state intramolecular charge transfer (ESICT) coupled excited state intramolecular
proton transfer (ESIPT). The theoretical results also revealed that the generation of ESIPT
was attributed to ESICT owing to change in electron density on the frontier molecular
orbitals (FMOs) and electron density difference map. Further, the ESIPT pathways study
showed that the sequential proton transfer mechanism was followed with a small barrier
for forwarding ESIPT.

The second section involved the study of synthesized and purified the rotameric
conformations of mono/di-arylated substituted imidazo-[1,2-a]pyrazine. The PECs
approach was used to investigate the fundamental structures of rotamers. The obtained
rotameric forms were found to be stabilized by intramolecular hydrogen bond locking,
which was further established and estimated by QTAIM analysis. The distinction in
vibrational frequency, NMR signals, assisted to recognize the fundamental structure for

different conformations.

The third section covered the photophysical properties of compound 9B, which enclosed
double IraHBs. The compound exhibited dual emission at 420 nm and 570 nm with
Stokes’ shifts of 115 nm and 255 nm, respectively. The theoretical results also revealed
the change in electron density on the frontier molecular orbitals (FMOs) and electron
density difference map. Further, the ESIPT was estimated through the PECs as a function
of IraHBs distances and corrected for the free energy of tautomeric forms. The

stabilization of EK1 tautomer at S; state drove the ESIPT process.
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Summary and scope of the thesis

Summary

In the present thesis, excited state intramolecular proton transfer phenomenon was
explored along with other photophysical processes on different molecular architecture

and results were summarized below;

1. Three symmetrical bis(diphenylmethylene)hydrazine-based Schiff bases as
compound 2-4 have been synthesized and studied for ESIPT or ESICT

phenomenon.

I. Compound 2 and 3 displayed dual emission due to the ESIPT process.

ii. The presence of electron-withdrawing —NO> group in compound 3 ease
the ESIPT process and thus, it displayed with dominant keto emission.

iii. The presence of electron-donating —NEt, group compound 4 ease the
charge transfer over the proton transfer and thus, it displayed ESICT

process.

2. The compound 2-4 have flexibility at azine linkage and single bonds, and

therefore, these molecular systems raised the AIE effect

I. Compound 2 and 3 strong AIE effect in 70-90% H>O/CH3CN solvent.

ii. The presence of bulky —NEt, group in compound 4 decreased the
molecular motion, and therefore, compound 4 displayed weak AlE effect.

3. The heteroatoms of compound 2-4 provide the platform for coordination of the
metal center and thus, resulted in tuned sensing of metal ions

I. Compound 2 selectively detected AI** ions through ratiometric absorption
and turn-on emission response in CH3OH with a detection limit of 2.7 x
107 M.

ii. Compound 3 detected AI** ions through ratiometric absorption and
emission response in CH3OH with a detection limit of 12 nM. Also,
compound 3 displayed absorption and turn-off emission response towards
Cu?" ions with detection limit of 120 nM.

iii. Compound 4 selectively detected Zn?* and Cu?* through emission turn-on
and turn-off response, respectively. The detection limit towards Zn?* and

Cu?* jon were 0.5 nM and 6.5 nM, respectively.
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4. Two naphthalimide-based Schiff bases as compound 5 and 6 were studied for the

5.

Scope

origin of large Stokes’ shifted emissions and chromo-fluorescent sensing

properties

Compound 5 exhibited large Stokes’ shifted emission originated from the
ESIPT process

Compound 6 exhibited dual emission and the presence of —NEt, group
displayed solvatochromism effect. The photophysical behavior was
originated due to ESTICT/ESIPT process

Compound 6 displayed selective chromo-fluorescent response towards
AIP* and F ions with a detection limit of 2 x 10" M and 7.5 x 107 M,

respectively.

Asymmetrical molecular systems were synthesized and studied for photophysical

behavior

Quinoline-benzimidazole based compound 7 displayed dual emission, and
significant Stokes’ shifts originated from the ESICT/ESIDPT process
The structures of rotameric conformations of asymmetrical mono-arylated
imidazo-[1,2-a]pyrazine (8A and 8B) and di-arylated imidazo-[1,2-
a]pyrazine (9A and 9B) were studied for structure elucidation through
correlation of experimental and theoretical results

Di-arylated imidazo-[1,2-a]pyrazine 9B containing asymmetrical double
IraHB exhibited dual emission which was originated from the ESIPT
process

In the present thesis, ESIPT or/and ESICT process were explored on different molecular

architecture with diverse functionality. Symmetrical bis(diphenylmethylene)hydrazine-

based Schiff bases were demonstrated for ESIPT/ESICT, AIE phenomenon, and sensing

properties. Further, naphthalimide-based systems were established for ESICT/ ESIPT

processes. Theoretical study of asymmetrical molecular systems depicted that the ESIPT

phenomenon could be triggered another ESIPT phenomenon and lead broad Stokes’

shifted emission.
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Furthermore, incorporation of ESIPT phenomenon on AIE active moieties to have two
phenomena on single platform displayed wise spectral window. Such systems have the

advantage of high emission with large Stokes’ shift even at higher concentration

Therefore, heterocyclic-based chromo-fluorophores based could be tuned for variable
absorption and emission properties. The structural modification, structural constraints,
optimization of conjugation, etc. could integrate the flow for charge transfer and thus,
tuning of emission properties to visible region, have application in tissue imaging and
OLED:s, etc. On the other hand, UV-light absorbing molecules with large Stokes’ shifted
emission could be used to design organo-electronic devices, where harmful UV-light
could be converted to fruitful energy source. The incorporation of ESIPT mechanism over
the core moiety with potential biological/drug application could be used for multi-task
purposes such as live-cell imaging, biomarkers, etc. Theoretical insights may lead better

insight into the phenomenon
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Annex

Determination of Binding constant

The binding constants of compounds for the different analyte are determined using the

following Benesi-Hildebrand equation

1 1 N 1
[— I0 Ka(lmax - IO) [C]n Imax - I0
Where lo, I, and Imax are the absorption/emission intensities of the compound in the

absence of an analyte, at an intermediate analyte concentration, and a concentration of
complete interaction with analyte respectively. Ka is the binding constant, C is the
concentration of the analyte, and n is the number of analytes bound per compound

molecule.
An example is demonstrated here to determine the binding constant

1. First, an absorption/emisison peak is selected, where does the change occurs with
respect to addition of analyte.

2. We proceed with intensity and concentration data at selected wavelength.
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3. Then we calculate the reciprocal of concentration and (I-1o).
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Plot the graph between the reciprocal of concentration and (I-lo) and draw the

trendline with linear fitting.
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The slope and intercept for linear fitting can be obtained by using slope and
intercept formula in excel.

The ratio of intercept and slope present the Benesi-Hildebrand association
constant. e.g. in this example association constant will be 3.5 x 10* M.
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