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ABSTRACT

It has been uncovered that compounds containing thiazole moi-
ety display noteworthy biological properties, which have attracted
the attention of many researchers in chemical biology as well
as in medicinal chemistry. In the current examination, ten 2-(2-
hydrazineyl)thiazole derivatives were studied using density func-
tional theory (DFT). The geometry of all ten molecules was optimized
by employing the DFT method with the B3LYP/6-311G (d,p) basis set.
For the detailed structural and spectroscopic examination, the (E)-4-
phenyl-2-(2-(1,2,6,7-tetrahydro-8H-indeno[5,4-b]furan-8-ylidene) hy-
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drazineyl)thiazole (PIFHT) was studied as a representative molecule. potential

The bond lengths and bond angles of the PIFHT molecule were
discussed for the detailed understanding of the structural entities.
The electronic parameters of all ten molecules were analyzed by
computing HOMO and LUMO pictures. Using frontier molecular
orbital analysis, spectroscopic and quantum chemical parameters
were evaluated and discussed to explore the chemical reactivity
of the molecules. Besides, absorption energies, oscillator strength,
and electronic transitions of PIFHT molecule were explored using
time-dependent density-functional theory (TD-DFT) at the B3LYP/6-
311G (d,p) level of theory in the gas phase, dichloromethane, and
dimethyl sulfoxide solvents. The TD-DFT computed theoretical UV-
Visible spectra of the PIFHT molecule were compared with the
experimental UV-Visible spectra. The scaled vibrational frequen-
cies were compared with the experimental frequencies for the
assignment of the vibrational bands. The comparisons between
computed and experimental UV-Visible and IR spectral results
are gratifying. The molecular electrostatic surface potential plots
were computed for locating the reactivity sites. Mulliken atomic
charges were also studied for acquiring insights into charge density.
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1. Introduction

The thiazole structure is a vital pharmacophore in the domain of science; in light of
its omnipresence in a variety of biological properties [1-5]. The hydrazinylthiazolyl
core is one of the significant pharmacological scaffolds which have produced a pro-
found interest in medicinal and industrial researchers. The astounding pharmacologi-
cal profile of hydrazinylthiazolyl derivatives includes antitubercular, antimalarial, anti-
inflammatory, antitumor, antiproliferative, antioxidant, and antimicrobial activity [6-13].
Besides, numerous thiazole hybrids have been identified as potential antibacterial [14-16],
anticancer [17,18], anti-inflammatory [19], anti-tubercular [20], antioxidant [21], anal-
gesic [21,22], antidiabetic [23,24], anti- Alzheimer agents [25,26]. The remarkable examples
which show diverse biological activities are depicted in Figure 1. For instance, ravucona-
zole inhibits 14alpha demethylase prompting lysis of the fungal cell wall and responsi-
ble for fungal cell death [27,28]. Niridazole is used to cure schistosomiasis (helminthic
disease) caused by some flatworms of the genus Schistosoma [29]. Thiamine injec-
tions are used to prevent or cure vitamin Bl deficiency [30,31]. Thiabendazole drug
is being used for the treatment of infections caused by worms, for example, thread-
worm [32,33]. Aztreonam is an antibiotic and principally used to treat diseases brought
about by gram-negative bacteria, for example, Pseudomonas aeruginosa [34,35]. Ravu-
conazole is used to treat fungal infections and therefore act as an antimicrobial agent
[36,37]. Voreloxin has a double anti-cancer activity that combines DNA intercalation
and the suppression of topoisomerase II action [38,39]. Appropriately, it seems, by all
accounts, to be exceedingly appealing to study the previously synthesized 2-(2-hydrazinyl)
thiazole derivatives [40] of biological intrigue from a computational investigation point
of view.

DFT-based computational studies play a vital role in identifying the new drug can-
didates. The quantum chemical data obtained from DFT has been effectively used in
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Figure 1. Some thiazole containing commercial drugs.

various fields [41-46]. Due to computational chemistry, it has become feasible to fore-
see many physical and chemical properties of the molecules. A literature survey reveals
that theoretical calculations and empirical experiments are expected to affirm one another
[47-50]. All the more definitely, UV-Visible and FT-IR spectral assignments have become
effortless with the help of theoretical computations [51-56]. The usefulness of spec-
troscopic and quantum calculations have been proved to be essential to envisage vari-
ous spectroscopic aspects of the molecules [57-61]. Crucially, DFT computations have
also been used to explore the linear and nonlinear optical properties of the thiazole
derivatives [62]. The B3LYP functional and 6-311G (d,p) basis set envisions the opti-
cal, spectral, and charge density properties of the molecules more precisely [63-67]. On
this premise, we have employed B3LYP with the 6-311G (d,p) basis set for exploring
various structural, spectral, and reactivity parameters of the studied compounds. Con-
sidering all the indispensable angles mentioned above, the ten 2-(2-hydrazineyl)thiazole
derivatives were examined using combined DFT and experimental approach. The molec-
ular properties like optimized molecular structure, bond length, bond angle, Mulliken
atomic charges, MESP plots, total energy, HOMO-LUMO energies, charge distribution,
ionization potential (I), electron affinity (A), electronegativity (), global softness (o),
absolute hardness (1), global electrophilicity index (), charge transfer (ANmax), chemical
potential (Pi), etc. have been studied in the present examination. Importantly, theoretical
UV-Visible and IR bands were correlated with the experimental UV-Visible and FT-IR
bands.
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2. Results and discussion
2.1. Molecular structure and structural analysis

In the present study, ten 2-(2-hydrazinyl)thiazoles (Table 1) have been studied using
DFT method with a B3LYP/6-311G (d,p) basis set to determine various structural
and chemical parameters. The different abbreviations have been assigned for the 2-
(2-hydrazinyl)thiazole derivatives for facile discussion. All ten 2-(2-hydrazinyl)thiazole
derivatives are having C1 point group symmetry as predicted by the DFT investigation.
The optimized molecular structures are represented in Figure 2. The molecule NIFHT-2
has the highest polarity (1 = 7.64 Debye) whereas the molecule IFHPT has the lowest
polarity (4 = 1.40 Debye) amongst 2-(2-hydrazinyl)thiazoles (Table S3, supporting infor-
mation). This can be clarified by considering Figure 3. In the case of NIFHT-2, the two
groups possessing inverse electronic effects are present at the two termini which prompt
the augmentation in the polarity of the molecule. On the other hand, in the case of IFHPT,
the two terminal groups are having an electron releasing effect, thus, results in a decrease of
polarity. The phenomenon of the polarity is extremely crucial to foresee which compounds
would enter through the lipophilic membrane of the microorganisms .

The structural parameters like bond lengths and bond angles for the PIFHT molecule
have been computed by DFT/B3LYP method with the 6-311G (d,p) basis set. The bond
length and bond angle data are presented in Table S1 (supporting information). Amongst
benzene carbon-carbon double bond lengths, C3-C4 has the highest (1.4071 A) and C34-
C37 has the lowest (1.3896 A) bond length. The C3-C4 bond length is higher due to the
conjugation effect of the alkoxy group from the opposite side. The bond length of an imine
bond (C23-N30) of the thiazole ring is 1.2964 A, whereas the exocyclic imine bond (C16-
N27) has 1.2866 A bond lengths. The former imine bond has a higher value due to the
presence of a strong + R effect of the sulfur atom within the thiazole ring. The C23-N28
bond has acquired a partial double bond character due to the resonance effect and has a
bond length of 1.3691 A. The N27-N28 bond length is 1.3545 A. The C-S bond lengths
for the C23-S31 and C25-S31 are 1.7577 and 1.7456 A, respectively. The C6-O15 and C12-
015 bond lengths are 1.3627 and 1.456 A, respectively. Amongst C-H bonds, the C20-H21
bond has the longest bond (1.096 A) and the C33-H36 bond has the shortest bond (1.082
A). The N28-H29 bond length is 1.0138 A. The N-H bond is shorter as compared to the
C-H bonds due to the strong electronegative effect of a nitrogen atom. The C17-C20 is
the longest bond amongst all carbon-carbon bonds with a bond length value of 1.5532 A.
The other computed bond lengths and bond angles are also in good agreement with the
structure of PIFHT molecule.

2.2. Frontier molecular orbital, global descriptors’ and UV-visible absorption study

The frontier molecular orbitals (FMO) of the PIFHT, NIFHT-3, and CIFHT-2 molecules
are presented in Figure 4. The highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) are FMO. The FMO pictures of the other seven
thiazole derivatives are given in Figure S2 (supporting information). The electronic param-
eters and global reactivity descriptors’ statistics of all ten molecules are given in Table S2
(supporting information) and Table S3 (supporting information), respectively. The global
descriptors’ statistics were calculated using Koopmans™ theorem [68]. The FMO study
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Table 1. The structures of 2-hydrazinyl thiazole derivatives, systematic names and abbreviation used.

Entry 2-(2-hydrazinyl)thiazoles

Systematic name Abbreviation used
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(E)-4-phenyl-2-(2-(1,2,6,7-tetrahydro- PIFHT
8H-indeno[5,4-b]furan-8-
ylidene)hydrazineyl)thiazole

(E)-4-(naphthalen-1-yl)-2-(2-(1,2,6,7- NIFHT-1
tetrahydro-8H-indenol5,4-blfuran-8-
ylidene)hydrazineyl)thiazole

(E)-2-(2-(1,2,6,7-tetrahydro-8H-indenol[5,4- IFHPT
blfuran-8-ylidene)hydrazineyl)-4-(p-
tolyl)thiazole

(E)-4-(4-nitrophenyl)-2-(2-(1,2,6,7- NIFHT-2
tetrahydro-8H-indenol5,4-blfuran-8-
ylidene)hydrazineyl)thiazole

(E)-4-(3-nitrophenyl)-2-(2-(1,2,6,7- NIFHT-3
tetrahydro-8H-indenol5,4-blfuran-8-
ylidene)hydrazineyl)thiazole

(E)-4-(4-chlorophenyl)-2-(2-(1,2,6,7- CIFHT-1
tetrahydro-8H-indenol5,4-bJfuran-8-
ylidene)hydrazineyl)thiazole

(E)-4-(3-chlorophenyl)-2-(2-(1,2,6,7- CIFHT-2
tetrahydro-8H-indenol5,4-bjfuran-8-
ylidene)hydrazineyl)thiazole

(continued).
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Table 1. Continued.

Entry 2-(2-hydrazinyl)thiazoles Systematic name Abbreviation used
8 O OMe (E)-4-(4-methoxyphenyl)-2-(2-(1,2,6,7- MIFHT
tetrahydro-8H-indenol5,4-bjfuran-8-
ylidene)hydrazineyl)thiazole
N
llN /<
Br (E)-4-(4-bromorophenyl)-2-(2-(1,2,6,7- BIFHT
tetrahydro-8H-indenol5,4-bjfuran-8-
ylidene)hydrazineyl)thiazole
N
~ ]

F (E)-4-(4-fluorophenyl)-2-(2-(1,2,6,7- FIFHT
tetrahydro-8H-indenol5,4-bjfuran-8-
ylidene)hydrazineyl)thiazole

N
N~

indicates that the NIFHT-3 has the lowest HOMO-LUMO energy gap (Eg = 3.2103 eV)
and the CIFHT-2 molecule has the highest HOMO-LUMO energy gap (Eg = 3.8751 V).
The reason for this contrasting behavior is the presence of methoxy substituent in the
CIFHT-2 molecule which raises the energy of the HOMO and LUMO and thus increases
the energy gap. The lower HOMO-LUMO energy gap in the molecule NIFHT-3 demon-
strates the inevitable charge transfer is eventuating within the molecule, and it is hap-
pening smoother as compared to the other thiazole derivatives. Amongst thiazole deriva-
tives, MIFHT has more reactive HOMO (Egoymo = —5.2000eV) and the NIFHT-2 has
less reactive HOMO (Exomo = —5.7372 eV). The NIFHT-2 contains powerful electron-
withdrawing nitro substituent whereas MIFHT has powerful electron releasing methoxy
substituent affecting the HOMO energy exactly in the contrast way. The LUMO with more
reactivity is present in the NIFHT-2 (Erupo = —2.5189 eV) and with less reactivity in the
MIFHT (Erupmo = —1.4939 eV). The cause is again the presence of substituents with the
opposite electronic effect. The molecule with the highest ionization potential is NIFHT-2
(I = 5.7372 V) and with the lowest value is MIFHT (E = 5.2000eV). The electron affinity
value is higher for the molecule NIFHT-2 (A = 2.7673 V) and is lower for the MIFHT
(A = 1.4939 V). In brief, the two molecules NIFHT-2 and MIFHT are having exactly
opposite electronic and chemical behavior. The concept of hard and soft nature of the
molecules is considered an important tool for the assessment of chemical reactivity accord-
ing to the HSAB principle. As far as global softness is concerned, the NIFHT-3 is the
softest molecule among all thiazole derivatives with a global softness value of 0.6230 eV L.
The absolute hardness is higher for the CIFHT-2 molecule (n = 1.9375¢eV). The ease of
removal of an electron is governed by its chemical potential Pi (eV), and it is likewise
identified with its electronegativity. The global descriptor study suggests all these are good

g
e
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Figure 2. Optimized molecular structures of 2-hydrazinyl thiazole derivatives.
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electrophiles as the value of global electrophilicity is more than 1.5 eV. A good electrophile
is described by a higher value of the global electrophilicity index and its lower value indi-
cates good nucleophile. Our results suggest that the NIFHT-2 molecule has a higher value
of global electrophilicity index (w = 5.2948 V), so it is most likely to accept electrons
readily and would also undergo nucleophilic attack easily. On the other hand, the molecule
MIFHT has a lower value of global electrophilicity (w = 3.0225 eV) indicating that it is a
potent nucleophile. As chemical potential (Pi) increases, the ability of a molecule to lose
an electron increases. The maximum charge transfer is shown by NIFHT-2 and NIFHT-3
with charge transfer value of 2.7979 eV. The intramolecular charge transfer (ICT) process
in donor-acceptor frameworks has vital significance in various different and biological
systems. The ICT and w1 — m* transitions in the titled compounds were established using
UV-Visible spectroscopy and theoretical computations. The ICT phenomenon is domi-
nant in the NIFHT-2 and NIFHT-3 molecules due to the presence of donor (alkoxy) and
acceptor (nitro) substituents at the two end parts of the molecules. These two molecules
have also exhibited maximum charge transfer values (Table S3, supporting information).
Absorption energies (A in nm), oscillator strength (f), and electronic transitions of all
ten molecules have been computed at the TD-DFT B3LYP/6-311G (d,p) level of theory
for B3LYP/6-311G (d,p) optimized geometries. The theoretical absorption energies (A in
nm), oscillator strength (f), and transitions of PIFHT molecule along with the experi-
mental UV-Visible data have been presented in Table S4 (supporting information). The
electronic absorption data of the molecules are given in Table S5 (supporting informa-
tion). The theoretical UV-Visible absorption data for the PIFHT molecule is processed up
to four excited states and for the remaining molecules up to one excited state (correspond-
ing to HOMO-LUMO electronic transition only). The experimental UV-Visible spectrum
for the PIFHT molecule is recorded in the dichloromethane (DCM) and dimethyl sulfox-
ide (DMSO) solvents and the theoretical UV-Visible spectrum in the gas phase, DCM, and
the DMSO solvent. The theoretical UV-Visible spectrum of PIFHT is depicted in Figure
5 whereas the experimental UV-Visible spectrum is displayed in Figure 6. The first (-
7*)! state is centered at 356.43 nm in the gas phase, 357.36 nm in DCM, and 356.77 nm
in DMSO as predicted by the theoretical computations. A similar experimental absorption
band is located at 349.85 and 346.35 nm in DCM, and DMSO respectively. This outcome
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implies that theoretical results are in good agreement with the experimental results. The
HOMO-LUMO electronic transition corresponds to the 91 —> 92 configurations. The
solvents’ effect on the HOMO-LUMO absorption wavelength of the PIFHT molecule is
found to be a bathochromic shift as per theoretical data. The slight augmentation in the
absorption wavelength is more in DCM as compared to the DMSO. The second excited
state is observed at 321.57 nm (gas phase), 322.00 nm (DCM), and at 321.79 nm (DMSO)
in the theoretical spectrum. The same absorption band is located at 319 nm (DCM) and
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Figure 6. Experimental UV-Visible spectrum of PIFHT in DCM and DMSO solvents.

318.20 nm (DMSO) in the experimental analysis. The second singlet excited state relates
to the 90 - > 92 configurations. The third singlet excited state band is coming from the
two configurations namely 89 - > 92 and 91 - > 93. This absorption band has values as
302.66 nm (gas phase), 311.82 nm (DCM), and 312.78 nm (DMSO) which are correlated
with the experimental value of 303.60 nm (both in DCM and DMSO). The fourth singlet
excited state computed theoretically appears at 279.51 nm (gas phase), 278.41 nm (DCM),
and 277.95 nm (DMSO). This state is composed of a two (in gas phase), five (in DCM), and
four (in DMSO) configurations. This is assigned as a delocalized absorption band having
more polarity. Therefore, a greater solvent effect is observed in the experimental analysis.
signals for the fourth excited state are 267.53 nm (DCM) and 264.90 nm

The experimental
(DMSO).
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Figure 7. Pictorial presentation of the effect of substituents on absorption energies.

The first excited absorption energies (A in nm), oscillator strength (f), and transitions
are given in Table S5 (supporting information). In the present exploration, the effect of
substituents (attached to ring B) (Figure 7) on absorption energies is also discussed. Our
study revealed that the presence of substituents like NO3, OMe, Me, and Ar on ring B aug-
mented the absorption wavelength, i.e. results in the bathochromic shift. On the contrary,
the substituents like Cl, F, and Br have declined the absorption wavelength, i.e. results in
the hypsochromic shift. The nitro substituent has been linked with a greater increment
in the absorption wavelength as compared to the other substituents. This is because of the
extended conjugation from the alkoxy substituent up to nitro substituent through aromatic
double bonds.

2.3. Mulliken atomic charges and molecular electrostatic potential study

The Mulliken atomic charges of the PIFHT molecule are calculated by DFT/B3LYP
method with 6-311G (d,p) basis set in the gaseous phase are given in Table S6 (support-
ing information) and also indicated by colors and values in Figure 8. The Mulliken atomic
charges revealed that all the hydrogen atoms have a net positive charge. The H29 atom has
a more positive charge (0.221481) than other hydrogen atoms and therefore most acidic.
The high positive character is due to the attachment with a nitrogen atom. The C6 atom has
the highest net positive charge (0.225302) due to the attachment with the electronegative
oxygen atom. Amongst three nitrogen atoms, the N30 atom has a more negative charge
and the value of Mulliken atomic charge is —0.380112. The oxygen atom has —0.358140
Mulliken atomic charge.

The MESP and contour plot for the PIFHT molecule is presented in Figures 9 and 10,
respectively. The MESP plots for the rest of the molecules are depicted in Figure S3 (sup-
porting information). The regions of positive, negative, and neutral potentials are indicated
by different colors in the MESP plots. The red and yellow regions in the MESP plots relate
to the region of high electron density and are associated with electrophilic reactivity. On
the contrary, the blue parts represent low electron density and susceptible to nucleophilic
reactivity. The MESP plots suggest that the benzene ring bonded to the thiazole ring is pro-
foundly susceptible to aromatic electrophilic substitution reaction except for the NIFHT-2
and NIFHT-3 molecules. In all the 2-hydrazinyl thiazole derivatives, the blue part is situ-
ated at the NH group suggesting high reactivity towards basic reagents. The thicker area
in contour diagram represents greater electrostatic field than the region with non-crowded
contour lines. The red region in counter map represents higher electron density.
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2.4. Vibrational assignments

The title molecule PIFHT has 42 atoms and therefore has 120 fundamental modes of
vibration as per 3N-6 formula. The theoretical and experimental FT-IR spectra of PIFHT
are depicted in Figures 11 and 12, respectively. Essentially all 120 fundamental modes
of vibrations are IR active. The harmonic-vibrational frequencies were calculated for a
PIFHT molecule at the B3LYP level using the 6-311G (d,p) basis set. The comparison
between selected experimental and theoretical vibrational assignments is made and pre-
sented in Table S7 (supporting information). The theoretically computed IR spectrum
often overestimates the vibrational bands; therefore a scaling factor of 0.96 was used to
scale the computed frequencies [69]. The comparison has been made between the experi-
mental frequencies and scaled vibrational frequencies. It has been found that there is good
agreement between the scaled and experimental frequencies. The vibrational modes; sym-
metric and asymmetric stretching, deformation vibrations; in-plane bending and out of
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Figure 10. Contour surface of PIFHT molecule.
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Figure 11. Theoretical IR spectrum of PIFHT.

plan bending, rocking, and twisting vibrations are present in the PIFHT molecule. The
PIFHT contains imine groups, two benzene rings, and NH as main functional groups. Aro-
matic hydrocarbons have been found to show absorptions in the regions 1600-1585 cm ™!
and 1500-1400cm~! due to the carbon-carbon stretching vibrations in the aromatic
ring. Furthermore, they also show C-H stretching from 3100 to 3000cm™! and the
in-plane bending occurs from 1300 to 1000 cm™!. The experimental N31-H stretching
vibration in the PIFHT molecule is at 3405 cm™~!. The similar stretching vibration is at
3415.93cm™! in the computed spectrum. The experimental and computed IR values of
the N23 = C30 bond are 1558 and 1560.41 cm ™1, respectively. The aromatic C = C bonds
ranges from 1560.41 cm~1-1475.54 cm ™! in experimental IR and 1493 cm~!-1558 cm ™!
in the computed IR spectrum. The experimental symmetric C9-H22 stretching vibration
is 2917 cm ™! while the theoretical IR value of the same bond is 2914.44 cm™!. Nearly all
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Figure 12. Experimental FT-IR spectrum of PIFHT.

important theoretical vibrational bands are having a good agreement with experimental
results, and importantly, correct vibrational assignments have been made using computed
vibrational frequencies.

3. Conclusion

In summary, we have explored various structural, chemical, electronic, and spectroscopic
facets of ten 2-(2-hydrazineyl)thiazole derivatives by using the DFT method at B3LYP/6-
311G (d,p) and TD-DFT at B3LYP/6-311G (d,p) level of theory. The structural exploration
revealed that all molecules are non-planar with C1 point group symmetry; however, indi-
vidual aromatic rings are planar. For a detailed structural and spectroscopic (UV-Visible
and IR) analysis, the PIFHT as a representative molecule is discussed. The molecule
NIFHT-2 has the highest polarity whereas the molecule IFHPT has the lowest polarity
amongst 2-(2-hydrazinyl)thiazoles. FMO analysis of all ten molecules was performed and
the results indicate that the molecule NIFHT-3 has the lowest energy gap amongst all
molecules. This means that the inevitable charge transfer is easier in NIFHT-3 as com-
pared to other molecules. Various quantum chemical parameters have been computed
to analyze the chemical nature of the molecules. Almost all important theoretical vibra-
tional bands are having concurrence with experimental results, and importantly, correct
vibrational assignments have been made using scaled vibrational frequencies. The MESP
plots infer that the benzene ring attached to the thiazole ring is significantly prone to
electrophilic attacks with the exception of the NIFHT-2 and NIFHT-3 molecules. The
observed UV absorption bands can be assigned to 7-7* transitions and the correlation
between the theoretical and experimental results is found to be satisfactory. The ICT phe-
nomenon is dominant in the NIFHT-2 and NIFHT-3 molecules. The solvent dependence
of the absorption band is observed to be less and can be attributed to the change in the
transition dipole moments of the ground and excited states. The halogen substituents were
found to diminish the UV absorption wavelength while other substituents (NO,, OMe,
Me, and Ar) augmented the same when compared with the phenyl ring.
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4. Experimental
4.1. Experimental procedures and computational investigations

The 2-(2-hydrazineyl)thiazole derivatives were synthesized previously [40]. An FT-IR
spectrum of the PIFHT compound was obtained on the SHIMADZU FT-IR spectropho-
tometer with potassium bromide pellets [40]. The experimental UV-Visible analysis was
performed at 200-800 nm in DCM and DMSO solvents. DFT calculations were performed
using the Gaussian-03 program package with Gauss View 4.1.2 molecular visualization
program without any constraint on the geometry [70]. The geometry of the molecules is
optimized by DFT/B3LYP method using a 6-311G (d,p) basis set. The FMO analysis and
quantum chemical study were performed using the same basis set. Absorption energies
(A in nm), oscillator strength (f), and transitions of all molecules have been calculated at
TD-DFT B3LYP/6-311G (d,p) level of theory for B3LYP/6-311G (d,p) optimized geome-
tries. The optimized structure of PIFHT was used in the vibrational frequency calculations
at the same level of theory. To investigate the reactive sites of the title molecules, the molec-
ular electrostatic surface potential plots were computed using the same method. Mulliken
atomic charges were also explored using the same level of theory.
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