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Quinolin-8-yl 2-hydroxybenzoate (QHB) was synthesized and its physical and electronic proper-
ties were investigated both experimentally and theoretically. The electronic structure and spectral behav-
ior were determined by using UV-vis absorption and fluorescence spectra in 11 different polarity solvent
media. The absorption band observed at 306—-308 nm is attributed to n-n* and n-n* electronic transitions
due to its geometric structure in the solution phase. Solvatochromism of QHB was investigated by using
Kamlet-Taft and Catalan methods based on the linear solvation energy relationships (LSER). The Kam-
let-Taft solvatochromic model indicates that spectral shifts of absorption and fluorescence spectra are ef-
fectively controlled by dispersion-polarization forces which describe the non-specific interactions. The
solvatochromic model of Catalan states that solute-solvent interaction is governed by solvent polarity in
the absorption spectra and by solvent acidity in the fluorescence spectra. Non-specific interactions have a
greater effect on fluorescence spectra compared to absorption spectra. Computational calculations were
performed by the application of the B3LYP/6-311+(d,p) level of theory. Conformational analysis per-
formed for QHB showed five staggered conformers on torsional potential energy surfaces. Accordingly,
the most stable conformer was found to be the one involving intra-molecular hydrogen bonding. The ge-
ometry of the other conformers indicated that the absence of hydrogen bonding gave rise to relatively
higher energy. Frontier molecular orbitals (HOMO, LUMO) and non-linear optical (NLO) parameters
were calculated by B3LYP/6-311+(d,p) level of theory. Theoretical UV spectra both in gas and solution
phases were also investigated by TDDFT-CAM-B3LYP/6-311+(d,p) level of theory.

Keywords: hydroxyquinoline; solvatochromism; bathochromic effect; spectroscopy;
nonlinear optical properties; TDDFT

CHUHTE3A, COJIBATOXPOMMU3AM, EJIEKTPOHCKA CTPYKTYPA
W HEJIMHEAPHU OIITUYKU CBOJCTBA HA XUHOJIMH-8-UJI 2-XU/IPOKCUBEH30AT

W3BpiiieHa e cCMHTE3a W eKCIIEPUMEHTAITHO U TEOPHCKH 0ea MCIIHTAHH CICKTPOHCKHUTE CBOjCTBA Ha
XMHOJIMH-8-1i1 2-xuapokcubensoar (QHB). EnmexTpoHCKaTa CTPyKTypa W CIIEKTPAHUTE CBOjCTBa Oea
ompezeneHd co ymorpeda wa UV-Vis amcoprmmona criekTpockonuja u (GiIyopeciieHTHH crieKTpu Bo 11
pacTBOpYBauYH CO pa3jIinyHa MMOJAPHOCT. ATICOPIIHOHATA JIeHTa ITO ce jaByBa Ha 306—308 nm ce momku
Ha EINEeKTPOHCKUTEe TNPEeMUHH 7-T* W N-T* Topagu TeoMeTpHucKaTa CTPYKTypa BO pPacTBOD.
Consaroxpomusmor Ha QHB 6Geme ucnmran co ymorpeba Ha Meromurte Ha Kamlet-Taft u Catalan
3aCHOBAHU Ha 3aBHCHOCTA Ha JIMHeapHa eHepruja Ha conBatanuja (LSER). ConBaToXpoMaTcKHOT MOJIEN
na Kamlet-Taft ykaxyBa nexa crexkTpaiHHTe NOMECTyBara Ha arncoprmujata u (IyopeclieHTHUTE
CHEKTpU e(PCKTUBHO Ce KOHTPOJHMPAHH OF JAUCICP3UOHO-TIONAPH3ANMUCKUATE CHIU IITO OIMUIIyBaat
uecnenupuuHu uHTepakipu. ConBaToXpoMarcKiuoT Mojen Ha Catalan ykaxysa Jieka HHTEpaKIUKUTE OJ1
TUTIOT PACTBOPECHA CYIICTAHIMja—pacTBOPYBad C¢ YIpPaBYBaHH OJl IOJIAPHOCTa HA PAcTBOPYBAYOT BO
aTICOPIIIIUOHUTE CIEKTPH ¥ OJf KHCEJIOCTa HAa pPAacTBOPYBAYOT BO (DIYOPCCIIGHTHHUTE CICKTPH.
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Hecneunguunure MHTEpakuyu uMaat norosueM edexT Bp3 (IyopecleHTHHUTE CIEKTPU BO criopenda co
ancopruuoHuTe crekTpu. KommjyrepckuTe npecMeTkr 6ea M3BpLICHH CO TIPUMEHA Ha TEOPETCKOTO HHBO
B3LYP/6-311+(d,p). Kondpopmarrickara anamnsza Ha QHB mokaxysa 1eT Hau3MeHHYHH KOH(POPMEpH Ha
MTOBPIIMHATA HA TOP3UOHA TOTeHNHjanHa eHepruja. Cropern Toa, HajcTabuiIeH KOHPOpPMEp € OHOj Kora ce
jaByBa MOJEKYJICKO BOIOpPOTHO CBp3yBame. [ eoMeTpujaTa Ha ApyruTe KOHPOPMEPH YKa)xKyBa IeKa
OTCYCTBOTO Ha BOJOPOJHO CBp3yBame CE€ OApa3yBa CO PEIaTHBHO MOrojeMa eHepruja. I'paHMYHHTE
mosekyicku opoutamn (HOMO, LUMO) u wenuneapuute ontruku (NLO) mapamerpu Gea npecMeTann
Ha Teoperckoto HUBo B3LYP/6-311+(d,p). Ucnuranu Gea u Teoperckure UV criekTpu Bo racHa ¢asa u
BO PacTBOp, ¥ T0a Ha TeopeTckoTo HiUBo TDDFT-CAM-B3LYP/6-311+(d,p).

Knyuynu 360poBHM: XHAPOKCUXUHOJMH; COJIBATOXPOMH3aM; OaTOXpOMAaTCKH €(eKT; CIEeKTPOCKOIIH]ja;

HeJTMHeapHH ONTHYKY cBojcTBa; T DDFT

1. INTRODUCTION

The quinoline ring and its derivatives have
attracted considerable interest in fundamental re-
search areas due to their strong chemical and bio-
logical activities, in addition to their specific prop-
erties. Their wide ranges of pharmaceutical appli-
cations are because of their cytotoxic, bactericide
and fungicide properties [1-5]. They have also
found applications as chelating ligands for the
preparation of various photo- and electrolumines-
cent metal complexes [6-7], and as highly effec-
tive fluorescent chemosensors for metal cations [8—
9] because of their high fluorescent yield, rapid
structure and wide energy gaps. Thus, it is very
important to reach a detailed understanding of the
electronic, photophysical and solvatochromic
properties of quinoline derivatives.

Knowledge of the solute-solvent interaction
during electronic transitions and electronic struc-
tures of molecules provides important information
on how electrons behave actively in photo-physical
and photo-chemical processes. In addition, solva-
tochromism gives information about the organic
electronic material properties of molecules. It is
worth noting that wavelength shifts (bathochromic
and hypsochromic effects), depending on the sol-
vent medium of electronic transitions, can be ex-
plained by fitting on a quantitative model (polarity,
bipolarity function and hydrogen donor and accep-
tor or different physical parameters) [10, 11].

Researchers have been interested in acquir-
ing the structural and spectroscopic properties of
various molecules using both experimental and
computational methods for many years. The theo-
retical calculations using density functional theory
(DFT) have been employed to study molecular
properties such as structural, molecular orbital,
spectroscopic and photo-physical properties [12—

15]. The geometric and spectroscopic investiga-
tions, such as frequency, UV-vis and NMR data
provide valuable information regarding the struc-
ture and conformation of molecules [16]. Polariza-
bility and first order hyper-polarizability provide
information about nonlinear optical (NLO) proper-
ties of a material [17]. Charge distribution analysis,
absorption-emission characteristics and thermal
properties, along with the molecular electrostatic
potential surface analysis, give a clear understand-
ing of the structural, reactivity and spectral charac-
teristics of the molecule under study [18]. The di-
pole moment characteristic of a molecule is quite
beneficial in designing NLO compounds [19], and
studying reaction mechanisms [20] and electronic
distribution within the molecule [21]. Quantitative
measurement of solute-solvent interactions of mol-
ecules is also a popular area of research [22, 23].

The main objective of this study is to clarify
the solute-solvent interaction types and determine
the contribution of each solvent parameter on the
absorption and fluorescence wavelength shifts. By
the solvatochromic shift methods, it is possible to
understand the specific and non-specific interac-
tions between solute and solvent. Inter- and intra-
molecular active interaction centers of QHB make
it interesting for solute-solvent interactions.
Emerging non-linear optical and electronic proper-
ties are also important for the application of QHB
in many technological fields.

In this work, the synthesis of new quinolin-
8-yl 2-hydroxybenzoate (QHB) has been de-
scribed. Moreover, absorption and fluorescence
spectral properties, electronic transitions and solva-
tochromism of the title compound have been inves-
tigated experimentally in detail. The conformation-
al stability, non-linear optical parameters and elec-
tronic structure along with the frontier molecular
orbitals have been analyzed theoretically.
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2. EXPERIMENTAL SECTION
2.1. General

All of the solvents, as spectroscopic grade,
are commercially available from Sigma-Aldrich.
The solvent impurity control was performed in
steady-state fluorescence apparatus. *H NMR and
13C NMR spectra were recorded in CDCl; on a
Bruker Spectrospin Avance DPX-400 spectrome-
ter. 'H (400 MHz) and *C NMR were recorded in
CDCIl; and the chemical shifts are expressed in
ppm relative to CDCls (8 7.26 and 77.0 for H and
13C NMR, respectively) as the internal standard.
LC-MS/MS measurements were performed on the
Thermo Scientific Q-Exactive instrument. Melting
points were measured by the Stuart SMP3 instru-
ment. Ultraviolet—visible (UV-vis) absorption
spectra were recorded on a Perkin-Elmer Lambda-
35 UV-vis Spectrophotometer over a wavelength
range of 200-800 nm. Steady-state fluorescence
spectra were recorded on a Perkin-Elmer LS-55
Model Fluorescence Spectrophotometer by choos-
ing 310 nm excitation wavelength. The excitation
source was a long life Xenon flash lamp. All
measurements were performed usinga 1 cm x 1 cm
quartz cell at room temperature. The solution was
prepared as 11.2 mM. The absorption and fluores-
cence spectral band maxima were determined by
Gaussian curve fit analysis using the OriginPro 8.0
program. Flash column chromatography was per-
formed by using thick-walled glass columns and
silica gel (60-mesh; Merck). The reactions were
monitored by thin-layer chromatography (TLC) us-
ing Merck 0.2-mm silica gel 60 F254 analytical
aluminum plates, and visualized by UV light. All
extracts were dried over anhydrous magnesium sul-
phate and solutions were concentrated under re-
duced pressure by using a rotary evaporator.

Kamlet-Taft parameters (dielectric constant
&, refractive indices n, H-bonding donor capacity o,
H-bonding acceptor capacity ) and Catalan pa-
rameters (solvent polarity SP, solvent dipolarity
SdP, acidity of solvent SA, basicity of solvent SB)
are taken from the literature [24-30].

2.2. Synthesis of quinolin-8-yl 2-hydroxybenzoate

To a solution of salicylic acid (2.1 g, 15
mmol) in 10 ml SOCIy, 2 drops of DMF were add-
ed. The solution was refluxed at 70°C for 24 h.
Then, the excess SOCI, was evaporated and sali-
cylic acid chloride was obtained. In a separate
flask, 8-hydroxyquinoline (1.45 g, 10 mmol) was
dissolved in 20 ml benzene and cooled to 0 °C.
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Then, 1 ml of EtsN was added to the reaction mix-
ture. After 30 min. stirring, salicylic acid chloride
was added to the mixture slowly and refluxed for 5
h. The solvent was evaporated and the crude prod-
uct was purified by flash column chromatography
using ethyl acetate/hexane (1:4) as the eluent [31].

Yellow solid. (2.44 g, 92% vyield); mp 109-
111 °C [31]; *H NMR (CDCls, 400 MHz): & 10.64
(bs, 1H), 8.90 (dd, J=1.7 and 4.2 Hz, 1H), 8.27
(dd, J=1.7 and 8.0 Hz, 1H), 8.20 (dd, J=1.7 and 8.3
Hz, 1H), 7.78 (dd, J=1.6 and 8.0 Hz, 1H), 7.65-
7.53 (m, 3H), 7.44 (dd, J=4.22 and 8.3 Hz, 1H),
7.08 (dd, J=1.1 and 8.6 Hz, 1H), 7.04-7.00 (m,
1H); ¥C NMR (CDCls, 400 MHz): & 168.6, 161.7,
150.7, 146.8, 140.9, 136.2, 136.1, 131.0, 129.5,
126.4, 126.3, 122.0, 121.5, 119.6, 117.9, 112.5.
LC-MS/MS Anal. Calcd for CiH1:NO3 [M+H]":
m/z 266.08117. Found: m/z 266.08218. CAS Num-
ber [42206-69-9].

2.3. Linear solvation energy relationship (LSER)
method

Regression analysis is the process of statisti-
cal equations of relations between a dependent var-
iable and an independent variable (simple regres-
sion) or multiple independent (multiple regression)
variables. In regression analysis, the relationship
between variables is called linear regression. Mul-
tiple regression equation for a system with multiple
variables in regression analysis is given as below

(Eq. 1).
Y= Bo+B1 X1+B>Xo+.....BnXi..... (1)

In here, Bo, B1, B2, Bn are coefficients, and
Y is the dependent variable, X3, Xa, ..., X; are inde-
pendent variables [32]. An application field of re-
gression analysis used in mathematical and statisti-
cal fields is molecular science. The method called
LSER was obtained by using the multiple linear
regression equation. The effects of the solvent po-
larity on the spectral properties of the solute are
investigated by the Kamlet-Taft and Catalan pa-
rameters, which are the Linear Solubility Energy
Relations (LSER) methods [25, 27-28, 30, 33].
The changes in the electronic structure of mole-
cules under UV light are examined using multiple
linear regression analysis (LSER), which is gener-
ated by different parameters of the solvents. The
LSER model obtained by using the parameters of
Kamlet-Taft solvatochromism was used in these
studies. The multiple parameter equation used as
the solvatochromic parameter is as follows (Eq. 2)
[25, 27-28].
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Vmax = Vo+Cif(n)+Coffe)+ Csf+ Cha (2

Here, the maximum absorbance (Vmax) Was
investigated by dependence on H-bond acceptor
capability (5), H-bond donor capability («), polar-
izability f(n) = (n?>-1)/(n?>+2) described by refrac-
tion index functions and the polarity f(e) described
by dielectric function f(e) = (e-1) / (¢+2), respec-
tively [25, 30].

Another LSER method used to study the
electronic structure of molecules was derived by
using Catalan parameters and is given as follows

(Eq. 3):
Vmax = Vot+CsSP+CsSdP+C7SA+CgSB (3)

Here, the maximum absorbance (vmax) iS de-
pendent on the solvent polarity SP, solvent polar-
izability SdP, solvent acidity SA, and solvent basic-
ity SB [30, 34]. In LSER calculations, SPSS Statis-
tics Version 20 was used.

2.4. Computational method

The three-dimensional ground state (So) ge-
ometries of all compounds were optimized in the
gas phase without any symmetry restrictions by
using DFT [35] implemented hybrid functional
B3LYP with the Gaussian 09W [36] package pro-
gram. B3LYP is composed of Becke's three pa-
rameter exchange functional (B3) [37] and the
non-local correlation functional by Lee, Yang and
Parr (LYP) [38]. The basis set used for all atoms
was 6-311+G(d,p) in both density functional theo-
ry (DFT) and time-dependent density functional
theory (TD-DFT).

After geometry optimization calculations in
the gas phase, the stabilities of all of the structures
in various solvents have also been investigated.
This is practically important since it is well known
that these kinds of molecules should exist in the
body fluid of humans or animals, meaning that
how to describe the interaction between the solute
and the surrounding solvent molecules and the cor-
responding effect on the stability is significant.
Traditionally, the self-consistent reaction field
(SCRF) model is normally used to describe the
effect of medium on chemical reactions. In this
model, the microscopic information of molecular
interaction between biomolecules and its surround-
ing molecules were neglected. Instead, the small
water clusters were used to model solvent effects
on some properties of the solute, such as tautomer-
ic stabilities. Solvent effects were explored by us-
ing the SCRF method, and the polarizable continu-
um model (PCM) method was employed [39].

For each compound, vibrational analysis
was carried out using the same basis set employed
in the corresponding geometry optimizations. The
frequency analysis of none of the compounds
yielded any imaginary frequencies, indicating that
the structure of each molecule corresponds to at
least a local minimum on the potential energy sur-
face. The normal mode analysis was performed for
3N-6 vibrational degrees of freedom, with N being
the number of atoms in the molecule.

The vertical excitation energies and oscilla-
tor strengths were obtained for the lowest triplet
and singlet transitions at the optimized ground
state equilibrium geometries by using TD-DFT
with CAM-B3LYP/6-311+G(d,p) level of theory
[40]. These computations have been performed
using the PCM method in various solvents. Opti-
mized ground state structures were utilized to ob-
tain the electronic absorption spectra, including
maximum absorption wavelengths, oscillator
strengths, and main configuration assignment by
using TD-DFT.

3. RESULTS AND DISCUSSION

3.1. Synthesis of QHB

Acid chlorides are valuable precursors for
the synthesis of various ester moieties. Salicylic
acid chloride was synthesized from salicylic acid
by using SOCI; and drops of DMF. The hydroxy
unit on the quinoline skeleton was reacted with this
salicylic acid chloride in alkaline medium to con-
struct quinolin-8-yl 2-hydroxybenzoate (Scheme 1)

[31].
(@]
\/ , @ EtN ©\)\o

N HO benzene oH N

OH TSOCb

DMF
Hojt©
HO

Scheme 1. Synthesis of QHB

3.2. Conformational stability and molecular
geometry

The ground state geometry of the compound
represents a minimum point at the potential energy
surface. When it is difficult to determine the cor-
rect global minimum, performing a conformational
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analysis is necessary. In the present case, the con-
formational analysis of the compound has been
employed around the bond connecting the carbonyl
and benzene in order to observe the effect of intra-
molecular hydrogen bonding on the stability of the
whole system. The B3LYP/6-311+G(d,p) level of
theory was performed in the gas phase in order to
scan the dihedral angle to obtain energies of the
conformers. During the scan process, the geometry
of the whole system was relaxed, meaning that
none of the bonds or angles were frozen. In Figure
1, the energy profile of the conformational analysis
is given. The most stable conformer on the 2D po-
tential energy surface was obtained when hydroxyl
hydrogen interacts with the carbonyl to form a hy-
drogen bond. Moreover, at this conformation, ben-
zoate function is twisted 73° from planarity to the
quinoline moiety (Fig. 1a).

As expected, hydrogen bonding interactions
cannot be observed in the highest energy confor-
mation (Figure 1b). The stability of the system in-
creased upon hydrogen bonding interactions be-
tween the hydrogen of the hydroxyl group and the
benzoate oxygen through 1.88 A distance (Fig. 1c).
At this point, the benzoate moiety is totally per-
pendicular to the quinoline plane. A two sided hy-
drogen bonding; i) hydrogen of the hydroxyl group
and the benzoate oxygen through 1.91 A distance
and ii) interaction with the quinoline nitrogen with
a distance of 2.15 A, gave rise to the second most
stable conformation (Fig. 1d). Interestingly, at the
closest distance (1.88 A) between quinoline nitro-
gen and the hydrogen of the hydroxyl group, the
energy of the system increased to a second maxi-
mum point (Fig. 1e), which may be attributed to
the loss of conjugation of the carbonyl with phe-
noxy moiety.

Dihedral Angle

-896.99 f T T T
-896.995 -
-BO7

E -B97.005
-897.01 -

-897.015

-897.02

Figure 1. Conformational analysis of QHB (energy is in Hartree unit)

3.3. Solvent effect on the absorption
and fluorescence spectra

The UV-vis absorption and steady state fluo-
rescence spectra of quinolin-8-yl 2-hydroxy-
benzoate (QHB) in various solvents with different
polarities are given in Figure 2. Absorption and
fluorescence maximum wavelengths are presented
in Table 1. As can be seen from absorption spectra,
QHB exhibits three sharp and narrow bands with
fine structured characteristics. These bands are
centered at 301-304 nm, 306-308 nm and 313-315
nm, respectively. The fine structure observed in the
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UV-vis spectra is a result of inter-molecular inter-
action formed between the solvent and oxygen and
nitrogen atoms of quinoline. DFT-B3LYP/6-
311+G(d, p) optimized geometrical structure indi-
cates that the —O-----H distance is 1.88 A for the
stable conformer of QHB and 1.91 A for the high
energy structure. By the same method, the —H-----
N distance is calculated to be 2.15 A. In such a
system the —O-----H interaction distance is ex-
pected to be ~1.70 A. Elongation of ~0.18 A is
confirmation of the competition between —O-H
and C=0 (see Fig. 3).
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Fig. 2. UV-vis absorption and fluorescence spectra of QHB in various solvents with different polarities

Total energy E = -897.014031716 Hartree Total energy E = -897.008222113 Hartree
Relative energy E = 0.000 eV Relative energy E = 0.158 eV

Fig. 3. B3LYP/6-311+G(d, p) optimized 3D structure along with —O---H and —N---H intra-molecular H-bonding
and energies of quinolin-8-yl 2-hydroxybenzoate (QHB)
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It is worth noting that fine structures are not
observed in the polar protic solvents, methanol (o =
0.93, B = 0.62) and ethylene glycol (o = 0.90, B =
0.52) which form specific interactions with QHB (see
Fig. 4). This demonstrates that the fine structure in
the UV-vis spectra is the result of electronic transi-
tions occurring between special states. Interestingly,
UV-vis spectrum of QHB in polar protic 1-butanol
shows a fine structure that can be attributed to the
solvent properties, such as the fact that 1-butanol has
relatively long alkyl chain and pushes electrons to-
wards the media. Nonetheless, the hydrogen bond
donor (a = 0.79) and acceptor (p = 0.88) capacity of
1-butanol is close to each other.

Fig. 4. Inter-molecular QHB-alcohol interactions

In QHB molecules, both n-7* and n-n* elec-
tronic transitions are possible due to = electrons
located in aromatic rings and lone-pair electrons on
oxygen and nitrogen atoms. There are seven lone-
pair electrons which are responsible for n-z* tran-
sitions. The first absorption band can be attributed
to the m-m* transition resulting from the & electron
delocalization in the aromatic rings. The second
absorption band is observed because of the rear-
rangement of x electrons over the entire molecular
system. Additionally, intra-molecular —O-H-----O
hydrogen bonding interactions leading to n elec-
trons are included in the electron delocalization
process over the whole molecular system. Electron
delocalization channels depending on the enol-keto
tautomerism are shown in Figure 5. Therefore, it
can be said that this band corresponds to a mixture
of n-n* and n-n* electronic transitions. However,
this can be considered to be global electronic tran-
sitions of QHB. The longest wavelength absorption
band is described as having an n-n* character ex-
isting from the interaction between lone-pair elec-
trons of QHB and solvent media.

Maced. J. Chem. Chem. Eng. 37 (2), 145-158 (2018)

Differences between maximum wavelengths
recorded according to solvents are found to be very
small: 2-3 nm for each of the absorption bands.

This indicates that absorption bands are not
sensitive to solvent.

Keto form

\A Enol form

Fig. 5. Possible tautomeric forms
and electron delocalization of QHB

The fluorescence spectra of QHB generally
show two bands, except for methanol and ethylene
glycol solvents. In these two solvents, QHB exhib-
its three bands, probably due to the formation of
strong inter-molecular H-bonding between QHB
and alcoholic solvents. The second band (Ap.-2),
centered in the range of 399-461 nm (see Table 1),
arose from the electron conjugation by the induc-
tion of electrons over the molecule under excita-
tion. This band can be attributed to ©*-x electronic
transitions. The third band (ArL-3) observed at 472—
481 nm is expected to appear because of interac-
tions between the active center of QHB and sol-
vents by the way of lone pairs located on oxygen
and nitrogen atoms (see Figure 3). Intra-molecular
O-H-----O interactions give rise to a ring and con-
sequently a new charge transfer channel. This case
leads to the fluorescence band splitting to be two
bands and thus, the third band arises. According to
these findings, the third band can be described as
m*-n electronic transitions.

The second fluorescence band shows a hyp-
sochromic shift according to the increase in solvent
dielectric constant. From benzene to acetonitrile,
QHB shows a 62 nm blue shift. However, the third
band does not change regularly depending on the
change in solvent dielectric constant.
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Table 1

Wavelengths of absorption and fluorescence spectra of QHB molecule

Solvent Aabs-1 Aabs-2 habs-3 ApL1 ApL-2 ApL-3
Cyclohexane 303 308 315 - 459 476
Benzene 303 308 315 - 461 480
Toluene 302 308 315 - 459 479
Xylene 302 308 315 - 460 480
Diethyl ether 302 306 314 - 459 481
Chloroform 301 306 314 - 453 475
DCM 302 307 314 - 461 481
1-Butanol 304 307 314 - 445 475
Methanol - 306 - 361 445 472
Acetonitrile 301 306 313 - 399 480
Ethylene glycol - 307 - 376 444 480

3.4. Multiple linear regression analysis

The derived LSER models by using the
maximum wavenumbers (vmax) for both Kamlet-
Taft and Catalan solvatochromism with both ab-
sorbance and fluorescence electronic transitions of
the QHB molecule are given below.

Kamlet-Taft solvatochromism for absorption spectra

Vimax = 32970.843 — 1512.357f(n) + 214.489{z) —
~ 55.406f — 58.5a ()

R =0.869; R?=0.755; F = 4,622; P =0.048; N =11

Catalan solvatochromism for absorption spectra

Vinax = 329898.354 — 595.575SP + 222.793SdP —
~93.756SA — 10.102SB (5)

R =0.854; R2=0.729; F=4.034; P =0.063; N =11
Kamlet-Taft solvatochromism for fluorescence
spectra

Vinax = 21086.55 + 1395.30f(n) + 298.601(e) +
+560.784 +378.77 (6)

R=0.921; R*=0.848; F =6.972; P =0.028; N =10

Catalan solvatochromism for fluorescence spectra

Vmax= 21635.34 + 123.18SP + 19.29SdP +
+ 955.2225A + 316.215SB (7)

R =0.932; R*=0.869; F = 8.278; P = 0.020; N =10

The absorption and fluorescence wave-
number values, Kamlet-Taft and Catalan parame-

ters with using LSER statistical calculations of
QHB molecule are listed in Table 2. In the follow-
ing equations; R is the correlation parameter, R? is
the square of the linear correlation, F is the Fischer
standard parameter, and P is the signum coeffi-
cient. If R and R? are greater than 0.7, F must be
greater, but if P is very close to zero, we can say
that, the LSER model is correct.

Model of Kamlet-Taft solvatochromism de-
rived by using 11 solvents for absorption maxi-
mum wavenumbers is given in Eq. 4. Thus, we can
say that LSER model derived from the Kamlet-
Taft parameters is appropriate according to the sta-
tistical parameters. The Catalan solvatochromic
model is also derived by using 11 solvents (Eqg. 5).
The statistical parameters calculated for this model
are in applicable values. According to Equation 4,
electronic transitions in absorption spectra display
a bathochromic effect by dispersion-polarization
effects through a C; sign that is negative (-).

On the contrary, the C; sign is (+), thus elec-
tron transitions of QHB molecule exposure a hyp-
sochromic shift with the effect of orientation-
induction. However, hydrogen bond acceptor and
donor effects of solvents in electronic absorption
spectra are relatively small. The effect of disper-
sion-polarization interactions on the electronic ab-
sorption spectra of the QHB molecule is greater
than the dipole-orientation interaction, because
absolute C; is bigger than absolute C,. The contri-
butions on specific and non-specific interactions to
Kamlet-Taft solvatochromism for UV spectra are
calculated as 83% for refractive index function
(dispersion-polarization interaction), 12% for the
dielectric function (induction-orientation interac-
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tion), 3% for the H-bond acceptor capacity and 2%
for the H-bond donor capacity.

The sign of Cs coefficient in the Catalan
solvatochromism (Eq. 5) is observed to be negative
(-); thus, there exists a bathochromic shift in the
absorption band maximum. In contrast, when the
Cy sign is positive (+), increasing in solvent polari-
ty shows a hypsochromic effect in this band maxi-
mum. According to Eq. (5), solvent polarizability
has a relatively higher effect on the electronic ab-
sorption bands than solvent polarity because Cs is
bigger than C;. The case |C8 | > |C9| indicates that
solvent acidity is more effective than solvent basic-
ity. In addition, the rate of effect of SP, SdP, SA
and SB has been calculated as 65%, 24%, 10% and
1%, respectively, from Eq. (5).

Egs. 6 and 7 show LSER models derived for
the maximum fluorescence wavenumbers by using
10 solvents. Acetonitrile has not been included in
these equations because it deviated from the linear-
ity. Thus, statistical parameters obtained for these
solvatochromic models are derived in acceptable
values. The fluorescence wavenumbers in the gas
phase of QHB molecule are calculated as 21086.55
cm? and 21635.34 cm in Egs. 6 and 7. Since the
C: and C; coefficients in Eq. 6 are positive, it can
be said that the QHB molecule exposes a batho-
chromic shift with the effect of dispersion-
polarization and orientation-induction forces. The
relation of ICil > ICal points out that dispersion-
polarization interactions (refractive index function)

Table 2

are observed to be more dominant than orientation-
induction interactions (dielectric function) on the
fluorescence spectral band shifts. Specific interac-
tions (o and ) effect on the electronic emission
spectra is greater than the orientation-induction
effect (Eg. 6). According to Eq. 6, |Cs| > |C4| indi-
cates that the solvent intends to interact with the
molecule by the way of H-bonding acceptor. There
is a bathochromic effect since the sign of the Cs
and C, coefficients are (+). The contribution of
each of the solvent parameter in Kamlet Taft solva-
tochromism for fluorescence spectra is determined
to be 52% for the diffraction function (dispersion-
polarization interaction), 12% for the dielectric
function (induction-orientation interaction), 22%
for the H bond acceptor capacity and 14% for the
H bond donor capacity.

As seen from Eqg. 7, the solvent polarizabil-
ity effect on the fluorescence spectra of the QHB
molecule is much greater than the effect of the sol-
vent dipolarity. Since the coefficients of both pa-
rameters are positive, there is a bathochromic shift
in molecules. The effect of solvent acidity is bigger
than that of solvent basicity. These solvent parame-
ters also support the bathochromic effect. The im-
pact factors of each solvent parameter on fluores-
cence spectral shifts determined from the Catalan
solvatochromism are 9%, 1%, 68% and 22% for
solvent polarizability (SP), solvent dipolarity
(SdP), solvent acidity (SA) and solvent basicity
(SB), respectively.

The absorbance wavenumbers, fluorescence wavenumbers, Kamlet-Taft and Catalan parameters
using LSER statistical calculations of QHB molecule [10, 30]

Solvent Wavelength Kamlet-Taft parameters Catalan parameters
Vabs Vol & n o B f(n) fe) SP SdP SA SB

Cyclohexane 32467 21786 | 2.02  1.4262 0 0 0.3408 0.3377 | 0.683 0 0 0.073
Benzene 32467 21691 | 2.27 15011 0 0.100 0.3852 0.3883 | 0.793  0.270 0 0.124
Toluene 32467 21786 | 2.38  1.4969 0 0.128 0.3828 0.4082 | 0.782  0.284 0 0.128
Xylenes 32467 21739 | 256  1.5055 0 0.157 0.3877 0.4382 | 0.791  0.266 0 0.157
Diethylether 32679 21786 | 420 1.3524 0 0.562 0.2930 0.6153 | 0.617  0.385 0 0.562
Chloroform 32679 22075 | 4.89 14459 0.047 0.071 0.3528 0.6604 | 0.783 0.614 0.047 0.071
DCM 32573 21691 | 8.93 14242 0.040 0.178 0.3395 0.7985 | 0.761 0.769 0.040 0.178
1-Butanol 32573 22471 | 1751 13993 0.341 0.809 0.3238 0.8919 | 0.674 0.655 0.341 0.809
Methanol 32679 22471 | 3266 1.3284 0930 0.620 0.2765 0.9405 | 0.608 0.904 0.605 0.545
Acetonitrile 32679 25062 | 3594 13441 0.190 0.310 0.2873 0.9458 | 0.645 0974 0.044 0.286
Ethylene glycol | 32573 22522 | 37.7 14318 0900 0.520 0.3442 0.9483 | 0.777 0.910 0.717 0.534
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3.5. Non-linear optical properties

Non-linear optical (NLO) effects emerge
from the interactions of electromagnetic fields in
various media to generate new fields changed in
phase, frequency, amplitude or other diffusion
characteristics from the incident fields [41]. NLO
materials have been widely investigated by re-
searchers recently due to their importance in ap-
plicability as the key functions of frequency shift-
ing, optical logic, optical switching, optical modu-
lation and optical memory for the upcoming tech-
nologies in areas of telecommunications, signaling
and optical interconnections [42—45].

A Taylor series expansion of the total dipole
moment, Lo, (EQ. 8) induced by the field repre-
sents the NLO response of an isolated molecule in
an electric field Ei(o):

Mot = Mo+ aiEj + BijkEijk + ... (8

where a, po and Bik are linear polarizability, the
permanent dipole moment and the first hyperpolar-
izability tensor, respectively. The isotropic (or av-
erage) linear polarizability can be calculated by Eqg.
(9) [46]:

Oltot = (axx + oyy t U-zz) /3 (9)

The first hyperpolarizability is a third degree
tensor that is represented by 3 x 3 x 3 matrix. The
27 elements of the 3D matrix can be reduced to 10
components due to the Kleinman symmetry [46]
such that Bxyy = Byxy = Byyx = Byyz = Byzy = Bayys --.)-
The output file of a computation in Gaussian 09
provides 10 values of this matrix as Bxx, Bxxys Bryys
Byyys Broczs Bryzy Byyzs Praz, Byzz, and Bazz, respectively.
The components of the first hyperpolarizability can
be calculated using the following equation (Eq. 10)
[47]:

Bi = Biii + 1/3 = (Bij + By + Bi) ~ (10)

The magnitude of Bw: from Gaussian pro-
gram output can be calculated by Eq. 11.

Brot = [(Booc + Bryy + Brzz)® + (Byyy + Byzz + Byx)” +
+ (Bazz + Boxc + Bayy)1? (11)

The calculations of the total molecular di-
pole moment (o), linear polarizability (o) and
hyperpolarizability (Pw:) from the Gaussian output
were explained in a previous work [48], and DFT
has been widely used as an effective method to
compute the properties of NLO materials [49]. The
electronic dipole moment o, polarizability oo
and the hyperpolarizability Biw: data of all com-
pounds were calculated at the B3LYP/6-

311+G(d,p) level of theory using the Gaussian 09
package; results are given in Table 3.

Table 3

The B3LYP/6-311+G(d,p) calculated dipole
moment w0 (Debye), the average polarizability oo
(A?) and the first hyperpolarizability
Prot (x107*° cm®/esu) for QHB

1ix 2,919 | Puxx ~582.877106
y ~0.450 | Brey ~71.987416
e ~1.897 | Bryy -37.330918
Wtot 3510 | Byy 64.559404
-~ 269.679 | By 157.755952
oy 7.995 | By 42.741979
oy 204.118 | By, ~63.491717
o ~15.755 | B 17.509357
oy 0.707 | Byze ~21.848597
o 151.831 | B ~196.248420
ot 309 | ot 5.3

The dipole moments of 8-hydroxyl quinoline
and QHB have been calculated to be 2.8 and 3.5
Debye, respectively. Hydroxy benzoate attached to
the parent quinoline results in an increase in charge
separation; thus, observation of a greater dipole
moment is not surprising. Dipole moment vectors
calculated for both 8-hydroxyl quinoline and QHB
in the ground state are depicted in Figure 6.

o9

Fig. 6. The ground state dipole moment vectors calculated by
B3LYP/6-311+G(d,p) for 8-hydroxyquinoline and QHB

The 3D-MEP surface counter maps were ob-
tained for B3LYP/6-311+G(d,p) optimized geome-
tries to predict reactive sites for electrophilic and
nucleophilic processes for the compounds and di-
pole moment observations. The electrostatic poten-
tial surface of QHB is shown in Figure 7. Electro-
philic reactivity regions (negative charge) are shown
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by red and yellow colors, while blue is an indicator
of nucleophilic reactivity [50]. For the title com-
pound, the negative charge is mostly localized on
the electron withdrawing hydroxyl benzoate region,
as expected. The charge separation is very well ob-
served for QHB, which may be the reason for the
high magnitude dipole moment (Fig. 7).
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LUMO (-2.02)

Fig. 7. Frontier molecular orbitals (energies in eV) and MEP
for QHB calculated by B3LYP/6-311+G(d,p)

The average polarizability (o) data, togeth-
er with its components are listed in Table 3. The
value of the calculated polarizability is equal to
30.9 A3 for QHB. Hyperpolarizability data Prot (5.3
x 10%° cm®/esu) for the compound is found to be
much greater than that of urea (0.77 x 10°%
cm®/esu) [51], which is one of the typical com-
pounds used in research into the NLO properties of
molecular systems. Therefore, it was used fre-
guently as a threshold value for comparative stud-
ies [51]. The obtained results show that the title
compound is a good candidate for NLO materials.
Hyperpolarizability data for hydroxyquinoline it-
self was computed to be 3.5; thus, an increase in
the conjugation path upon substitution of the ben-
zoate link and other groups resulted in an increase
in first hyperpolarizability. Comparison of inter-
frontier energy gap data with the hyperpolarizabil-
ity values is a good indicator of nonlinear proper-
ties. AE for urea was calculated to be 8.2 eV at the
same level of the DFT method, whereas the AE
values for the present system are 4.42 eV.

The Highest Occupied Molecular Orbital
(HOMO) implies the outermost filled orbital and
behaves as an electron donor; on the other hand,
Lowest Unoccupied Molecular Orbital (LUMO)
can be considered as the unfilled orbital with the
lowest energy and behaves as an electron acceptor.
HOMO and LUMO are also called the frontier
molecule orbitals (FMOs). The energy gap be-
tween FMOs gives information about the chemical
stability of a molecule and is an important parame-
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ter in terms of electronic transport properties. In
Figure 7, FMO energies (in eV) and three-
dimensional HOMO and LUMO energy schemes
for QHB are given. HOMO and LUMO are located
on the hydroxy benzoate and quinoline parts of the
structure, respectively. The computed HOMO and
LUMO energies for QHB are -6.44 eV and -2.02
eV. The energy gap (AE=E_umo-Eromo) is found to
be 4.42eV.

3.6. TDDFT calculations

The vertical excitation energies and oscilla-
tor strengths were obtained for the 100 lowest sin-
glet transitions at the optimized ground state equi-
librium geometries by using TDDFT with the
CAM-B3LYP/6-311+G(d,p) level of theory [40].
Optimized ground state structures were utilized to
obtain the electronic absorption spectra, including
maximum absorption wavelengths, oscillator
strengths, and main configuration assignments by
using TDDFT. Although there are some excep-
tions, information in the literature suggests that
analysis of the excitation energies with CAM-
B3LYP functionally predicts the best agreement
with the experimental data [52].

The theoretically calculated absorption spec-
tra of QHB in the gas phase and various solvents
are given in Figure 8. Three strong bands of ab-
sorption are observed for QHB at 145, 206 and 275
nm. The absorption characteristics did not show
strong dependence on solvent type. However, dif-
ferences in the emission spectra are expected. It is
clear that the solvent gives rise to a red shift in UV
spectra compared to that in the gas phase due to the
specific and non-specific solute and solvent inter-
actions. In these interactions, the electronic transi-
tions occur between special states.

The results of the TDDFT/CAM-B3LYP/6-
311+G(d,p) calculations for QHB are given in Ta-
ble 4. Transition coefficients, absorption wave-
lengths, oscillator strengths, excitation energies
and orbitals involved in transitions are tabulated in
the gas phase, in methanol and in benzene. The
three absorption maxima in the gas phase are
272.58, 221.59, and 210.40 nm. In methanol and
benzene, absorption bands are located at 279.77,
280.94, 228.63, 228.81, 213.70 and 216.47 nm,
respectively. In conclusion, although absorption
wavelengths are almost independent of the solvent
type and polarity, a red shift from the gas phase
calculations exists due to the involvement of so-
lute-solvent interactions in IEFPCM computations.
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Fig. 8. TD-CAM-B3LYP/6-311+G(d,p) calculated UV spectra for QHB
Table 4

B3LYP/6-311+G(d,p) calculated absorption wavelengths (Zmax IN NM), €xcitation energies (eV)
and oscillator strengths (f) for QHB in gas phase, MeOH and benzene

Transition Transition coefficients Amax Excitation energy  Oscillator strength
H—-L 0.64118 272.58 4.5485 0.1435
Gas H-3—L+1 0.45114 221.59 5.5952 0.1259
H-L+2 0.46933 210.40 5.8929 0.7034
H-L+1 0.44322 279.77 4.4316 0.2300
MeOH H-3—>L+1 0.52120 228.63 5.4230 0.1775
H-1-L+2 0.36921 213.70 5.8017 0.8969
H-L+1 0.61599 280.94 4.4133 0.2523
Benzene H-3—L+1 0.50904 228.81 5.4187 0.1512
H-1-L+2 0.44574 216.47 5.7275 0.7898

4. CONCLUSIONS

A novel quinolin-hydroxybenzoate deriva-
tive was synthesized with a very high yield and its
various physical, chemical and electronic proper-
ties were investigated, both experimentally and
theoretically. It is observed that the global elec-
tronic transitions consist of mix of n-n* and n-n*
electronic transitions. The Kamlet-Taft solvato-
chromic  model indicates that dispersion-
polarization forces effectively control the spectral
shifts of absorption and fluorescence spectra. The
solvatochromic model of Catalan designates that
solute-solvent interaction is governed by solvent
polarity in absorption spectra and by solvent acidi-
ty in fluorescence spectra. Non-specific interaction
parameters show a bathochromic effect for the ab-
sorption spectral bands. The similar behavior is
observed for fluorescence band. Thus, the QHB

molecule is found to be more stable in the ground
state than in the excited state. The results of the
computational calculations showed that the most
stable conformer of the title compound, QHB, in-
volves intra-molecular hydrogen bonding. The
possible formation of intra-molecular hydrogen
bonding on different sites of the structure leads to
other minima. However, conformation with the
absence of hydrogen bonding is found to possess
the highest energy. The potential of use QHB as a
non-linear optical material has been suggested by
NLO calculations. Both experimental and calculat-
ed vertical excitation data of QHB indicate three
main absorption bands for the title compound.
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