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Abstract

In this work, the structural, electronic, and optical features of quinoline derivatives were carried out by experiment and density
functional theory (DFT). Our results show that a change in the substitution position of methyl group (CHs) gives rise to a decrease
in the bandgap of quinoline derivatives from 2.75 to 2.50 eV for 2-Chloro-5,7-dimethylquinoline-3-carboxaldehyde
(C7DMQCA) and 2-Chloro-5,7-dimethylquinoline-3-carboxaldehyde (C8DMQCA), respectively. From dipole moment, the
C7DMQCA has stronger intermolecular interaction which is comparable with the bandgap energies. The absorbance maxima
are found between 313 nm (3.96 eV) and 365 nm (3.39 eV) for CT/DMQCA and C8DMQCA. The refractive index and optical
conductivity of the C7TDMQCA are found to be higher than that of the CSDMQCA. Besides, the transmittance, angle of incidence
and refraction, and (avht))’curves were investigated in detail. Theoretical predictions are also compatible with experimental
findings. The study shows the C7TDMQCA has desirable properties such as lower optical bandgap, higher refractive index,

and optical conductivity than the CSDMQCA.
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Introduction

In recent years, the organic semiconductor materials (OSM)
have found use in plenty of areas such as solar cells [1-5],
light-emitting diodes (LEDs) [6], photodetectors [7], and sen-
sors [8—13]. Organic small molecules, which are a class of
OSM, are low molecular weight organic compounds and they
have been received increasing interest because of their excel-
lent optoelectronic features which provide high-quality chain-
aligned materials [14-16]. Among the small molecules, quin-
oline is a heterocyclic aromatic organic structure and it is
described by a double-ring structure including a benzene ring
[17]. On the other hand, the derivations of quinoline are espe-
cially used in pharmacology [18-21] and in optoelectronic
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applications such as the optical switches, sensors, and inor-
ganic chemistry [22, 23] due to their diverse notable features.
Besides, there are many investigations on the quinoline and its
derivatives to explore their electronic structures [24] and con-
tribution to organic electronics [25-27].

To our knowledge, there is no information about the char-
acteristic properties of two quinoline derivatives 2-Chloro-
5,7-dimethylquinoline-3-carboxaldehyde and 2-Chloro-5,8-
dimethylquinoline-3-carboxaldehyde. Thus, the purpose of
this study is to explore the electronic structure, structural and
optical features of the molecules, and also compare the effects
of a change in the substitution position of methyl group (CH3)
on the studied properties of the molecules. The experimental
findings have also been confronted with that of density func-
tional theory (DFT) calculations for the first time. We first
performed some functionals and suitable basis sets to get com-
patible results with the experiment. The HOMO, LUMO, and
HOMO/LUMO gap (E,) energies, IR and Raman intensity,
the density of state (DOS)-optimized bond distances and the
lowest frequency vibration modes, and dipole moments were
calculated by DFT. The radial distribution functions (RDFs)
are also figured out based on the DFT optimized geometry.
Using time-dependent (TD)-DFT technique, the predicted ab-
sorption of photoexcitations and the optical energy gap have
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been calculated and compared with measured results. The
refractive indices (n), transmittance, the angle of incidence
and refraction, the (ah)*curves versus photon energy (E),
and the optical conductivity were measured and discussed in
detail.

Experimental details

We purchased the 2-Chloro-5,7-dimethylquinoline-3-
carboxaldehyde (C7DMQCA) and 2-Chloro-5,8-
dimethylquinoline-3-carboxaldehyde (C8DMQCA) and di-
chloromethane (DCM) solvent from Sigma—Aldrich Co. We
prepared the solutions of the C’/DMQCA and C§SDMQCA
dissolved in DCM solvent and for 2.8 mM concentration.
We arranged the amounts of the C7DMQCA and
C8DMQCA with an AND-GR-200 series analytical balance.
The arranged amounts of the 1 and 2 materials were dissolved
in DCM solvent using a digital vortex mixer (Four E’s
Scientific Co., Ltd.). Then, we recorded the UV-Vis spectra
of the CTDMQCA and C8DMQCA with a UV-1800 spectro-
photometer (Shimadzu, Japan) at the range of 1901100 nm.

Computational details

The optimized structures, which are local minima on the po-
tential energy surface, were obtained by DFT [28]. To get
reliable results from our calculations, we tested BP86 and
B3LYP functionals with TZVP and 6-311G(d,p) basis sets
[29-31]. Using the optimized geometry, the absorbance spec-
tra at CAM-B3LYP/6-311 G(d,p) were performed using TD-
DFT which is a theoretical approach to the time-dependent
electronic many-body problem, which is widely used for cal-
culating electronic excitation energies [32] because the
B3LYP functional actually underestimates excited-state ener-
gies [33, 34]. The calculations have been performed in the
GAUSSIANO09 package [35].

Results and discussion

Structural evaluation, IR and Raman spectra, RDF
and dipole moment

The optimized geometries of two quinoline derivatives, which
are plotted by GaussView 5.0 [36], are shown in Fig. 1. The
lowest vibrational spectra show that the structures are located
stationary points on the potential energy surface. The lowest
frequency vibration modes of the ground state in DCM were
predicted as 46.2852 and 45.7205 cm !, for C7DMQCA and
C8DMQCA, respectively. The total energies were found to be
—1053.68975 and —1053.68996 au for C7TDMQCA and
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Fig. 1 Optimized ground state geometries of the C7TDMQCA (up) and
C8DMQCA (down) calculated by BP86/6-311-G(d, p)

C8DMQCA in DCM. Therefore, our results show that the
C8DMQCA is more stable than C7TDMQCA and they are
optimized in C; symmetry form. The IR and Raman spectra
were also analyzed in detail and indicated in Fig. 2a, b. From
Fig. 2a, the IR spectra exhibit the peaks at 2885 (alkyl C-H
stretch), 2965, 3050, and 3108 cm™ ! (C-H bending vibration),
at 1680 cm ! (amide C=0 stretch and alkenyl C=H stretch), at
1565 cm ' (aromatic C=C bending), at 760 cm ! (aromatic C-
H bending), 1449 and 1470 cm ! (C-C stretch (in ring), and C-
H bending vibration) and 689, 760 and 813 cm ! (the C-H
bending bands). Otherwise, from Fig. 3b, the Raman spectra
show the peaks at 2885 cm ' (C-H bending vibration) at
2965 cm ' (C-Hj stretching), at 3102 cm ' (H bonded CH
(in ring)), at 1552 cm ' (aromatic C=C bending), at
1680 cm™' (C=0 groups).

The radial distribution function (RDF) is related to the
probability of finding a particle in the distance from another
particle. It was analyzed for pair separation distance in the
C7DMQCA (see Fig. 3). The behavior of RDF is almost the
same, so we only compared the experimental and theoretical
results for the C7DMQCA. From Fig. 3, the measured RDF is
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Fig. 2 (a) IR and (b) Raman spectra of the C7/DMQCA and CSDMQCA
calculated by BP86/6-311-G(d, p)

narrower and higher than the predicted. The small distribu-
tions indicate H-H interactions with C-H bending. The large
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Fig. 3 The measured and calculated radial distribution functions (RDFs)
of the C7TDMQCA organic molecule

distributions of RDF show C-N and C-H interactions. When
all binary interactions are considered, C-N binary interaction
is stronger than that of the others.

The dipole moment (D,,) is a measure of the charge distri-
bution in a molecule. This occurs when one atom is more
electronegative than another. It is well known that electroneg-
ativity is a measure of the ability of an atom to attract the
electrons. On the other hand, the distance between the charge
separation is also a factor into the size of the dipole moment.
Our results show that the components of D,, along the x-axis
(=5.2978 Debye), y-axis (1.8868 Debye), and z-axis (1.8971)
for CTDMQCA give rise to a large charge separation along
negative x-direction. Thus, C7DMQCA (5.95 Debye) has a
larger D,, favoring electrostatic attractions than that of
C8DMQCA (5.02 Debye), which is compatible with the
bandgap energies due to the lowest bandgap energy of
C8DMQCA in DCM, thus electrons easily transfer from
HOMO to LUMO.

Absorbance and transmittance properties

Absorbance spectra of CTDMQCA and CSDMQCA solutions
in DCM solvent at 120 uM are depicted in Fig. 4a. From
Fig. 4a, the CTDMQCA and C8DMQCA exhibit the absorp-
tion maxima at 264 nm (4.69 ¢V) and 267 nm (4.64 e¢V) cor-
responding to the near-ultraviolet (NUV) region in DCM so-
lutions. The C7/DMQCA and C8DMQCA also indicate the
peaks at 316 nm (3.92 ¢V) and 326 nm (3.80 eV) which
corresponds to the visible (V) region in DCM solvent. We also
calculated absorbance spectra using TD-DFT calculations
which were exhibited in Fig. 4b. The B3LYP optimized ge-
ometry was used to calculate absorbance spectra based on the
CAM-B3LYP functional, because DFT/B3LYP(opt) + TD-
DFT/CAM-B3LYP gives reasonable results with experiment
[33, 34, 37]. The maximum peaks obtained from TD-DFT for
the C7DMQCA and C8DMQCA is 262 nm (4.73 ¢V) and
268 nm (4.62 eV), respectively. The wavelengths with the
lowest energy are 313 nm (3.96 ¢V) and 365 nm (3.39 eV),
respectively. Considering the measured absorbance spectra,
we can also conclude that the predicted absorbance spectra
were found to be excellent compatible with experiment.

Transmittance (7) gives significant characteristics for opti-
cal properties. Figures 4a, b also shows T spectra of the
C7DMQCA and C8DMQCA. The T value of two quinoline
derivatives increases after 280 nm and then decreases up to
almost 320 nm where the peaks for two derivatives sharply
raise up to 420 nm, and finally, the peaks are found to be
constant.

We measured the absorbance band edges (Eaps.be) Of tWo
quinoline derivatives using the maximum peaks of the relation
of dT/dA based on wavelength (\) (see Fig. 5). The Eaps.be
was found to be 2.904 and 3.092 eV for the C7/DMQCA and
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Fig. 4 a The experimental absorbance and transmittance spectra. b Theoretical absorptivity and transmittance spectra of the C7TDMQCA and

C8DMQCA

C8DMQCA, respectively. The energy difference between
quinoline derivatives is almost 0.2 eV.

The bandgap energy, refractive index, conductivity,
incidence, and refractive angles

The bandgap of the organic semiconductors is important
to research their electronic and optical features. The
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Fig. 5 The dT/d) plots vs. A of the CTDMQCA and CSDMQCA
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optical bandgap (£,,) can be estimated from Tauc mod-
el given by [38].

a(hd) = A(E-E,g)" (1)

where «, 1t (and E), and A are the absorption coefficient, the
photon energy, and a constant, respectively and m determines
the type of the optical transitions. The m is important to deter-
mine the type of transitions because the bandgap can be either
direct or indirect. If the m is 4, it is called a direct bandgap, if it
is 1, it is called an indirect bandgap. In our study, we found m
as %, for quinoline derivatives, which corresponds to the
allowed direct bandgap. We plotted the (ch9)? curves in terms
of energy (E) to examine bandgap morphology (see Fig. 6).
Extrapolating the linear plot to (h9)” =0, the E,, energies
were measured as 2.93 eV and 3.12 eV for the CTDMQCA
and C8DMQCA, respectively. From the results obtained, the
charge transfer mobility in the C7/DMQCA is smaller than that
in the CSDMQCA organic molecules. This means that the
C7DMQCA needs less excitation energy. When it comes to
the energy gap, the quinoline derivatives are close to V region.
We also performed DFT calculations to figure out the HOMO,
LUMO, and electronic bandgap energies (£,,). In this regard,
we have tested some functionals (B3LYP and BP86) and basis
sets (6-311G(d,p) and TZVP). We made four different bench-
marks (B3LYP/6-311G(d,p), B3LYP/TZVP, BP86/6-
311G(d,p), and BP86/TZVP) in total to get reasonable results
with experimental data. The predicted HOMO, LUMO, and
E,4 energies were tabulated in Table 1. From Table 1, B3LYP
functional underestimate the excitation energies of the
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quinoline derivatives and the BP86/6-311G(d,p) level gives
compatible results with experiment (see Table 1). Thus, we
used this level in the DFT calculations. We perform the density
of states (DOS) spectrum obtained Mulliken population anal-
ysis to get detailed information on electronic states of the
C7DMQCA and C8DMQCA compounds (see Fig. 7). The
HOMO and LUMO energies of the C7TDMQCA were found
to be —6.16 eV and — 3.43 eV, respectively. Furthermore, the
HOMO and LUMO energies of the CSDMQCA were predict-
edas—6.01 eVand —3.47 eV, respectively. The corresponding
E,, energies were found as 2.73 eV and 2.54 ¢V for the
C7DMQCA and C8DMQCA. The illustration of the
HOMO, LUMO, and E,, was indicated in Fig. 7 in detail.

Table 1 The HOMO, LUMO, and the bandgap energies (eV) of the
quinoline derivatives in DCM solvent

Energy  B3LYP BP86
6-11G(d,p) TZVP 6-311G(d,p) TZVP Exp.

C7DMQCA

HOMO 6.754 6.713 6.165 3.502

LUMO  2.618 2423 3432 6.200

Eg 4.135 4.290 2.733 2.698  2.936
C8DMQCA

HOMO  6.608 6.649 6.017 6.045

LUMO  2.650 2.747 3.476 3.545

Eg 3..958 3.901 2.541 2.500  3.128

3.5 T T T ]
—— C7DMQCA

DOS

—— C8DMQCA

DOS

Energy (eV)

Fig. 7 The density of state (DOS) spectrum of the C7TDMQCA and
C8DMQCA obtained Mulliken population analysis

The refractive index () is a significant parameter in organ-
ic electronics because it is an indicator of how different fre-
quencies and wavelengths of light propagate through transpar-
ent materials. The n can be defined in terms of reflectance (R)
and is calculated from the following equation [39]:

4R R+1
" {\/ (R-1)? = } @)

where k= aM4m. The n values were examined in terms of
angular frequency (w) and different relations (Hervé-
Vandamme, Kumar-Singh, Moss, Ravindra, and Reddy) [40]
based on the gap energy (see Fig. 8). From Fig. 8, the n values
based on the w display a normal dispersion behavior in the
regions connected with the increase of the n vs. w curves
together. High n materials are progressively dominant in op-
toelectronics. Herein, the n values of the C7TDMQCA are
found to be higher than that of the CSDMQCA. Using differ-
ent relations, we found that the n value obtained from Reddy
relation is higher than the other relations, while Ravindra re-
lation is the smallest # value.

Incidence angle (@;) and refraction angle (®,) play a role
on the operation of the optical and optoelectronic devices.
Especially, the light absorption efficiency of the photovoltaics
significantly depends on the @, angle [41]. We calculated the
@, values using the following equation [39]:

By = tan’ (_) (3)

where n; and n, are the refractive index of the medium and
material, respectively. We calculated also the @, values from
Snell’s law [42],

Oy = sin”! (ﬂsin@l) (4)

n

@ Springer
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The &, and @, plots vs. E of the C7TDMQCA and
C8DMQCA was indicated in Fig. 9. The &, and &, angles
of the quinoline derivatives are almost constant up to almost
270 nm (4.59 eV), after that, the angles increase, where the
incidence angle values are small differences due to the substi-
tution position of methyl group (CH3) to the ring. For exam-
ple, the @, angle of the C7TDMQCA and C8DMQCA increase
at almost 330 nm (3.75 e¢V) and 350 nm (3.45 eV), respec-
tively. Moreover, the incidence angles are higher than the
refraction angles.

The optical conductivity (o) is significant in organic elec-
tronic applications because it conveniently gives the optical
response of material and is given by the relation [43].

anc
o=—
47

(5)

where ¢, o, and 7 are the velocity of light, absorption coeffi-
cient refractive index, respectively. The ¢ of the quinoline

Angle of incidence, @, (Deg)
Angle of refraction, @, (Deg)

T T T T T T T T T T T
240 280 320 360 400 440
Wavelength (nm)

Fig. 9 The @, and @, plot vs. E of the solutions of the C7TDMQCA and
C8DMQCA
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derivatives is in the range of 10'' S™'. Figure 10 indicates
the plot of o in terms of photon energy. The o was found to
increase sharply after 4.2 and 4.3 eV for the CSDMQCA and
C7DMQCA, respectively. The reason of these increases is a
sharp increase in the absorption coefficient. The o of the
C7DMQCA is higher than that of the CSDMQCA, and the
maxima of the peak for the C’DMQCA is at 4.73 eV, while
that of the CSDMQCA is at 4.63 eV. The results obtained are
compatible with the optical band energy.

Conclusions

The electronic structure, structural and optical features of the
quinoline derivatives have been analyzed using the solution
technique and DFT/TD-DFT method. The performance of
B3LYP and BP86 functionals with 6-311G(d,p) and TZVP
was tested for the quinoline derivatives. Comparing with ex-
perimental data, the B3LYP functional underestimates
excited-state energies, while CAM-B3LYP functional gives

—o— C7DMQCA
—o— C8DMQCA

233
25

..................

0 T T T T T T T
38 4.0 42 44 46 48 5.0 5.2 54

Energy (eV)

Fig. 10 The optical conductivity curves versus photon energy of the
C7DMQCA and C8DMQCA
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better results for the absorbance of photoexcitations. Our re-
sults show that the geometries of the quinoline derivatives are
optimized in the C; configuration. Due to the substitution
position of methyl group (CHjs), all electronic and optical
properties are found to be different. Depending on the total
energy and lowest vibrational frequency, the CSDMQCA in
DCM is more stable than C7/DMQCA. The RDFs binary in-
teractions in the molecules were also computed. The refractive
index, the bandgap, absorption, transmission, IR, and Raman
spectra were examined in detail. The quinoline derivatives
have the allowed direct bandgap. The angle of incidence and
refraction, the (ah0))* curves, and optical conductivity were
investigated and discussed in detail. The results obtained show
that the C7/DMQCA has desirable optoelectronic properties
such as lower optical bandgap, higher refractive index, and
optical conductivity than the CSDMQCA.
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