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Present investigation deals with an in depth study of three compounds including 4-(4-chlorophenyl)-8-methyl-2-oxo-
1,2,5,6,7,8-hexahydroquinoline-3-carbonitrile (1), 4-(4-bromophenyl)-8-methyl-2-oxo-1,2,3,4,4a,5,6,7-octahydroquinoline-3-
carbonitrile (2) and 8-methyl-2-oxo-4-(thiophen-2-yl)-1,2,5,6,7,8-hexahydroquinoline-3-carbonitrile (3) with respect to their
structural, electronic, optical and charge transport properties. The ground and excited states geometries were optimized by den-
sity functional theory (DFT) and time dependent DFT, respectively. To rationalize the adopted methodology, the calculated geo-
metrical parameters at ground state were compared with the experimental crystal structures. Several quantum chemical insights
including the analysis of frontier molecular orbitals (FMOs), total/partial density of states (T/PDOS), molecular electrostatic
potentials (MEP), local and global reactivity descriptors revealed that the studied compounds would be efficient multifunctional
materials. The absorption wavelengths as well as their major transitions were thoroughly studied at TD-B3LYP/6-31G** level
of theory. The smaller hole reorganization energies indicate that all these compounds might show better hole transport tendency.
The anionic geometry relaxation of compound 2 is larger than the cationic form which leads to higher electron reorganization
energy revealing the reduction of electron charge transport as compared to the hole.

Keywords: hydroquinoline; electro-optical properties; charge transport properties; reorganization energy, nonlinear optical
properties

1. Introduction pyrazolo[3,4-c]quinoline derivatives showed rea-
sonable biologically active properties [12]. The
hydroquinoline derivatives have been proved ex-
cellent antitumor compounds. It has been shown
that 8-hydroxyquinoline derivatives demonstrated
good cytotoxic activity [13]. Previously, differ-
ent research groups studied the electronic, op-
tical and QSAR properties of some quinolone
derivatives. Bahgat et al. [14] shed light on the
effects of chloride, bromide, iodide and nitro
substituent on the vibrational frequencies of 8-
hydroxyquinoline. Time dependent density func-
tional theory (TDDFT) analysis by Teng et al.
revealed that substituents on 8-hydroxyquinoline
moiety can improve charge transfer properties [15].
Recently, new styrylquinoline cellular dyes have

Hydroquinoline derivatives are used as effi-
cient compounds having various applications in
optoelectronic devices, semiconductors and phar-
maceutical chemistry [1-8]. The compounds of
this class are the best biologically active hetero-
cyclic complexes [9, 10] for electro-optical and
photonic devices [11]. Moreover, the synthesis of
hydroquinoline compounds got significant scien-
tific attention and advancement in the field of
novel pharmacophores. Additionally, the improve-
ment of active anticancer drugs is the demand
of present era. Previous computational studies of
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been synthesized and their cytotoxic behavior has ©
been studied in addition to the electronic and spec- g ¢ ™ t
troscopic properties by TDDFT [16]. « g N ‘ «:}3
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octahydroquinoline-3-carbonitrile (2) [18] and
8-methyl-2-o0x0-4-(thiophen-2-yl1)-1,2,5,6,7,8-
hexahydroquinoline-3-carbonitrile (3) [19] were
synthesized (Fig. 1). According to the recent litera-
ture review and to the best of our knowledge, these
compounds have not been studied computationally
with respect to structure-activity relationship
(SAR), electro-optical properties, charge transport
nature and nonlinear optical properties (NLO).
In the present study, we aim to investigate the
structural, electro-optical and charge transfer
properties of hydroquinoline derivatives (1 — 3).
We have studied the SAR, shedding light on the
molecular geometries, frontier molecular orbitals
(FMOs), excitation energies and absorption spectra
as well as their major transitions that involve the
FMOs. Furthermore, their total/partial densities of
states (T/PDOS), molecular electrostatic potentials
(MEP), local and global reactivity descriptors
were analyzed. Additionally, to understand the
charge transport nature of these compounds,
we shed light on the charge transport properties
(vertical/adiabatic ionization potentials (IPv/a),
vertical/adiabatic electron affinities (EAv/a), hole
and electron reorganization energies (An/Ae)).
Quantum chemical investigations [20-28] were
performed by using DFT and TDDFT.

2. Computational details

Previous studies showed that DFT and TDDFT
are good tools to understand the electro-optical
properties, charge transport behavior and nature of
the charge transport [29-32]. The B3LYP func-
tional is an appropriate choice to reproduce the ex-
perimental data for metal containing and metal free
small compounds [33-37] and geometrical param-
eters for transition metal compounds [38]. Sousa
et al. [39] investigated the geometrical properties
of different compounds and found that B3LYP

€
€
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Fig. 1. The structures of hydroquinoline derivatives
4-(4-chlorophenyl)-8-methyl-2-0xo0-1,2,5,6,7,8-
hexahydroquinoline-3-carbonitrile (1), 4-(4-
bromophenyl)-8-methyl-2-oxo-1,2,3,4,4a,5,6,7-
octahydroquinoline-3-carbonitrile  (2)  and
8-methyl-2-ox0-4-(thiophen-2-yl)-1,2,5,6,7,8-
hexahydroquinoline-3-carbonitrile (3).

is the best one among the B1B95, B97-2, BP86
and BPWO91 functionals. Moreover, B3LYP func-
tional was employed to investigate the photochemi-
cal properties of anti-inflammatory drugs [40]. Ad-
ditionally, the experimental absorption spectra of
various molecules have been reproduced well with
an average deviation of 0.20 eV [41]. A num-
ber of properties of interests for multifunctional
compounds have been calculated at B3LYP func-
tional and those were found in reasonable agree-
ment with their respective experimental data [42—
44]. Additionally, previous work revealed that the
B3LYP/6-31G** level of theory is good to pre-
dict the electronic and charge transport properties
of sulfur compounds [45]. In the current study, the
ground and excited state geometries have been op-
timized by DFT [46-51] at B3LYP/6-31G** and
TDDEFT levels of theory which have been proved
as effective approaches, respectively [52-54]. The
TD-B3LYP/6-31G** level was applied to optimize
the first excited state geometries of the studied
compounds. The absorption wavelengths were cal-
culated by TDDFT that proved to be an effective
method [55].

The reorganization energy (A) has been used

to approximate the ability of charge carriers [56,
57], to be divided into two parts; 7\5611) and ?\gl);
the geometry relaxation energy from neutral to
(1)

charged (cation/anion) state is A

while geometry
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relaxation energy from charged (cation/anion) to
neutral state is ?\fgl) [58]:

©)

rel

A=l

rel

+24 )

In the present study, both the parts of A have
been evaluated from the adiabatic potential energy
surfaces [59]:

A —E'(C)-E° )

)L(Z> _ E1<C)+/7 _EO(C>+/*

rel

(3)
The A(h) and A(e) were evaluated as:

A(h) = [E'(C)" —E°(C)*] +[E'(C) — E°(C)]

4)

Ae) =[E'(C)” —E°(C)T]+[E'(C) —E°(O)]
(&)
where E(C) and E°(C)*/~ are the ground state en-
ergies of neutral as well as charged (cation/anion)
species, respectively; E!(C) is the neutral molecule
energy at the optimized geometry of charged
species while E'(C)*/~ is the charged species
energy at the geometry of the optimized neutral
molecule, respectively. The EAa, EAv, IPa and IPv

were evaluated as:

EAa=E°(C)—E°(C)” and EAv=E°(C)—E'(C)~
(6)

IPa=E°(C)" —E°(C) and IPv =E'(C)* —E°(C)
(7
where, E%(C), E°(C)*" and E%(C)~ are the energies
of neutral, cation and anion at the ground state,
whereas E!'(C)"™ and E'(C)~ represent the energy
of charged cation and anion state at the optimized
neutral geometry of the molecule, respectively. All
these charge transport parameters were computed
at B3LYP/6-31G** level of theory.
Mulliken electronegativity (x) was calculated
from the following equation:

x =(P+EA)/2 (8)

Hardness (1) can be evaluated by using equa-

tion 9:
n=({P—-EA)/2 )

Electrophilicity (w) can be assessed by using

equation 10:
o= (IP+EA/2)*/2n (10)

Softness (S) can be estimated by using equa-
tion 11:

S=1/2n an

Electrophilicity index (wi) can be calculated by
using equation 12:

wi = u*/2n (12)

Chemical potential (p) can be evaluated by us-

ing equation 13:
u=—(IP+EA/2) 13)

All these calculations were carried out by im-
plementing the Gaussian 09 package [60].

To determine the total and partial DOS
(T/PDOS) at bulk level by considering the bound-
ary conditions, CASTEP module [61] implemented
in Materials Studio [62] was used. Here, the ex-
change and correlation energy/potential have been
treated using the Perdew et al. [63] parameter-
ized GGA within DFT. To evaluate the TDOS
and PDOS, ultra-soft pseudo-potential has been ap-
plied. The cut-off energy in plane wave expansion

was assumed as 300 eV, whereas the SCF tolerance
for this run was 2 x 10~% eV/atom.

3. Results and discussion
3.1.

The ground and excited states geometrical
parameters, i.e. bond lengths and bond angles,
computed at B3LYP/6-31G** and TD-B3LYP/6-
31G** levels of theory, respectively have been col-
lected in Table 1 (atom numbers can be seen in
Fig. 1). The calculated ground state geometries

Geometries
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Table 1. Selected optimized bond lengths in angstrom
(A) and bond angles (degree) of ground
and first excited states for hydroquinoline
derivatives at the B3LYP/6-31G** and TD-
B3LYP/6-31G** levels of theory.

Parameters 12 2b 3¢
LN Neupq 1366 1413 1366
- eutral  j 356y (1.407) (1.366)
Excited  1.371 - 1.356
1403 1369 1401
C10-N1 Neutral 1 368y (1338) (1.370)
Excited 1384 - 1.450
1223 1219 1223
Cl0-OL  Neutral ;5419 (1225) (1.247)
Excited  1.260 - 1.223
1164 1.160  1.164
CII-N2 - Ground | 150) (1.118) (1.148)
Excited 1.170 1.169
1757 1910 -
C15-Htl Ground (1.745)  (1.901) _
Excited  1.758 -
12055 12211  120.52
NI-CI0-O1 Neutral 15} 53 (122.99) (121.57)
Excited 11592  — 11635
12705 12187 12690
C9-C10-01 Ground ;1890 (120.46) (123.97)
Excited 12643 - 12921
11942 11962 -
C14-C15-Htl  Neutral (119.05) (119.43) _
Excited 119.64 - -

Experimental data in parentheses from the
literature: [17]%, [18]°, [19]°; Ht = CI/Br

were compared with the experimental crystal struc-
tural parameters [17-19].

Additionally, the alterations in the bond lengths
and bond angles have been studied from the ground
to excited states. The deviation in the bond lengths
between the calculated and experimental crystal
structures has been observed as follows: the cal-
culated C19p—N; (C11—-N3) bond lengths have been
overestimated: 0.035 (0.014) A, 0.031 (0.042) A
and 0.031 (0.016) A for derivatives 1 — 3, re-
spectively. The computed C;o—O; bond length has
been underestimated of 0.018 A, 0.006 A and
0.024 A for 1 — 3, respectively as compared

to the experimental crystal structure data. On other
hand, alteration from ground to excited states (for
both the calculated geometries) has been perceived
as follows: the calculated C;p—N; bond length has
been shortened of 0.019 A while C10—O; bond
length has been lengthened of 0.037 A in 1. The
calculated C;o—N; bond length has been length-
ened of 0.051 A in 3.

The deviation in the bond angles between the
calculated and experimental crystal structures has
been observed as follows: computed Co—C;9—O;
bond angles have been overestimated of 8.85°,
1.41° and 2.93°1in 1 — 3, respectively. The alteration
from ground to excited states has been observed
as follows: the calculated N;—C;¢p—O; bond angle
has been decreased of 4.63° and 4.17°, while Co—
C10—O; bond angle has been increased of 2.31° in
1 and 3, respectively. It is expected that the overes-
timation or underestimation in the calculated bond
lengths/angles as compared to the crystal structural
parameters is due to fact that the experimental data
have been collected in the packing and solid state
whilst the computed data refer to the gas phase.
This can be verified as the calculated bond lengths
of C-C, C-S, C-Cl and C-Br in the thiophene and
phenyl units (which have proper conjugation) are in
reasonable agreement with the experimental data.
Moreover, the computed bond lengths C—Cl, C—Br,
and bond angles C4—C5—C; and C14—C;5—Br have
been found in decent agreement with the experi-
mental data.

3.2. Electronic structure and absorption
spectra

In Fig. 2, charge density patterns of the high-
est occupied molecular orbitals (HOMOs) and the
lowest unoccupied molecular orbitals (LUMOs)
have been depicted. At the ground state, the HOMO
and LUMO are distributed on the quinoline (het-
eroatoms containing side chains) and carbonitrile
in 1; in 2, HOMO is distributed at quinoline (het-
eroatoms containing side chains) while LUMO at
phenyl moiety; in 3, HOMO and LUMO are dis-
tributed at quinoline (heteroatoms containing side
chains) and thiophene. The comprehensive intra-
molecular charge transport is observed in 2. The
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calculated HOMO energies (Egomo), LUMO ener-
gies (ELumo) and HOMO-LUMO energy gaps (E)
at B3LYP/6-31G** levels of theory are tabulated in
Table 2.

The Egomo usually increases from 1 to 3. The
lowest Erymo is observed for 3 while the highest
for 1. The E; value has been observed in the order
3 <1 < 2. The E; has been used as kinetic sta-
bility indicator of the compound. The higher value
of E; reveals that the studied compound would be
thermodynamically more stable.

3 X 1
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Fig. 2. Distribution patterns of the HOMOs and LU-
MOs of hydroquinoline derivatives at the ground
states.

The calculated absorption wavelengths (A,) of
1 — 3 at TD-B3LYP/6-31G** level of theory have
been disclosed in Table 2. The major transition
in the absorption spectra has been observed from
HOMO to LUMO (H — L). The first A, has been
noted at 328 nm with the oscillator strength of
0.19761n 1. In 2, the A, has been 67 nm blue shifted

as compared to the first absorption wavelength of 1.
The oscillator strength is reduced to the 0.0755. In
3, the A, has been 14 nm and 81 nm red shifted as
compared to the 1 and 2. The oscillator strength of
3 is higher than 2 while less than 1.

3.3. Density of states

For comprehensive understanding of the elec-
tronic structures of derivatives (1 - 3), we
determined their total and partial DOS using
GGA/PWOI1 implemented in CASTEP software
program available in Materials Studio within the
framework of DFT. The TDOS and PDOS with
contributions from C, O, N, CIl, Br and S atoms
have been shown in Fig. 1 to Fig. 3 for derivatives
1 -3, respectively. In compound 1, the energy band
in the deep valence region at the energy regime of
—20 eV to —10 eV is defined mostly by the s or-
bitals of all atoms. While in the energy regime of
—18 to —10 eV, the major contribution is from s or-
bitals of C atoms. The s orbitals of O atoms are
contributing from —22 eV to —18 eV, N atoms from
—22eVto—17¢eV and Cl from -18 eV to —15 eV.
Similarly, the peaks in upper valence bands from
—10eV to 0 eV are due to the p orbitals of C, O, N
and Cl atoms. In lower conduction bands, the peaks
are due to the p orbitals of C and N atoms only.

For derivative 2, at lower valence bands, the s
orbitals of C atoms are contributing in energy range
of =39 eV to -9 eV, the s orbital of O atoms has one
peak at =35 eV, the s orbitals of N atoms show one
peak at —38 eV and one peak at —18 eV and the s
orbital of Br atom is taking part mostly at -35 eV
and in energy range of —23 eV to —19 eV. The p
orbitals of C atoms have major part in the valence
bands, O atoms have a minor contribution from p
orbitals in valence bands, the p orbitals of N atoms
have the major contribution at —38 eV, —28 eV and
—23 eV with a minor contribution in the energy
range from —20 eV to 0 eV, whereas the p orbitals
of Br atom have minor contribution in the energy
range of —23 eV to —14 eV and a major contribu-
tion of p orbitals has been found in the energy range
of —14 eV to 0 eV in the upper valence bands.

For derivative 3 at valence bands, the s orbitals
of C atoms have minor contribution in the energy
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Table 2. HOMO energies (Eqomo), LUMO energies (ELymo), and HOMO-LUMO energy gaps (E;) in [eV] for
ground states and calculated absorption wavelengths (A,) of hydroquinoline derivatives at the B3LYP/6-
31G** and TD-B3LYP/6-31G** level of theories.

Compounds Enomo ELumo E, f Aa [nm] Aa [eV] Transition
1 -6.15 -1.98 4.17 0.1976 328 3.780 H— L
2 -6.09 -0.087 5.22 0.0755 261 4.750 H— L
3 -6.05 -2.05 4.00 0.1455 342 3.625 H— L

range of —33 eV to 0 eV, the s orbitals of O atom
have a major contribution at —23 eV, the s orbitals
of N atoms are contributing from —-32 eV to =30 eV
and from —26 eV to —19 eV and the s orbitals of S
atom are taking part mostly at =31 eV to —15 eV.
The p orbitals of C atoms are contributing mostly
in the valence bands in energy range from -31 eV
to 0 eV and from 0 eV to 2 eV in conduction bands.
The O atom has the contribution from p orbitals in
higher valence bands at -9 eV to -2 eV, the p or-
bitals of N atoms have the minor contribution from
—21 eV to—14 eV and the major contribution in up-
per valence bands from —12 eV to 0 eV with a mi-
nor contribution in the energy range from 0 to 2 eV
in conduction bands. Whereas the p orbitals of S
atom have a minor contribution at -32 eV, —21 eV
and in the energy range of —11 eV to —1 eV and the
major peak of p orbitals has been found at -2 eV
in the upper valence bands, while in conduction
bands, S atom is contributing from 0 eV to 2 eV.

3.4. Analysis of molecular electrostatic po-
tential (MEP) surfaces

Molecular electrostatic potential (MEP) sur-
faces are very beneficial features to investigate the
reactivity of a molecule. In the MEPs, the regions
with the major negative potential are shown in red
color and these regions are favored location for
electrophilic attack, whereas the regions with max-
imum positive potential, indicated with blue color,
are ideal sites for nucleophilic attack. The MEP in-
stantaneously shows not only the size and shape of
molecule but also the neutral, negative and positive
electrostatic potential of the compound as is dis-
played in Fig. 3. The MEP decreases in the order
blue > green > yellow > orange > red, while the
red color indicates the strongest repulsion, and the

blue illustrates the sufficient attraction. The lone
pair of electronegative atoms is mainly associated
with the negative potential regions. It can be seen
from the MEP of the derivatives that the negative
potential region is on the Cl atoms in derivative 1.
The N atoms in all the studied derivatives exhibit
the positive electrostatic potential regions whilst
the Br atom has intermediate electrostatic poten-
tial. In accordance with this, the Cl atom in the
derivative 1, indicated by the red color, performs
as electrophilic region. Likewise, the blue color de-
notes the nucleophilic regions and illustrates the re-
gions with electron deficiency. These outcome re-
veals that the maximum attraction is indicated by
N atoms, while the substantial repulsion is shown
by Cl atoms.

Fig. 3. Molecular electrostatic potential surfaces (MEP)
of hydroquinoline derivatives investigated in the
presented study.

3.5. Global and local reactivity descrip-
tors

The global reactivity descriptors e.g. electronic
chemical potential (w), electronegativity (x), hard-
ness (1), softness (S) and electrophilicity index
(wi) calculated at the B3LYP/6-31G** level of the-
ory have been presented in Table 3. The p describes
the escaping affinity of electron from a stable
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compound. Actually, the 1 of an atom is occasion-
ally believed to be the negative of the atom’s elec-
tronegativity. The n reveals the resistance to varia-
tion in electron distribution which is interconnected
with the stability and reactivity of the chemical sys-
tem. The converse of the 1 is called S. The wi rep-
resents the energy depression owing to prominent
electron movement between acceptor and donor.
The values of x, 1, S, and wi for 1 — 3 derivatives
are 3.85¢eV,3.83¢eV,0.13eV and 1.93 eV; 3.74 eV,
3.74¢eV,0.13eV and 1.87 eV;and 3.79 eV, 3.76 eV,
0.13 eV and 1.91 eV, respectively. Lower values of
1 and x of 2 compared to other counterparts re-
veal that mentioned compound would be more sta-
ble with lower chemical activity.

Table 3. The global reactivity descriptors of 1 — 3
derivatives obtained at B3LYP/6-31G** level

of theory.
1 2 3
X 3.85 3.74 3.79
n 3.83 3.74 3.76
w 1.94 1.87 1.91
S 0.13 0.13 0.13
wi 1.93 1.87 1.91
H -3.85 -3.74 -3.79

If the electrons change in a molecule then
the local reactivity descriptor e.g. Fukui function
points out the favorite regions where a chemical
species adjusts their density [64]. On the j™ atom
site, the condensed or atomic Fukui functions can
be defined as:

i =qj(N+1)—q;(N) (14)
fi =q;(N)—q;(N-1) (15)
P=lgwrn—gw-n a6

2

where fJ*, fj’ and fJQ are nucleophilic, electrophilic
and free radical on the reference molecule, respec-
tively. In these equations, g; is the atomic charge

at the j™ atomic site for the neutral (N), anionic
(N + 1) or cationic (N — 1) chemical species. Pre-
viously Morell et al. [65] anticipated a dual descrip-
tor (Af(r)), that is the alteration among the elec-
trophilic and nucleophilic Fukui function which
can be represented according to the following equa-
tion:
Af(r) =1 —1; a7
If the Af(r) > 0, then the site might be ideal for
a nucleophilic attack, however if Af(r) < 0, then the
site is favorite for an electrophilic attack. The val-
ues of calculated Fukui functions f;’, f; and fJQ) and
Af(r) have been given in Table 4. Here, the Af(r)
gives a clear difference between nucleophilic and
electrophilic attack at a specific position with pos-
itive or negative sign. The positive value suggests
a nucleophilic attack while the negative one, elec-
trophilic attack. It is expected that CI (1), N (3) and
N (4) sites would be favorable for the nucleophilic
attack (i.e. Af(r) > 0), while O (2) position for the
electrophilic attack (i.e. Af(r) < 0)in 1. In 2, nucle-
ophilic sites are Br (1), N (3) and N (5) (i.e. Af(r)
> 0) while electrophilic sites O (2) and H (4) (i.e.
Af(r) < 0).In 3, S (27) site would be favorite for nu-
cleophilic attack (i.e. Af(r) > 0), whereas O (1), N
(2) and N (4) for electrophilic attack (i.e. Af(r) < 0).
But the electrophilic and nucleophilic attack per-
formance of the molecule during reaction depends
on the local behavior.

3.6. Charge transport parameters

The IP and EA highlight the charge transfer per-
formance; lower IP shows that the compound could
be a good hole transporter while higher EA leads to
electron transport. The IPa/v and EAa/v have been
shown in Table 5. The IPa/v of 2 and 3 decrease
of 0.20/0.10 eV and 0.13/0.13 eV compared to 1,
respectively. The EAa/v of 2 is lower than those of
other counterparts. The higher EAv of 3 than of the
other compounds (1 and 2) reveals that electron in-
jection ability of this compound would be superior
than of the other ones. The reorganization energies
of electron A (e) and reorganization energies of hole
A (h) for hydroquinoline derivatives (in eV) at the
B3LYP/6-31G** level are tabulated in Table 5. The
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Table 4. The calculated Fukui indices fj*, f; and f(} as well as Af(r) of the studied compounds.

Compound Atom No. fjf fj+ fJQ Af(r)
ClL(1) 0.005 0.007 0.006 0.002
{ 02 0.015 0.006 0.010 —-0.009
N (3) 0.006 0.017 0.011 0.011

N @) 0.011 0.022 0.016 0.011

Br (1) 0.019 0.029 0.024 0.010

02 0.006 0.005 0.005 -0.001

2 N@3) -0.001 0.001 0.000 0.002
H4) 0.014 0.013 0.014 -0.001

N (5) -0.001 0.000 -0.001 0.002

o) 0.017 0.016 0.016 -0.001
N (2) 0.006 0.003 0.004 -0.003

3 H(3) 0.009 0.014 0.011 0.005
N @) 0.005 0.001 0.003 -0.004

S (27) 0.010 0.016 0.013 0.006

computed A (h) of 3 and 1 are smaller than that of
2 showing that hole transporting capability of these
compounds would be higher than that of the latter
compound. Additionally, the computed A (e) of all
the derivatives in this study are higher than A (h),
showing that the charge transport behavior might
be hole dominant.

The C-O bond length of 1 anion is length-
ened of 0.016 A, while 1 cation is shortened
of 0.004 A compared to the neutral one. The
C-Br bond lengths of 2 anion/2 cation are length-
ened/shortened of 0.72 A/0.020 A compared to
the neutral form, respectively. Major lengthen-
ing and shortening in 3 anion/3 cation have been
found in the C-O and C-S bond lengths, i.e.
C-O of 3 anion/3 cation are lengthened/shortened
of 0.017 A/0.002 A, while C-S of 3 anion/3 cation
are lengthened of 0.041 A/0.006 A compared to the
neutral form, respectively. We found that the geom-
etry relaxation between neutral and anion states is
higher than between neutral and cation states caus-
ing further polarization in anion states resulting in
larger A (e) values than the A (h). The maximum
geometry relaxation in compound 2 leads to the
utmost A (e) diminishing electron charge transport
character.

3.7. Nonlinear optical properties

Recently, the organic materials have provided
a good boost in the field of nonlinear optical

Table 5. Vertical and adiabatic ionization potentials
(IPv/TPa), vertical and adiabatic electronic
affinities (EAv/EAa), hole reorganization ener-
gies A (h), and electron reorganization energies
A (e) of hydroquinoline derivatives (in eV) at
the B3LYP/6-31G** level of theory.

Compounds [Pa EAa IPv EAv A(h) A(e)
1 7.68 0.026 7.81 0.39 0.259 0.554
2 7.48 -0.001 7.71 -0.59 0.521 2.690
3 7.55 0.026 7.68 0.46 0.253 0.453

(NLO) materials designing. The field of design-
ing of NLO-phores is of significant importance due
to the possibility of application in several fields
including frequency doubling, fast data process-
ing, SHG spectroscopy etc. There are many ef-
forts devoted to obtain NLO materials with re-
quired amplitude of NLO response [66]. In this
regard, the organic class of materials is consid-
ered to be very promising because of their low
cost, ease of fabrication as well as large NLO re-
sponse [67, 68]. In present investigation, the com-
pounds 1 — 3 have electronic transitions involving
intramolecular charge redistribution as illustrated
by the patterns of their frontier molecular orbitals
in ground state, which indicate their possible poten-
tial for efficient NLO phores. To check the possibil-
ity of these compounds for their potential applica-
tions as NLO materials, we have calculated their
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molecular electronic static first hyperpolarizability
(Ptot)- The first hyperpolarizability and its compo-
nents for all compounds 1 — 3 were calculated us-
ing finite field (FF) approach. The B3LYP/6-31G**
level of theory combined with finite field (FF) ap-
proach have been used to calculate the first hyper-
polarizability () of the title compounds. The FF
method, which has originally been developed by
Kurtz et al. [69] is usually applied to calculate the
first hyperpolarizability of organic molecules be-
cause it provides very reliable results, consistent
with experiments [68, 70] and other computational
approaches [71]. A static electric field (F) is applied
in FF approach and the energy (E) of a molecule is
given by following equation:

E=E9 —u F —loc-FF-—lﬁ-- FF;F;
1121111 6"’kl]k

_%YijklEFijﬂ_"' (18)

In the absence of an electric field, the total en-
ergy of molecule is represented by E©), 1 is the
dipole moment, « is the polarizability, (3 and 'y are
the first and second hyperpolarizabilities, respec-
tively, while x, y and z label the i, j and k compo-
nents, respectively. It can be seen from above equa-
tion that differentiating E with respect to F gives
the u, o, P, and y values. Here, 3, and y val-
ues represent the origin of second-order (x*) and
third-order (X3) nonlinear optical (NLO) suscepti-
bilities, respectively. In our present investigation,
we have calculated the molecular first hyperpolar-
izability. The magnitude of first static hyperpolar-
izability (3¢¢) can be calculated using following
equations:

B = (Bi+B+B2) (19)
where

Bx: Bxxx+ﬁx)y+ﬁxzz (20)

By: ﬁyyy—i—ﬁx_xy—i—ﬁyzz (21)

BZ: ﬁZZZ+Bxxz+ByyZ (22)

The first static hyperpolarizability ((3) that
is a third rank tensor can be described by a
3 X 3 x 3 matrix. According to Kleinman sym-
metry (Bxyy = Byxy = Byst Byyz = Byzy = Bzyy,- ..
likewise other permutations also take same value),
the 27 components of the 3D matrix can be reduced
to 10 components as given in Table 6.

In Table 6, the values of hyperpolarizability
(Ptot) calculated at B3LYP/6-31G* level of theory
are collected. All the above reported compounds
have non-zero value of their (3o amplitudes, which
are 302, 86 and 328 a. u. for compounds 1, 2 and
3, respectively. The non-zero value of [3io; shows
that the title molecules possess different amplitudes
of microscopic first static hyperpolarizability. A
comparison with static hyperpolarizability of urea
molecule (a prototype NLO molecule used as ref-
erence in experimental calculation of first hyperpo-
larizability), calculated at the same level of theory
shows that compounds 1, 2 and 3 have ~7 times,
2 times and 8 times larger amplitudes of their
it values as compared to that of urea molecules
(43 a.u.). Thus, the above comparison highlights
the importance of the designed compounds to be
used as efficient NLO-phores.

4. Conclusions

In the framework of our present quantum chem-
ical study of selected compounds 1, 2 and 3, the
following conclusions can be drawn as:

1. The ground state geometrical parameters
calculated at B3LYP/6-31G** levels of the-
ory are in good agreement with the experi-
mental crystal structural parameters.

2. The comprehensive intra-molecular charge
transport has been observed in compound 2.
Itis expected that higher E, of all the studied
compounds could cause them to be thermo-
dynamically stable.

3. The deep valence band is defined mostly by
the s orbitals while upper valence bands are
due to the p orbitals. In lower conduction
bands, the peaks are due to the p orbitals ex-
cept Br in 2 in which s-orbital is involved.
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1 — 3 at B3LYP/6-31G* level of theory.

Table 6. Calculated values of first hyperpolarizability ([3) along their individual tensor components for compounds

1 2 3

Component a.u. Component a.u. Component a.u.
BXXX 223 BXXX 1 BXXX 128
Bxxy -57 Bxxy 41 Bxxy 10
Bxyy -23 Bxyy 23 Bxyy 14
Byyy 20 Byyy 117 Byyy 10
Bxxz -314 Bxxz -1 Bxxz 383
Bxyz 39 Bxyz -19 Bxyz 24
Byyz -23 Byyz 95 Byyz -35
BXZZ 12 BXZZ —4 BXZZ 154
Byzz 22 Byzz -25 Byzz 21
BZZZ 123 BZZZ —160 BZZZ —212
Brot 302 Brot 86 Brot 328

Biot (urea)? 43 Biot (urea)? 43 Biot (urea)? 43

For 3, 1 a.u. = 0.008629 x 1073 esu, “calculated in present study at the same B3LYP/6-31G* level of theory.

4. In 1, negative potential region is on the CI
atom, revealing that it would be favorable
for electrophilic attack. In contrast, the N
atom exhibits the positive electrostatic po-
tential regions being favorable for the elec-
trophilic attack.

The smaller 1 and x values of 2 than
of other derivatives suggest that aforemen-
tioned compound would be more stable with
lower chemical activity.

It is expected that N (3) and N (4) sites
would be favorable for the nucleophilic at-
tack while O (2) position for the elec-
trophilic attack in 1. In 2, nucleophilic sites
are Br (1), N (3) and N (5) while elec-
trophilic sites are O (2) and H (4). In 3, H
(3) and S (27) sites would be preferred for
nucleophilic attack whereas O (1), N (2) and
N (4) for electrophilic one.

The smaller hole reorganization energy val-
ues as compared to the electron values show
that all these compounds might participate
in hole transport. The smaller hole reorgani-
zation energy of 1 and 3 than that of 2 im-
plies that these compounds would be better
hole transport materials than the latter one.

8. The higher geometry relaxation between
neutral and anion states than neutral and
cation states triggering polarization in anion
states result in the higher A (e) values than
the A (h).
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