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Abstract Quinoline and its derivatives are widely studied by both synthetic and computational

chemists due to their exciting perspectives in biological and nonlinear optical (NLO) research.

Herein, three novel arylated quinolines: 3-(4-acetylphenyl)quinoline (1), 3-(4-(methylthio)phenyl)-

quinoline (2) and 3-(4-phenoxyphenyl)quinoline (3) were synthesized employing Pd catalyzed

Suzuki–Miyaura cross-coupling reaction. The chemical structures of all compounds were resolved

employing different analytical techniques like 1H-NMR, FT-IR, UV–Vis, EIMS, elemental analysis

and finally confirmed by single crystal X-ray diffraction analysis. Synthesized compounds were fur-

ther subjected to density functional theory (DFT) calculations at B3LYP level of theory in conjunc-

tion with 6-311 + G(2d,p) basis set to explore optimized geometry, natural bond orbital (NBO)
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analysis, FT-IR spectroscopic data, frontier molecular orbitals (FMOs) and NLO properties. Over-

all, a good agreement was found between DFT computed results and corresponding experimental

findings. Vertical electronic transition states were computationally calculated using time-dependent

DFT (TDDFT) at same B3LYP level of theory and 6-311 + G(2d,p) basis set combination. NBO

calculations indicated the occurrence of intra-molecular charge transfer in synthesized compounds,

hence enormous molecular stability owing to hyperconjugative interactions. Energy of FMOs was

used to calculate the global reactivity descriptors which indicated that synthesized molecules are

chemically hard compounds with greater kinetic stability and electron donating capability. NLO

properties were found to be in the range 1830–2960 a.u and order of 2> 1 > 3. Urea molecule

comparative analysis and two-state model confirmed that synthesized molecules are excellent

NLO candidates and may have prospective uses in the technology related applications.

� 2018 King Saud University. Production and hosting by Elsevier B.V. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Scheme 1 Schematic representation for the synthesis of 1–3.
1. Introduction

Numerous pharmacological and chemical properties of quino-
line and derivatives of quinoline have attracted the attention of

synthetic and biochemists. Due to presence of quinoline sub-
unit in various natural products, this heterocyclic ring has
become most important structural motif in medicinal chem-
istry. Natural products like numerous alkaloids contain quino-

line subunit. Compounds with quinoline motifs have a variety
of chemotherapeutic activities, especially antibacterial [1], anti-
malarial [2], antifungal [3], anticancer [4], antileishmanial [5],

antitumor [6–8], anti-diabetes [9], immunosuppressive [10,11],
antiviral [12], anti-inflammatory [13], HIV-1integrase inhibi-
tory [14], anti-asthma [15], analgesia, vasorelaxing [16],

antiplasmodial [17], anticonvulsant and antihypertensive
effects [18]. Production of diversified flavoring agents, fungi-
cides, biocides, numerous rubber chemicals and synthetic alka-

loids is dependent on derivatives of quinoline [19]. Nano and
meso structures of derivatives of quinoline are used in
enhancement of electronic and photonic properties [20].
Derivatives of quinolines have found their applications as sol-

vents for terpenes and resins, polymers, catalysts, preservatives
and corrosion inhibitors. Besides this, quinoline derivatives are
also employed in coatings. Quinoline cores are found in

numerous organic compounds such as chemotherapeutic
agents, analytical reagents and alkaloids.

Another important area of research is nonlinear optics

(NLO) in which quinoline based derivatives are extensively
studied by both experimental and theoretical communities
due to their low dielectric constants, ultrafast and

broadband-electronic responses considered in promising opto-
electronic technologies [21–23]. Owing to their countless bio-
logical and NLO applications, the syntheses of quinolines
have been a subject of great focus in organic synthetic chem-

istry. Herein, by this research study, we are reporting three
new 3-arylated quinolines. This work is an extension to our
ongoing research on 3-arylated pyridines. Most recently, we

have reported crystal structure data, solubility studies and
medicinal importance of this type of compounds [24–26]. In
order to broaden the scope of investigations on structure of

3-arylated quinolines and having comparative study back-
ground of both synthetic as well as computational studies
[27–33], herein we report the synthesis of novel 3-arylated
quinoline in excellent yield employing Pd catalyzed Suzuki–

Miyaura cross-coupling reaction (Scheme 1) namely; 3-(4-
acetylphenyl) quinoline (1), 3-(4-(methylthio) phenyl) quino-
line (2) and 3-(4-phenoxyphenyl) quinoline (3). The synthetic,
crystal structure analysis, spectroscopic studies and computa-
tional investigations of 1, 2 and 3 are missing as per available

current literature. Therefore, 1, 2 and 3 have been subjected to
XRD, 1H-NMR, FT-IR, EIMS, elemental analysis and UV–
Vis assessments. DFT calculations have been performed to elu-

cidate the natural bond orbital (NBO) analysis, frontier molec-
ular orbital (FMO) analysis, global reactivity parameters
including softness, hardness, ionization potential, electron

affinity, electrophilicity index, electron donating as well as
accepting capabilities and NLO properties of investigated
compounds 1, 2 and 3.

2. Experimental section

2.1. Material and methods

We initially tested the reaction of phenylboronic acid
(0.529 mmol) with 3-bromoquinoline (0.480 mmol) as a model

reaction to establish optimal conditions for cross-coupling
using moderately polar to polar solvents, mild to strong bases
and diversified Pd catalyst. This coupling reaction was per-

formed in a screw capped pressure tube under dry N2 gas as
an inert atmosphere to avoid oxidation of the Pd(0) catalyst
by atmospheric O2 (Oxygen).

First of all, the reaction was carried out using moderately
polar to polar solvents such as THF, toluene, MeOH, dioxane
and DMF. First catalyst of choice was Pd(OAc)2 at the boiling

temperature of the solvent. Initially, the reaction was tested in

http://creativecommons.org/licenses/by-nc-nd/4.0/


Table 1 Effect of moderately polar to polar solvents.

Entry Solvent Catalyst Base Temp (�C) Yield (%)

1 MeOH Pd(OAc)2 K2CO3 65 27

2 THF Pd(OAc)2 K2CO3 66 32

3 Toluene Pd(OAc)2 K2CO3 110 31

4 Dioxane Pd(OAc)2 K2CO3 101 37

5 DMF Pd(OAc)2 K2CO3 153 35

Table 2 Effect of mild to strong bases.

Entry Solvent Catalyst Base Temperature Yield (%)

1 Dioxane Pd(OAc)2 K2CO3 100 �C 37

2 Dioxane Pd(OAc)2 NaOH 100 �C 25

3 Dioxane Pd(OAc)2 Cs2CO3 100 �C 22

4 Dioxane Pd(OAc)2 K3PO4 100 �C 42

5 Dioxane Pd(OAc)2 Na2CO3 100 �C 31

Table 3 Effect of different Pd catalysts.

Entry Solvent Catalyst Base Temperature Yield (%)

1 Dioxane Pd(OAc)2 K3PO4 100 �C 42

2 Dioxane Pd(PPh3)4 K3PO4 100 �C 87

3 Dioxane PdCl2 K3PO4 100 �C 67

4 Dioxane Pd2(dba)3 K3PO4 100 �C 54
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1 ml of H2O using K2CO3 as a base. Under the above condi-
tions, dioxane and DMF proved to be the best solvent

(Table 1). However, in order to increase the yield, several mild
to strong bases were tested; such as K2CO3, Na2CO3, Cs2CO3,

K3PO4 and NaOH and dioxane as solvent and Pd(OAc)2 as

catalyst at 100 �C. K3PO4 was proved to be a good base com-
pared to other bases, other bases had given disappointing
results (Table 2). Main focus of this reaction was to select suit-

able Pd catalyst which must produce high yields. Experimental
facts showed that Pd(PPh3)4 was the best catalyst for this reac-
tion, while other catalyst like Pd2(dba)3, Pd(OAc)2 and PdCl2
showed poor catalytic activity as compared to Pd(PPh3)4 at

100 �C with dioxane as solvent (Table 3).
Simple phenylboronic acid (63 mg, 0.519 mmol) coupling

with 3-bromoquinoline (0.479 mmol) was chosen as test reac-

tion in 3.5 ml of dioxane as solvent, Pd(PPh3)4 (1.5 mol %,
8.29 mg) and suitable base like K3PO4 (149 mg, at 90–
100 �C, 0.719 mmol) and most importantly addition of 1–

1.5 ml of H2O is good for salvation of base; which in turn
enhance reactivity of reaction. To the best of our knowledge
on the bases of experimental facts, we can say that in the case
under study, the best suitable conditions are Pd(PPh3)4, diox-

ane, K3PO4, 90–100 �C and 1–1.5 ml of H2O.

2.2. Computational procedure

Herein, DFT [34–36] employing Gaussian 09 program package
[37] was used to perform complete quantum chemical calcula-
tions. The initial geometry for 1, 2 and 3 was regained from the

XRD driven crystal structures. B3LYP level of theory and 6-
311 + G(2d,p) basis set combination in gas phase without
symmetry restrictions was used to perform complete optimiza-
tion of 1, 2 and 3. Stability of optimized geometries was con-

firmed by performing frequency analysis at same DFT/
B3LYP/6-311 + G(2d,p) functional. Among all calculated fre-
quencies, lack of negative eigen value points out the optimized

geometries at real positive and are corresponding to true min-
imum in the potential energy surface. NBO analysis was also
carried out at same level of theory and basis set using Gaussian

09 embedded NBO 3.1 program package. NLO and FMO
analysis were performed at B3LYP/6-311 + G(2d,p) level of
theory. UV–Vis spectral analysis was exercised to determine
the photophysical properties of 1, 2 and 3 using TDDFT at

B3LYP level of theory in conjunction with 6–311 + G(2d,p)
basis set. Gauss View 5.0 [38] was used to organize the input
files. Output files results were interpreted using Avogadro

[39], Chem Craft [40] and Gauss View programs.
3. Results and discussion

3.1. Synthesis of 3-(4-acetylphenyl) quinoline (1)

Starting with 3-bromoquinoline(100 mg, 0.4806 mmol),4-
acetylphenylboronic acid (86 mg, 0.5287 mmol), Pd (PPh3)4
(1.5 mol%, 8.33 mg), K3PO4 (152 mg, 0.7209 mmol) in diox-

ane suspension (3 ml), the product was isolated as a light
brown crystalline solid (146 mg, 90%).Yield (106 mg, 90%),
m.p = 128–130 �C.

1HNMR (400 MHz, DMSO): d= 2.68 (s, 3H, CH3), 7.69

(t, 1H, Ar-H), 7.83 (t, 1H, Ar-H), 7.96 (d, 2H, Ar-H), 8.05
(q, 2H, Ar-H), 8.16 (d, 2H, Ar-H), 8.66 (s, 1H, Ar-H), 9.20
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(s, 1H, Ar-H). IR (KBr): ύ = 1676 (s), 1598 (m), 1354 (m),
1116 (s), 1267 (m), 825 (s), 752 (m), 584 (m) cm�1. EI-MS
(EI, 70 eV): m/z (%): 247 (M+, 100), 232 (25), 204 (15), 176

(11). Elemental analysis: The calculated values are given in
parentheses. C: 82.54 (82.59); H: 5.24 (5.28); N: 5.62 (5.66).

3.2. Synthesis of 3-(4-(methylthio) phenyl) quinoline (2)

Starting with 3-bromoquinoline(100 mg, 0.4806 mmol), 4-
(methylsulfanyl) phenylboronic acid (89 mg, 0.5287 mmol),

Pd (PPh3)4 (1.5 mol%, 8.33 mg), K3PO4 (152 mg,
0.7209 mmol) in dioxane suspension (3 ml), the productwas
isolated as a yellow crystalline solid (146 mg, 90%). (108 mg,

90%), m.p = 90–91 �C. 1HNMR (400 MHz, DMSO):
d = 2.630 (s, 3H, CH3), 7.581 (d, J = 8.2 Hz, 2H, Ar-H),
7.675 (d, J= 8.4 Hz, 2H, Ar-H), 7.865 (d, J = 8.4 Hz, 1H,
Ar-H), 8.126 (d, J = 5.2 Hz, 1H, Ar-H), 8.264 (s, 1H, Ar-

H), 9.332 (s, 1H, Ar-H). IR (KBr): ύ = 1595(w), 1558 (s),
1489 (m), 1436 (w), 1338 (w), 1098 (m), 1012 (w), 956 (w),
829 (m), 808 (m), 748 (w), 715 (w), 522 (m) cm�1. EI-MS

(EI, 70 eV): m/z (%): 251 (M+, 100), 237 (26), 205 (45), 143
(28), 129 (18). Elemental analysis: for C16H13NS: The calcu-
lated values are given in parentheses. C: 76.45 (76.49); H:

5.13 (5.17); N: 5.53 (5.57).

3.3. Synthesis of 3-(4-phenoxyphenyl) quinoline (3)

Starting with 3-bromoquinoline (100 mg, 0.4806 mmol), 4-

phenoxyphenyl boronic acid (113 mg, 0.5287 mmol), Pd
Table 4 Crystal data and structure refinement parameters for the c

Crystal parameters Compound (1)

CCDC 1,863,235

Empirical formula C17H13NO

Formula weight 247.29

Wavelength (Å) 0.71073

Crystal system Monoclinic

Space group P21/c

Unit cell dimensions (Å) a = 15.0073 (19)

b = 5.5014 (7)

c = 15.712 (2)

b = 108.317 (8)�
Volume (Å3) 1231.5 (3)

Z 4

Density (mg/m3) 1.334

Absorption coefficient (m) mm�1 0.08

F (0 0 0) 520

Crystal size (mm3) 0.38 � 0.31 � 0.24

Index ranges �19 � h � 13

�7 � k � 6

�20 � l � 20

Reflections collected 10,481

Independent reflections 2800 [R (int) = 0.044]

Data/restraints/parameters 2800/0/173

ɵ range for data collection/� 1.429 to 27.524

Goodness-of-fit on F2 0.983

Final R indexes R [F2 > 2r (F2)] R1 = 0.0615,

wR2 = 0.1246

Final R indexes wR2 [all data] R1 = 0.1460,

wR2 = 0.1575

Dqmax, Dqmin (e Å
�3) 0.19, �0.17
(PPh3)4 (1.5 mol%, 8.33 mg), K3PO4 (152 mg, 0.7209 mmol)
in dioxane suspension (3 ml), the productwas isolated as a
white crystalline solid (120 mg, 85%), m.p = 124–126 �C.
1HNMR (400 MHz, CDCl3): d= 7.121–7.158 (m, 5H, Ar-
H), 7.348 (t, 1H, Ar-H), 7.539 (t, 1H, Ar-H), 7.644–7.720 (m,
4H, Ar-H), 7.844 (d, J = 8.2 Hz, 1H, Ar-H), 8.111 (d,

J= Hz, 1H, Ar-H), 8.250 (s, 1H, Ar-H), 9.151 (s, 1H, ArH).
IR (KBr): ύ = 1558 (s), 1506 (m), 1489 (w), 1220 (m), 1168
(w), 831 (w), 802 (w), 786 (w), 698(w) cm�1. EI-MS (EI,

70 eV): m/z (%): 297.2 (M+, 100), 268 (23), 220 (28), 192
(28), 77 (15). Elemental analysis: for C21H15NO: The calcu-
lated values are given in parentheses. C: 84.78 (84.84); H:
4.46 (5.05); N: 3.66 (4.71).
4. Structural insight by XRD study

The crystal data, data collection parameters and refinement
results of compounds (1–3) are summarized in Table 4.

4.1. Compound (1)

In 3-(4-acetophenyl)quinoline (Fig. 1a), the quinoline group A
(C1–C9/N1), benzene ring B (C10–C15) are planar with r. m. s.
deviation of 0.0031 and 0.0014 Å, respectively. The dihedral

angle between A/B is 6.67 (11)�. The aceto group C (C16/
C17/O1) is oriented at a dihedral angle of 7.71 (26)� and
3.15 (28)� with the quinoline and phenyl groups, respectively.

There are no significant hydrogen bonds in these molecules.
ompounds 1–3.

Compound (2) Compound (3)

1,863,234 1,863,236

C16H13NS C21H15NO

251.35 297.35

0.71073 0.71073

Monoclinic Monoclinic

P21/c P21/c

a = 9.6909 (6) a = 11.042 (1)

b = 5.6435 (3) b = 11.7744 (8)

c = 23.345 (15) b= 99.673 (2)� c = 12.2150 (9)

b = 98.866 (3)�
1258.61 (13) 1569.1 (2)

4 4

1.326 1.259

0.24 0.08

528 624

0.32 � 0.26 � 0.16 0.30 � 0.21 � 0.18

�11 � h � 9 �14 � h � 13

�6 � k � 6 �15 � k � 10

�28 � l � 28 �12 � l � 16

9746 13,316

2455 [R(int) = 0.033] 3702 [R (int) = 0.032]

2455/0/164 3702/0/208

1.77 to 26 1.867 to 27.785

1.015 1.00

R1 = 0.0408,

wR2 = 0.0925

R1 = 0.0469,

wR2 = 0.1019

R1 = 0.0741,

wR2 = 0.1063

R1 = 0.0901,

wR2 = 0.1217

0.17, �0.21 0.13, �0.20



Fig. 1 (a) ORTEP diagram with thermal ellipsoids drawn at

50% probability level. The H-atoms are drawn as small circles of

arbitrary radii. (b) Molecular packing diagram.

Fig. 2 (a) ORTEP diagram with thermal ellipsoids drawn at 50% pro

radii. (b) Molecular packing diagram.
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The molecules are mainly stabilized due to the Van der Waal’s
forces. Let the centroids of four six member rings, namely C
(N1/C1/C6–C9), D (C1–C6) and E (C10–C15) be Cg1, Cg2

and Cg3, respectively. Then the p-p interaction between
Cg1–Cgi [3.1713(9) Å with slippage 4.495 Å] and Cg2–Cg1i

[3.1650(9) Å], where the symmetry operations is i = x, 1 � y,

z. The packing diagram is given in Fig. 1b.

4.2. Compound (2)

In 3-[4-(methylsulfanyl)phenyl]quinoline (Fig. 2), the quinoline
group A (C1–C9/N1) and phenyl ring B (C10–C15) of 4-
(methylsulfanyl)phenyl group are planar with r. m. s. deviation

of 0.0162 and 0.0055 Å, respectively. The dihedral angle
between A/B is 24.01 (8)�. There exist p-p stacking between
the centroids Cg1, Cg2 and Cg3 of the aromatic rings C
(N1/C1/C6–C9), D (C1–C6) and E (C10–C15), respectively.

The shortest perpendicular distance of 2.7809(8) Å occurs
between the centroids Cg1. . .Cg2i [i = x, 1 + y, z] and largest
perpendicular distance of 4.0397(7) Å is between the centroids

Cg1. . .Cg3ii [ii = 2 � x, 1 � y, �z]. The p-p interactions have
the major role of stabilizing the molecules.

4.3. Compound (3)

In 3-(4-phenoxyphenyl)quinoline (Fig. 3a), the quinoline
group A (C1–C9/N1), benzene ring B (C10–C15) and the
attached phenolic group C (O1/C16–C21) are planar with r.

m. s. deviation of 0.0100, 0.0061 and 0.0080 Å, respectively.
The dihedral angle between A/B, A/C and B/C is 28.23 (6)�,
61.21 (4)� and 78.28 (4)�, respectively. There are no significant

hydrogen bonds. The molecules are mainly stabilized due to
the Van der Waal’s forces. Let the centroids of four six
bability level. The H-atoms are drawn as small circles of arbitrary



Fig. 3 (a) ORTEP diagram with thermal ellipsoids drawn at

50% probability level. The H-atoms are drawn as small circles of

arbitrary radii. (b) Molecular packing diagram.
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member rings, namely D (N1/C1/C6–C9), E (C1–C6), F (C10–
C15) and G (C16–C21) be Cg1, Cg2, Cg3 and Cg4, respec-

tively. Then the p-p interaction between Cg1–Cgi [3.4544(6)
Å with slippage 2.843 Å], Cg1–Cg2i [3.4657(7) Å], Cg1–Cg3ii

[3.6369(6) Å], Cg2–Cgi [3.4848(6) Å], Cg2–Cg3i [3.3855(6) Å]

and Cg4-Cg3iii [3.1836(6) Å] exist, where the symmetry opera-
tions are i = 1 � x, 1 � y,1 � z, ii = 1 � x, 1/2 + y, 1/2 � z
and iii = �x, 1 � y, �z. The distance given of the second cen-
troid from the first one is perpendicular distance. The packing

diagram is given in Fig. 3b.

5. Geometric structures

Complete computational optimization was performed using
DFT at B3LYP level of theory in combination with 6-311
+ G(2d,p) basis set to calculate to the structural parameters

including bond length and bond angle of 1, 2 and 3. The
DFT calculated structural parameters were compared with
the corresponding crystal structure parameters obtained from

XRD. Structural parameters of 1–3 obtained from DFT and
XRD studies have been determined in accordance with the
atom numbering scheme of the molecules shown in Scheme 1,

Fig. S1 and are depicted in Tables S1–S3 respectively. Results
illustrate that the DFT calculated bond lengths and bond
angles coincide nicely with corresponding XRD calculated
data. The bond lengths in 1, 2 and 3 are deviated in the range

of 0 ± 0.04 Å, 0.05 ± 0.01 Å and 0.25 ± 0.23 Å respectively.
Deviation in the bond angles is observed in the range of
2.3�± 1.8�, 1.0�± 0.9� and 2.7� ± 1.1� respectively. The
DFT calculated CAC bond distance in the benzene ring is
found to be in the range of 1.371–1.478 Å in 1, 1.371–

1.775 Å in 2 and 1.371–1.479 Å in 3 which coincides in a good
way with their XRD calculated ranges 1.364–1.475 Å, 1.361–
1.757 Å and 1.366–1.483 Å respectively. The bond length val-

ues of C-N in 1 are measured as 1.363 Å and 1.309 Å for C
(1)-N(18) and C(9)-N(18) through DFT that are in good agree-
ment with XRD calculated values 1.363 Å and 1.304 Å. In 2,

CAN bond length value is calculated as 1.363 Å, 1.309 Å
through DFT and 1.372 Å, 1.310 Å through XRD for N(2)-
C(3) and N(2)-C(11) respectively. Similarly in 3, DFT calcu-
lated CAN bond length is found to be of same values

1.363 Å and 1.309 Å, while XRD calculated vales are observed
to be1.375 Å and 1.313 Å for N(2)-C(3) and N(2)-C(11)
respectively. The maximum deviation value of bond angle is

observed for C(7)-C(8)-C(9) and C(8)-C(9)-N(18) in 1 as
116.9�, 124.9� (DFT) and 114.6�, 126.7� (XRD) respectively.
In 2, bond angles are deviated utmost for N(2)-C(11)-C(10)

and C(3)-N(2)-C(11) with value of 118.2�, 125.0� through
DFT and 117.3�, 126.0� through XRD respectively. In 3, max-
imum deviation in bond angles is calculated to be 120.5�,
125.0� (DFT) and 117.8�, 126.1� (XRD) for C(15)-O(1)-C
(18) and N(2)-C(11)-C(10) respectively. Preceding discussion
describe good agreement between structural parameters calcu-
lated through DFT and XRD studies.

6. Natural bond orbitals (NBO) analysis

NBO analysis is proven as a most reliable method to have orbi-

tal level insights on the charge transfer, conjugative interac-
tion, inter- and intra-molecular bonding between the electron
rich and electron deficient counterparts [41]. NBO is also help-

ful in elucidating the steady picture for transfer of charge den-
sities from filled, bonding or donor Lewis-type NBOs to the
empty, non bonding or non-Lewis NBOs. The stabilization

energy E(2) because of the donor–acceptor interaction can be
characterized using second-order perturbation theory. In the
NBO analysis, NBO (i) represents donor, NBO (j) represents

acceptor and the E(2) means stabilization energy corresponds
to the delocalization of electrons between donor and acceptor
is relationship as

Eð2Þ ¼ qi
ðFi;jÞ2
ej � ei

ð1Þ

In this equation, qi represent orbital occupancy, ei, ej corre-
spond to diagonal NBO Fock matrix elements while Fi,j

denotes off-diagonal NBO Fock matrix elements respectively.

Assuming all these considerations, NBO analysis was carried
out for 1, 2, 3 at B3LYP level of theory and 6-311 + G(2d,
p) basis set combination and results are presented in Tables

S4–S6 respectively.
The most credible transitions observed in our studied com-

pounds are: p(C17–C19) ? p*(C16–H24) in 1 having stabiliza-
tion energy vale 21.95 kJ/mol, p(C13–C15)? p*(N2–C6) in 2

with 21.44 kJ/mol stabilization energy value and p(C35–
C37) ? p*(C8–C10) transition in 3 with gigantic stabilization
energy value found to be 3580.66 kJ/mol. These are the mas-

sive stabilization energy values observed in studied com-
pounds. The gigantic stabilization energy value of 3 as
compared to 1 and 2 is due to the involvement of intra-



Table 5 Experimental and theoretical vibrational frequencies of 1 at B3LYP/6-311 + G(2d,p) level of theory with proposed

assignments.

IR frequency (cm�1)

(Exp)

Unscaled frequency (cm�1) (Theo) IIR Vibrational assignments

312 302 0.8845 t (as) C‚CAC‚CACBen

584 583 5.524 t (as) C‚CAC‚CACBen

752 755 10.30 t (as) C‚CAC‚CACBen + t (w) CAHBen

1267 1265 1.043 t (d) CAHBen + t (q) CAHBen + t (as) C‚CAC‚CACBen

1354 1340 9.213 t (q) CAHBen + t (as) C‚CAC‚CACBen

1598 1598 1.900 t (q) CAHBen + t (as) C‚CAC‚CACBen

1676 1655 0.1848 t (d) CAHBen + t (as) C‚CAC‚CACBen

3033 2.8678 t (s) CAHMeth

3088 6.636 t (as) CAHMeth

3140 14.3728 t (as) CAHMeth

3159 0.7228 t (as) CAHBen

3171 7.6891 t (s + as) CAHBen

3174 6.0507 t (as) CAHBen

3175 6.0507 t (as) CAHBen

3184 16.1397 t (s + as) CAHBen

3192 7.7252 t (s) CAHBen

3195 12.8103 t (s) CAHBen

3198 1.9605 t (s) CAHBen

t, stretching; d, scissoring; q, rocking; w, wagging; s, symmetric; as, asymmetric; s, twisting; Ben, benzene ring; Meth, methyl group; Exp,

experimental; Theo, theoretical.

552 M. Khalid et al.
molecular hyper conjugative interactions that originates as a
result of extended conjugation present in 3. The question

about the existence of conjugation in the title compounds
can be answered with the study of p ? p* interactions which
leads to the examination of charge transfer among com-

pounds. Some other transitions observed in 1 representing con-
jugation are p(C1–C10)? p*(C6–C8), p(C1–C10)? p*(C11–
C13), p(C2–C4)? p*(C1–C10), p(C6–C8)? p*(C1–C10), p(C16–

C24)? p*(C21–C22), p(C21–C22)? p*(C16–C24) and p(C26–
C27)? p*(C26–O32) with stabilization energy values found to
be 16.22, 18.41, 17.39, 16.33, 19.72, 18.64 and 13.52 kJ/mol
respectively. Similarly, transition such as p(C3–C12)?
p*(C13–C15), p(C4–C6) ? p*(C3–C12), p(C8–C10)? p*(C4–C6),
p(C18–C19)? p*(C21–C23), p(C18–C19)? p*(C24–C26), p(C21–
C23)? p*(C18–C19) and p(C24–C26)? p*(C21–C23) observed

in 2 represents conjugation leading to stabilization energy val-
ues computed to be 15.11, 12.17, 16.93, 17.72, 21.38, 20.85 and
18.62 kJ/mol respectively. In the same way, transition energy

values 157.68, 2707.35, 329.89, 149.82 and 69.32 kJ/mol due
to the transitions p(C6–C8) ? p*(C8–C10), p(C28–C37)?
p*(C8–C10), p(C28–C37)? p*(C18–C26), p(C33–C35)? p*(C8–
C10) and p(C35–C36) ? p*(C8–C10) respectively describe the

presence of conjugation in 3 (see Tables S4–S6). Contrary to
p ? p* transitions, r ? r* interactions originates due to fee-
ble donor (r)-acceptor (r*) interaction which results in small

stabilization energy values. Therefore, small stabilization
energy value of 0.50 kJ/mol is observed in 1 due to r(C8–
H9) ? r*(C8–H10) transition. Similar trend is observed in 2

and 3 where r(S1–C23)? r*(C28–H30) and r(N2–C16) ?
r*(C13–C15) results in small stabilization energy values
0.50 kJ/mol and 0.61 kJ/mol respectively. In addition, some

transitions such as LP(N31)? r*(C8–H9), LP(N2)? r*(C15–
C16) and LP(O1)? r*(C8–C10) are observed in case of reso-
nance which leads to substantial stabilization energy values
10.04, 10.22 and 198.14 kJ/mol in 1, 2 and 3 respectively.
Above discussion helps make conclusion about the presence
of extended conjugation, intramolecular charge transfer and

hyperconjugative interactions in studied compounds. In addi-
tion, charge transfer character and presence of extended conju-
gation collectively present a sign of red shift behavior and

potential NLO character in studied compounds.

7. FT-IR analysis

Modern vibrational spectroscopy driven molecular vibrations
are widely explored by both theoretical as well as experimental
communities. Full vibrational analysis including theoretical

and experimental infrared calculations was performed to rec-
ognize the nature of vibrational modes present in 1, 2 and 3.
Theoretical vibrational spectra were calculated in gas phase
using B3LYP level of theory and 6-311 + G(2d,p) basis set

combination. Animation option of Gauss-View was used to
assign the vibrational modes present in studied compounds.
Most important experimental and theoretical FT-IR results

for investigated compounds 1, 2 and 3 are depicted in Tables
5–7 respectively.

7.1. C–H vibrations

Comparative analysis of computed and experimental vibra-
tional bands of C-H revealed that computed vibrational bands

at 755, 1265, 1340, 1598 and 1655 cm�1 in 1 are in good agree-
ment with the experimental vibrations bands found at 752,
1267, 1354, 1598 and 1676 cm�1 respectively. C-H vibrational
bands in 2 computed at 805, 831, 1106, 1495 and 1596 cm�1

were strongly supported by experimental bands measured at
810, 829, 1097, 1492 and 1593 respectively. Similar trend is
observed in 3 where computed vibrational bands observed at

708, 764, 805, 829, 1168, 1222, 1489, 1496 and 1612 cm�1



Table 6 Experimental and theoretical vibrational frequencies of 2 at B3LYP/6-311 + G(2d,p) level of theory with proposed

assignments.

IR frequency (cm�1)

(Exp)

Unscaled frequency (cm�1) (Theo) IIR Vibrational assignments

746 749 1.052 t (as) C‚CAC‚CACBen

810 805 7.176 t (s) CAHBen

829 831 29.22 t (q) CAHBen

1097 1106 79.04 t (q) CAHBen + t (as) C‚CAC‚CACBen

1492 1495 7.684 t (q) CAHBen + t (as) C‚CAC‚CACBen

1593 1596 5.641 t (d) CAHBen + t (as) C‚CAC‚CACBen

3039 22.99 t (s) CAHMeth

3120 6.830 t (as) CAHMeth

3129 3.218 t (as) CAHMeth

3157 0.792 t (as) CAHBen

3161 10.77 t (s + as) CAHBen

3164 6.411 t (as) CAHBen

3169 7.713 t (s + as) CAHBen

3170 5.539 t (s + as) CAHBen

3181 7.432 t (s) CAHBen

3182 17.76 t (s + as) CAHBen

3194 14.49 t (s) CAHBen

3201 6.458 t (s) CAHBen

t, stretching; d, scissoring; q, rocking; w, wagging; s, symmetric; as, asymmetric; s, twisting; Ben, benzene ring; Meth, methyl group; Exp,

experimental; Theo, theoretical.

Table 7 Experimental and theoretical vibrational frequencies of 3 at B3LYP/6-311 + G(2d,p) level of theory with proposed

assignments.

IR frequency (cm�1)

(Exp)

Unscaled frequency (cm�1)

(Theo)

IIR Vibrational assignments

698 708 37.53 t (w) CAHBen

754 764 30.84 t (w) CAHBen

786 780 5.178 t (as) C‚CAC‚CACBen

802 805 2.703 t (s) CAHBen

831 829 1.113 t (s) CAHBen

1168 1168 5.413 t (d) CAHBen + t (as) C‚CAC‚CACBen

1224 1222 21.99 t (d) CAHBen + t (as) C‚CAC‚CACBen

1489 1489 1.983 t (q) CAHBen + t (as) C‚CAC‚CACBen

1506 1496 17.34 t (q) CAHBen + t (as) C‚CAC‚CACBen

1558 1543 137.6 t (q) CAHBen + t (as) C‚CAC‚CACBen

3157 0.576 t (as) CAHBen

3160 10.71 t (as) CAHBen

3165 1.719 t (as) CAHBen

3169 8.657 t (s + as) CAHBen

3172 6.724 t (as) CAHBen

3174 7.317 t (as) CAHBen

3182 17.79 t (s + as) CAHBen

3185 21.41 t (s + as) CAHBen

3193 4.803 t (s) CAHBen

3194 14.36 t (s) CAHBen

3195 2.835 t (s) CAHBen

3198 3.751 t (s) CAHBen

t, stretching; d, scissoring; q, rocking; w, wagging; s, symmetric; as, asymmetric; s, twisting; Ben, benzene ring; Meth, methyl group; Exp,

experimental; Theo, theoretical.
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reflects excellent consistency with experimentally measured
bands at 698, 764, 802, 831, 1168, 1224, 1489, 1506 and

1558 cm�1 respectively.
Furthermore, literature study reveals that aromatic ring

and heteroaromatic ring due to structural similarity exhibit
C-H stretching vibrations in the ambit of 3100–3000 cm�1

[42]. Diverse C-H vibrational bands of weak to moderate

intensity are exhibited by heteroaromatic compounds and their
derivatives near to C-H vibrations of aromatic ring. Nature of
the substituents does not affect the band appreciably in this
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region. Symmetric mode of vibrations were observed with fre-
quencies at 3192, 3195 and 3198 cm�1 in 1, at 3181, 3194 and
3201 cm�1 in 2 and at 3193, 3194, 3195 and 3192 cm�1 in 3

respectively. Pure asymmetric stretching vibrations were com-
puted at 3159, 3174 and 3175 cm�1 in 1, at 3157 and 3164 cm�1

in 2 and at 3157, 3160, 3165, 3172 and 3175 cm�1 in 3 respec-

tively. Mixed symmetric and asymmetric modes of vibrations
were observed with wave numbers at 3184 and 3171 cm�1 in
1, 3161, 3169, 3170 and 3182 cm�1 in 2 and 3169, 3182 and

3185 cm�1 in 3 respectively. In 1, wave numbers computed at
1265, 1340 and 1598 cm�1 were assigned to rocking vibrations,
1265, 1655 cm�1 to scissoring vibrations and 755 cm�1 was
assigned to wagging mode of vibration. Band observed at

831, 1106, 1495 cm�1 and 1595 cm�1 in 2 were due to the rock-
ing and scissoring mode of vibrations respectively, while twist-
ing vibrational band was computed at 805 cm�1. Similarly in 3,

rocking vibrations were observed at 1489, 1496, 1543 cm�1,
scissoring vibrational bands at 1168, 1222 cm�1, wagging
mode of vibrations at 708, 764 cm�1 and twisting stretching

modes were computed with vibrational bands at 805 and
829 cm�1 respectively (see Tables 5–7).

7.2. C-C stretching vibration

Generally, the C-C stretching modes of vibrations appear in
the range of 1650–1400 cm�1 [43]. In our investigated com-
pound (1), C-C vibrational bands were computed at 302,

583, 755, 1265, 1340, 1598 and 1655 cm�1 which are strongly
supported by experimental calculated bands appeared at 312,
584, 752, 1267, 1354, 1698 and 1676 cm�1 respectively.
Table 8 Wave length, excitation energy and oscillator strength for

Compounds Cal.

kmax

(nm)

EDFT

(eV)

f MO contributions

1 340.84 3.6376 0.0006 H-2? L(75%), H-2? L +

318.66 3.8909 0.3314 H? L(93%), H-1? L(3%

307.04 4.6381 0.1100 H-1? L(55%), H? L +

(2%)

297.98 4.1608 0.0211 H-3? L(69%),H-3? L +

280.82 4.4151 0.4263 H-1? L(29%), H? L +

274.99 4.5087 0.0107 H-4? L(77%), H-1? L +

2 347.83 3.5643 0.2391 H? L(96%)

299.11 4.1449 0.1836 H? L+ 1(54%), H-1 ? L

293.64 4.2221 0.0115 H-3? L(87%), H-3? L +

284.94 4.3509 0.1819 H-1? L(56%), H? L +

284.15 4.3631 0.0384 H-1? L(10%), H? L +

274.33 4.51934 0.1951 H-2? L(53%), H�1 !L +

3 326.61 3.7961 0.2316 H? L(91%)

294.55 4.2093 0.0321 H-5? L(2%), H-3? L(42

291.49 4.2534 0.0174 H-3? L(46%), H-2? L(2

276.48 4.4844 0.1098 H-5? L(4%), H-4? L(3%

(55%)

275.66 4.4977 0.2541 H-6? L(2.9%), H-2? L(1

L + 2(27%)

264.16 4.6936 0.3867 H-6? L+ 1(2%), H-5?
H? L+ 3(6%)

E = Excitation energy (eV); k= wave length (nm); f = oscillator strength

= Calculated.
Vibrational bands at 749, 1106, 1495 and 1596 cm�1 in 2 were
observed due to C-C stretching mode of vibration and exhibit
excellent agreement with experimental calculated bands with

stretching frequencies 746, 1097, 1492 and 1593 cm�1 respec-
tively. C-C stretching modes in 3 appeared at 780, 1168,
1222, 1489, 1496 and 1543 cm�1 shows good concurrence with

experimental observed frequency at 786, 1168, 1224, 1489,
1506 and 1558 cm�1 respectively (see Tables 5–7).

7.3. Methyl group vibration

Methyl group C-H stretching vibrations are generally found in
the region of 3000–2800 cm�1 [44]. In our studied compounds,

methyl group is present only in 1 and 2. Pure symmetric vibra-
tional stretching modes were computed at 3033 and 3029 cm�1

in 1 and 2 respectively. Vibrational bands calculated at 3088,
3140 cm�1 in 1 and at 3120, 3129 in 2 were assigned to asym-

metric vibrational stretching modes of methyl group C-H
vibrations respectively (see Tables 5 and 6).
8. UV–Visible study

For chemical characterization of 1, 2 and 3, ultraviolet spectral
analysis has been performed in gas phase using time-dependent

DFT (TDDFT) calculations at B3LYP level of theory and 6-
311 + G(2d,p) basis set combination to explain the charge
transfer within the studied molecules, their absorption proper-

ties and vertical excitations. The results for TDDFT calculated
absorption wavelengths (kmax), excitation energy (EDFT),
1, 2 and 3.

1(15%),H-2? L+ 2(3%), H-2 ? L+ 3(2%)

)

1(24%), H-3? L(7%), H-3? L + 1(3%),H? L(2%), H? L+ 2

1(18%), H-1? L(4%), H? L+ 1(4%)

1(64%)

2(2%), H? L+ 2(6%), H ? L + 3(7%)

(28%), H-2? L(7%), H-3!L(4%)

1(2%), H? L+ 1(6%)

1(19%), H ? L + 2(12%), H-3?(4%)

2(74%), H-4? L(6%), H-4? L + 1(3%),

1(26%), H? L+ 1(15%)

%), H-2 ? L(29%), H? L(4%), H? L+ 1(9%)

%), H-1 ? L(21%), H-1? L+ 1(3%), H ? L + 1(22%)

), H-2? L(3%), H-1? L(13%), H? L + 1(11%), H? L+ 2

1.8%), H-1? L(27%), H-1 ? L + 1(2%), H? L+ 1(18%), H ?

L(2%), H-2? L(36%), H-1 ? L + 1(15%), H? L+ 1(30%),

; MO=molecular orbitals; H = HOMO, L = LUMO; k (nm); Cal.



Table 9 Computed energies (E) for compounds 1–3.

1 2 3

MO(s) E (eV) DE (eV) E (eV) DE (eV) E (eV) DE (eV)

HOMO �6.594 4.273 �5.837 3.987 �6.087 4.263

LUMO �2.321 �1.850 �1.824

HOMO � 1 �7.007 5.254 �6.627 5.493 �6.672 5.584

LUMO+ 1 �1.753 �1.134 �1.088

HOMO�2 �7.165 6.246 �7.047 6.305 �6.988 6.047

LUMO+ 2 �0.919 �0.742 �0.941

HOMO � 3 �7.369 6.49 �7.180 6.877 �7.164 6.563

LUMO+ 3 �0.879 �0.303 �0.601

E = energy, DE (eV) = ELUMO-EHOMO; HOMO, highest occupied molecular orbital; LUMO, lowest unoccupied molecular orbital, MO,

molecular orbital.

Fig. 4 Frontier molecular orbitals of 1.

Fig. 5 Frontier molecular orbitals of 2.

Properties of quinoline based derivatives 555
oscillator strength (f) and dominant molecular orbital contri-
butions involved in 1, 2 and 3 are presented in Table 8.

Results indicate that theoretically calculated main transi-
tion with maximum absorption values among all studied com-

pounds is observed in 2 at 347.83 nm with EDFT, f values of
3.5643, 0.2391 and main transition occurred from
HOMO ? LUMO (96%) respectively. The computed vertical
excitation for 1 is mainly initiated from HOMO-2 ? LUMO
(75%) with kmax, E

DFT and f value computed to be value of
340.84, 3.6376 and 0.0006 respectively. The absorption band

with minimum absorption value among all studied compounds
is observed in 3 at 326.61 nm with HOMO ? LUMO (91%)



Fig. 6 Frontier molecular orbitals of 3.
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vertical excitation and 3.7961, 0.2316 values for EDFT and f

respectively. The incidence of absorption band with higher f
and lower energy value as appeared in 2 is the characteristic
of donor-acceptor molecules which is due to the complete

intramolecular charge transfer and HOMO to LUMO elec-
tronic transitions. This results in red shift of absorption band
in 2 as compared to 1 and 3.

9. Frontier molecular orbital analysis

HOMO and LUMO collectively form frontier molecular orbi-

tals (FMOs). HOMO term is used to describe the highest occu-
pied molecular orbital having higher energy, rich numbers of
electrons, therefore electron donating ability. Contrary,
LUMO (lowest unoccupied molecular orbital) indicates the

electron accepting capability due to lower energy and number
deficiency of electrons. FMOs play a crucial role during molec-
ular interactions. Furthermore, FMOs provide important per-

spective about the optical properties, electronic properties and
reactivity of the molecule under investigation [17,18]. In this
context, FMO analyses were carried out to predict the elec-

tronic properties of 1, 2 and 3 at B3LYP level and 6311 + G
(2d,p) basis set combination. Results of FMOs analysis consist
of four important molecular orbital pairs, their gap energies
(DE) and are presented in Table 9.

The least energy gap is found to be 3.987 eV in 2, while
highest energy gap value 4.273 eV is observed in 1. The
decreasing order of energy gap of studied compounds is:

1 > 3 > 2

The pictographic display of FMOs for 1, 2 and 3 is pre-
sented in Figs. 4–6 respectively. Figs. 4–6 point out that
HOMOs in 1, 2 and 3 are populated over entire molecule.

On the other hand, LUMOs in 1 are concentrated over all
atoms and partially on quinoline ring in 2 and 3.

Energies of HOMO, LUMO and their energy gaps are fur-

ther used to describe the stability and reactivity of 1, 2 and 3 by
forecasting global reactivity descriptors [45–48]. Firstly, we
calculated the electronic affinity (A) and ionization potential
(I) in a vertical manner using Eqs. (2) and (3).

I ¼ EN�1
c � EN

o ð2Þ
A ¼ EN
o � ENþ1

A ð3Þ
In Eqs. (1) and (2), I = Ionization potential; A = Electron

affinity; EN�1
c = cation (Energy after losing one electron);

EN
o = Basal state energy (neutral); ENþ1

A = anion (energy after

gaining one electron). Hardness and electronegativity were

obtained using Eqs. (4) and (5).

g ¼ I�A

2
ð4Þ

X ¼ IþA

2
ð5Þ

To establish the charge transfer process, electrophilicity cal-
culations were performed which describe the relation among
energy variation and maximum electron transferred.

x ¼ l2

2g
ð6Þ

The donating or accepting ability of chemical species can be
described with the help of two descriptors. The donating and
accepting abilities of 1, 2 and 3 are calculated using Eqs. (7)

and (8) respectively.

x� ¼ 3IþAð Þ2
16 I�Að Þ ð7Þ

xþ ¼ Iþ 3Að Þ2
16 I�Að Þ ð8Þ

where x� =Electron donating capability; x+ = Electron

accepting capability. The softness value is calculated using
Eq. (9).

r ¼ 1

2g
ð9Þ

The results obtained from Eqs. (2)–(9) are presented in
Table 10.

Maximum ionization potential is found to be 8.04 in 1,
while lowest ionization potential is observed in 2 with 7.28 val-
ues. The decreasing order of ionization potential is observed to

be:

1 > 2 > 3



Table 10 Ionization potential (I), electron affinity (A), electronegativity (X), global hardness (g), chemical potential (l), global
electrophilicity (x), electron donor capability (x�), electron acceptor capability (x+) and global softness (r).

I A X g l x x- x+ r

1 8.04 0.96 4.50 3.54 �4.50 2.86 5.55 1.05 0.14

2 7.28 0.41 3.84 3.43 �3.84 2.15 4.50 0.65 0.14

3 7.41 0.40 3.90 3.50 �3.90 2.17 4.57 0.66 0.14
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A highest electron affinity value is found to be 0.96 in 1.
0.40 is the least value of electron affinity observed in 3. Since

ionization potential and electron affinity values are used to
describe the electron releasing and accepting capability of
molecules under investigation which are directly related to

the energy of HOMOs and LUMOs. Therefore, it is evident
in our studied systems too where order of ionization potential
and electron affinity exactly matches with energy of HOMOs

and LUMOs respectively. Overall, ionization potential values
are observed larger as compared to electron affinity values
describing the better electron donating capability of studied

molecules. Normally, a molecule with high energy gap is con-
sidered to be hard, non-reactive, stable and vice versa. This
postulate also holds in our studied systems where global hard-
ness values are found exactly in order of energy gap order

1 > 3 > 2.

Compound (1) contains the highest energy gap and global
hardness values. Similarly, 2 holds the least energy gap and

smallest hardness values among all studied compounds. A sim-
ilar trend is observed in case of electronegativity values of
studied compounds. Highest electronegativity value (4.50) is

found to be in 1, while lowest (3.84) is observed in 2. Value
of chemical potential is used to describe the reactivity and sta-
bility of the molecules under investigation. Molecules with

greater chemical potential values are considered less reactive,
more stable and vice versa. The increasing order of chemical
potential for all four compounds is:

1 l ¼ �4:50 eVð Þ½ � < 3 l ¼ �3:90 eVð Þ½ � < 2 l ¼ �3:84 eVð Þ½ �:
Global softness value of all studied compounds is found to

be same with 0.14 eV. These values are found 25.28, 24.5 and
25 times less than their respective global hardness values
respectively. The global electrophilicity (x), electron donor

capability (x�) and electron acceptor capability (x+) of all
studied compounds are also found in the following decreasing
order: 1 > 3 > 2.

Overall, the electron donating capability values are found
greater in magnitude as compared to electron accepting capa-
bility values. Since ionization potential and electron affinity

values represent the electron donating and accepting abilities
respectively. In our investigated systems, ionization potential
values are found much higher than their electron affinity val-
ues which strengthen the findings of greater electron donor
Table 11 The dipole moment (D) and computed dipole polarizabil

mx my mz m

1 �1.6125 0.4826 1.4421 2.2165

2 �1.2024 3.0710 �0.0186 3.2980

3 1.6579 2.7101 0.1736 3.1817
capability (x-) of investigated compounds as compared to elec-
tron acceptor capability (x+). The preceding results indicate

that all investigated molecules are chemically hard compounds
with greater kinetic stability and electron donating capability.

10. Nonlinear optical (NLO) properties

Exploration of NLO properties of organic materials is the hot
area of research recently. Due to ultrafast electronic responses

and less dielectric constants, organic NLO materials are get-
ting impressive consideration in various optoelectronic appli-
cations. Presence of large delocalization of electrons and

intramolecular charge transfer (ICT) in organic materials
extend their uses to optical fiber telecommunication sector.
NLO character instigates due to non-centrosymmetric nature

and architecture of the molecules. This can be achieved by
positioning of appropriate donor-acceptor units and alteration
of p-conjugation length [49–51]. NLO properties of 1, 2 and 3

are investigated in combination of B3LYP level of theory and

6311 + G(2d,p) basis set. Average polarizability (a) is esti-
mated by considering the diagonal elements of the Eq. (10).

hai ¼ 1=3ðaxx þ ayy þ azzÞ ð10Þ
First hyperpolarizability (btot) and second hyperpolarizabil-

ity ch i are calculated using following Eqs. (11) and (12) by con-

sidering the x, y and z-direction tensors.

btot ¼ bxxx þ bxyy þ bxzz

� �2 þ byyy þ bxxy þ byzz

� �2h

þ bzzz þ bxxz þ byyz

� �2i1=2 ð11Þ

h� i ¼ 1

5
� xxxx þ � yyyy þ � zzzz þ 2 � xxyy þ � yyzz þ � xxzz

� �� �

ð12Þ
The calculated results for dipole moments and linear polar-

izabilities of 1, 2 and 3 are depicted in Table 11, while results of

first hyperpolarizability (second order NLO; btot) and second
hyperpolarizability are presented in Tables 12 and 13 corre-
spondingly. In our studied molecules, comparative study of

dipole moment describes the distribution of charges in differ-
ent directions. Compound (2) with a dipole moment value of
3.2980 D is the largest computed dipole moment among all
ities for 1, 2 and 3.

axx ayy azz atotal (a.u)

389.65 195.59 118.89 234.71

408.60 201.41 124.87 244.96

441.72 246.26 159.46 282.48



Table 12 The computed first hyperpolarizability/second order NLO (a.u.) for 1, 2 and 3.

bxxx bxxy bxyy byyy bxxz byyz bxzz byzz bzzz btot (a.u)

1 2315.14 �146.415 �76.5478 46.8009 19.1004 �4.25875 �74.8029 6.74514 48.7214 2166.71

2 2967.12 �14.9805 �5.75494 4.94261 �10.7179 15.8083 �1.56733 9.74826 �41.1794 2960.02

3 �1770.49 372.634 25.8754 72.6179 �47.3759 �20.9111 �19.8578 38.7229 2.10436 1830.84

Table 13 The second hyperpolarizability values for 1, 2 and 3.

cxxxx cyyyy czzzz cxxzz czzxx cyyzz hci
(a.u.)

1 �9109.32 �931.403 �240.621 �1773.75 �1665.04 �198.216 �11736.1

2 �8656.66 �961.258 �246.156 �1700.97 �1764.68 �205.358 �11332.4

3 �13968.7 �1423.842 �399.146 �2681.42 �2681.85 �309.810 �18060.9
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studied compounds. Lowest value of computed dipole moment
is found to be 2.2165 D in 1. Overall, dipole moment is found

to be in following decreasing order: 2 > 3 > 1.
In literature, urea molecule is widely found as a standard

for comparison of dipole moment and first hyperpolarizability

values. Dipole moment of all molecules is found to be greater
than the urea molecule dipole moment (1.3732 D) [52]. Com-
pounds 1, 2 and 3 are found to be with 1.61, 2.40 and 2.32

times greater than the urea molecule dipole moment value
respectively. In case of linear polarizability, the results of
polarizability tensors along x, y and z directions indicate that
x-axis polarizability tensor is dominant among all tensors

and contributed well in total linear polarizability values.
Among all studied compounds, compound with largest linear
polarizability value is 3 with total dipole polarizability value

of 282.48 a.u. On the other hand, least dipole polarizability
value 234.71 a.u is noticed in 1. The decreasing order of total
linear polarizability value is: 3> 2 > 1.

The values of btot along with its nine contributing tensors
along x, y, and z-directions are presented in Table 12. Results
reveal that transition which made dominant contribution for
calculation of btot are found along x-axis direction with posi-

tive value in 1–2 and negative value in 3. Highest btot value
among 1–3 is observed to be with 2960.02 (a.u) value in 2. This
highest value results due to the highest contribution of x-axis

transition among three compounds. On the other hand, least
value of btot is noticed 1830.84 (a.u) in 3 due to least contribu-
tion of dominant x-axis transition among three investigated

compounds. The order of btot for investigated compounds 1–
3 is found to be in following decreasing order: 2> 1 > 3.

For comparative NLO analysis, we further compared our

results with reference urea molecule urea molecule (btot
(urea) = 43 a.u) [52]. The btot values of all compounds are
found greater than the urea molecule. The btot values of 1, 2
and 3 are computed 50.39, 68.84 and 42.58 times greater than

the urea molecule respectively.
The second hyperpolarizability values along x direction are

found to be �9109.32 a.u. �8656.66 a.u. and �13968.7 a.u. in

1, 2 and 3 respectively, which are larger than their y and z
directions hyperpolarizability tensors (see Table 13). Total sec-
ond hyperpolarizability value is found to be maximum

�11332.4 a.u. in 2, while lowest with �18060.9 a.u. value in
3. The decreasing order of btot observed in investigated com-
pounds is: 2 > 1 > 3.

On the basis of the complex sum-over-states (SOS) expres-
sion, two-state model was formulated by Oudar and Chemla
[53] which has been exercised in our study to further reinforce

our NLO results. The expression for this model is represented
in Eq. (13) which describes the relation between first hyperpo-
larizability value and charge transfer transitions.

b ¼ Dlgmfgm

E3
gm

ð13Þ

From this equation, it can be seen that there is a direct rela-
tion of first hyperpolarizability (b) with product of ground
state-excited state transition moment (Dlgm) and oscillator

strength (fgm); while inverse relation with cube of the transition

energy (E3
gmÞ. From Eq. (13), it is evident that the large fgm

value and small (E3
gmÞ results in large b value. The values of

fgm and E3
gm for 1, 2 and 3 are given in Table 8. Due to same

general architecture of compounds 1–3, there is not much dif-
ference in the transition dipole moment, thus considered as
constant. The value of fgm for investigated compounds is also

found almost same. Therefore, only E3
gm is the decisive factor

for the determination of b value. E3
gm values of 1, 2 and 3 is

found to be 3.6376, 3.5643 and 3.7961 eV respectively, which
results in larger b value of 2 and smaller b value of 3. The order

of E3
gm (2 < 1< 3) correspond nicely with the reverse order of

b (2 > 1 > 3). Thus, two–state model also validate the conclu-
sion of larger NLO response of investigated compounds. In a

nutshell, urea molecule comparative analysis and two-state
model proposed that investigated molecules are excellent
NLO candidates and may have prospective uses in the technol-

ogy related applications.

11. Conclusions

In the present study, we report the synthesis of three novel ary-
lated quinolines derivatives 1, 2 and 3 employing Pd catalyzed
Suzuki–Miyaura cross-coupling reaction. The chemical struc-

tures of all compounds were resolved employing different ana-
lytical techniques like 1H-NMR, FT-IR, UV–Vis, EIMS,
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elemental analysis and finally confirmed by single crystal X-ray
diffraction analysis. The crystal structures of all studied com-
pounds exhibited monoclinic shape with P21/c space groups.

Geometrical parameters (bond length and bond angles) of all
compounds obtained from crystal structures are agreed well
with the DFT optimized geometric parameters. The experi-

mental FT-IR spectra were also well reproduced by the DFT
calculations. The UV–Vis analysis indicated the red shift of
absorption band in 2 as compared to 1, 3 and reveal the occur-

rence of maximum excitations from p ? p* excitations. NBO
calculation indicated the occurrence of intra-molecular charge
transfer in all compounds, hence enormous molecular stability
owing to hyperconjugative interactions. The energies of

HOMO and LUMO were utilized to examine the charge trans-
fer. Energy of FMO was used to calculate global reactivity
descriptors which indicate that synthesized molecules are

chemically hard compounds with greater kinetic stability and
electron donating capability. Global hardness values of all
compounds were found to be 25 times greater than respective

global softness value. NLO properties were found to be in the
range 1830–2960 a.u and order of 2> 1> 3. Urea molecule
comparative analysis and two-state model confirmed that syn-

thesized molecules are excellent NLO candidates and may have
prospective uses in the technology related applications.
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