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a b s t r a c t

The challenge of increasing solar cell production in our life face with respect to the quality, efficiency, and
environmental (eco-friendly) demand continuous improvement in solar cell study. Solar cells have
emerged as powerful techniques for satisfying the increasing energy demand. One of the successful
attitudes adopted in this field is using perovskite materials, which provide a cheap approach to be widely
used in fabricating solar cells. For this reason, we focus in our work on enhancing the quality of
perovskite materials in order to increase its efficiency towards light absorption and increase its photo-
voltaic behavior. Herein, different azacoumarin additives were prepared using a series of Spiro-indolone
moieties and their structures were confirmed using Fourier transform infrared (FT-IR) spectroscopy and
proton nuclear magnetic resonance (1H-NMR). The prepared compounds have been subjected to
quantum chemical calculations to investigate the molecular orbital parameters and to study their
quantitative structureeactivity and structureeproperty relationships. The obtained results have indi-
cated that these compounds are promising in the field of dye-sensitized solar cells. More interestingly,
these compounds have proven to be effective as antioxidants for lubricating oils. All these claims have
been confirmed by experimental evidences.

© 2019 Published by Elsevier B.V.
1. Introduction

The development of lubricants has become a fundamental part
of the development of machinery and its corresponding technolo-
gies. It is irrevocable and interdisciplinary linked to numerous
fields of expertise and without this interdisciplinary aspect, lubri-
cant improvements and applications would fail to achieve success
[1]. Additives are synthetic chemicals used to improve different
lubricant parameters, they can boost existing properties, reduce
adverse characteristics, or introduce new properties in the base oil
They can be added to base oils at percentage levels up to 5e30% of
total weight [2]. The lubricating oils consist of hydrocarbons with
(C20eC70) carbon atoms. At higher temperature, these hydrocar-
bons are oxidized to form alcohols, acids, aldehydes, esters, ketones
and peroxides. All these compounds form the solid asphaltic
k).
materials. For this reason, the addition of antioxidants is necessary
to all base stock oils to minimize the formation of such compounds
[3]. Most of heterocyclic compounds containing active elements
such as S, P, O and N which has compact structure possess anti-
oxidant, anticorrosion and anti-wear properties [4] Strong inter-
action between additive molecules and metal surfaces is an
essential requirement for excellent tribological performance [5].
Organic molecules usually promote the formation of a chelate
compound on the metal surface by donating electrons to the latter.
In this regard, the metal acts as an electrophile and the hetero-
atoms of the organic additives, rich in lone pairs of electrons, act
as nucleophiles and thus coordinate covalent bonds are formed [6].

Bulk Heterojunction (BHJ) organic solar cell using solution-
processed small molecules as donors have contained within the
relatively simple synthesis and purification, well-defined struc-
tures, non-toxins, high charge carrier mobility and less batch-to
batch variation [7,8]. The power conversion efficiencies (PCEs) of
solar cells using small molecules as donors have exceeded 20% as
ideal candidates for solution-processed organic solar cells [9].
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Solution-processed organic solar cells have been broadly investi-
gated due to their unique features, such as light weight, mechanical
elasticity, large area handling and engineering low-cost. A signifi-
cant increase in expedient performance has attained via use of
solid-state hole transport materials, for example, 2,2,7,7-tetra-kis-
(N, N-di-4-methoxyphenylamino)-9,9-spirobifuorene more
commonly referred to in the literature as Spiro-OMe-TAD [10,11].
The PCE solid state has flown from 9.7% in 2012 to 22.1% in 2017
[12]. Despite the simplicity of the original Perovskite crystal
structures, this family of compounds shows an enormous variety of
structural modifications and variants of magnetic and electric
properties due to it contain magnetic properties “colossal magne-
toresistance” which means their electrical resistance can be
changed in the presence of the magnetic field, some perovskite
structures can be used as the superconductors, where a material
can conduct electricity with no resistance, such as LaGaO3, PrGaO3
and NdGaO3 [12,13]. Finally, ionic conductors, which mean atoms
inside the structure, can move around without the whole thing
falling apart. This is particularly useful for fabrications energy,
materials such as solar cells and batteries.

DFT method is among the best commonly used computational
methodologies for predicting the chemical reactivity of molecules
and solids. It is an efficient approach that can be effective to provide
insights into the chemical reactivity of organic compounds [14].
DFT uses a quantum methodology with a relatively small machine
time and good accuracy, and this is because instead of using the
whole system’ s electrons, it uses only the electron density of the
molecule [15].

In the present work, different Azacoumarin additives were
prepared and it was allowed to react with a series of Spiro-indolone
moieties afforded the grades of dye. The efficiency of the prepared
compounds as antioxidants additive for lubricating oil was inves-
tigated. Moreover, enhance the quality of perovskite materials in
order to increase its efficiency of absorption of wavelength and
increase its photovoltaic behavior.

2. Material and methods

2.1. Synthetic procedures

All melting points are corrected and determined on a Stuart
electric melting point apparatus (Microanalytical center, Ain shams
university, Cairo, Egypt). Elemental analyses were carried out by
Elementary Viro El-Microanalysis at the Micro-Analytical Center,
National Research Center, Egypt. IR spectra (KBr) were recorded on
infrared spectrometer FT-IR 400D (New York, NY, USA) using
OMNIC program and are reported wave number of absorptions in
terms of cm�1 and 1H-NMR spectra recorded on a Bruker spectro-
photometer (Rheinstetten, Germany) at 400MHz using TMS as
internal standard and with residual signals of the deuterated sol-
vent d 2.51 ppm for DMSO‑d6. Homogeneity of all synthesized
compounds was checked by TLC.

3,4-Dichlorophenyl-4′-phenyl-1′-methyl-spiro[indoline-
3,2′-pyrrolidin]-3′yl) methanone (1a). Recrystallized from
toluene, colorless solid, 65% (r.t.), m.p. 202e204 �C; IR (KBr), y,
cm�1: 3370, 3323(NH), 3052 (CHAr), 1692, 1670 (C]O) cm�1; 1H
NMR (400MHz, DMSO‑d6), d, ppm, (J, Hz): 2.18 (3H, s, NCH3),
2.84e2.93 (2H, m, CH2), 3.7 (1H, q, J¼ 8.4 Hz, CHPh), 4.23 (1H, d,
J¼ 8.4 Hz, CHCOAr), 7.36 (3H, dd, J¼ 8.4 Hz, 3,4,5-CH(Ph)), 7.40 (2H,
s, 1,4-CH (indol)), 7.41 (2H, d, 2,3-CHindol), 7.43 (2H, dd, J¼ 8.4 Hz,
2,6-CH (Ph)), 7.52e7.50 (1H, dd, J¼ 8.4 Hz, 5-CH(Cl2ph)), 7.72e7.69
(1H, dd, J¼ 9.2 Hz, 6-CH(Cl2ph)), 7.84e7.92 (1H, d, J¼ 9.2 Hz, 2-
CH(Cl2ph)), 10.45 (1H, s, 1-NH); found, %: C 66.54, H 4.45, Cl
15.70, N 6.20 for C25H20Сl2N2O2 (450). Calculated,%: C 66.53, H 4.47,
Cl 15.71, N 6.21.
4-Bromophenyl-4'-(4-chlorophenyl)-1′-methyl-spiro[indo-
line-3,2′-pyrrolidin]-3′yl-methanone (1b). Recrystallized from
toluene, colorless solid, 72% (r.t.), m.p.206e208 �C; IR (KBr), y,
cm�1: 3354, 3270(NH), 3052 (CHAr), 1692, 1669 (C]O) cm�1; 1H
NMR (400MHz, DMSO‑d6), d, ppm, (J, Hz): 2.18 (3H, s, NCH3),
2.94e2.98 (2H, m, CH2), 3.37 (1H, q, J¼ 8.4 Hz, CH(ClPh)), 4.23 (1H,
d, J¼ 8.4 Hz, CHCO(BrPh)), 7.21 (2H, dd, J¼ 8.1 Hz, 5-2,6-CH(ClPh)),
7.36 (2H, d, J¼ 8.4 Hz, 3,5-CH(ClPh)), 7.40 (2H, s, 1,4-CH (indol)),
7.41 (2H, d, 2,3-CHindol), 7.52e7.50 (2H, dd, J¼ 9.2 Hz, 2,6-
CH(Brph)), 7.72e7.69 (2H, dd, J¼ 9.2 Hz, 3,5-CH(Brph)), 10.45 (1H,
s, 1-NH); found, %: C 60.55, H 4.05, Br 16.10, Cl 7.14, N 5.63 for
C25H20BrСlN2O2 (494). Calculated, %: C 60.56, H 4.07, Br 16.12, Cl
7.15, N 5.65.

(4'-(4-Chlorophenyl)-1′-methyl-spiro[indoline-3,2′-pyrroli-
din]-3′yl) (3,4-dimethyl phenyl) methanone (1c). Recrystallized
from toluene, colorless solid, 57% (r.t.), m.p.194e196 �C; IR (KBr), y,
cm�1: 3322, 3198(NH), 3052 (CHAr), 1690, 1667 (C]O) cm�1; 1H
NMR (400MHz, DMSO‑d6), d, ppm, (J, Hz): 2.02 (6H, s, 2CH3(Ph)),
2.18 (3H, s, NCH3), 2.84e2.93 (2H, m, CH2), 2.97 (1H, q, J¼ 8.4 Hz,
CH(ClPh)), 4.13 (1H, d, J¼ 8.4 Hz, CHCOAr), 6.91 (1H, d, J¼ 8.1 Hz, 5-
CH(Ar)), 7.36 (1H, s, 2-CH(Ar)), 7.40 (2H, s, 1,4-CH (indol)), 7.41 (2H,
d, 2,3-CHindol), 7.43 (1H, s, 6-CH(Ar)), 7.52e7.50 (2H, dd, J¼ 8.4 Hz,
2,6-CH(Clph)), 7.72e7.69 (2H, dd, J¼ 9.2 Hz, 3,5-CH(Clph)), 10.45
(1H, s, 1-NH); found, %: C 72.86, H 5.64, Cl 7.94, N 6.27 for
C27H25ClN2O2 (444). Calculated, %: C 72.88, H 5.66, Cl 7.97, N 6.30.

N-(4-(4'-(4-Chlorophenyl-1′-methyl-spiro[indoline-3,2′-pyr-
rolidin]-3′-carbonyl) phenyl) acetamide (1d) Recrystallized from
toluene, colorless solid, 40% (r.t.), m.p.210e212 �C; IR (KBr), y, cm�1:
3348, 3280(NH), 3050 (CHAr), 1691, 1669 (C]O) cm�1; 1H NMR
(400MHz, DMSO‑d6), d, ppm, (J, Hz): 2.18 (3H, s, NCH3), 2.33(3H, s,
CH3CO), 2.84e2.95 (2H, m, CH2N), 2.99e3.02 (1H, q, J¼ 8.4 Hz,
CH(ClPh)), 3.92e4.02 (1H, d, J¼ 8.4 Hz, CHCOAr), 6.91e6.97 (2H, d,
J¼ 8.1 Hz, 2,6-CH(Ar)), 7.16 (2H, dd, J¼ 8.4 Hz, 3,5-CH(Ar)), 7.40
(2H, s, 1,4-CH (indol)), 7.41 (2H, d, 2,3-CHindol), 7.43 (2H, dd,
J¼ 8.4 Hz, 3,5-CH(ClPh)), 7.72e7.69 (2H, dd, J¼ 9.2 Hz, 2,6-
CH(Clph)), 10.45 (1H, s, 1-NH), 10.72(1H, s, NHacet); found,%: C
68.43, H 5.09, Cl 7.50, N 8.85 for C27H24СlN3O3 (473). Calculated, %:
C 68.42, H 5.10, Cl 7.48, N 8.87.

N-(4-(1′-Methyl-4'-(4-nitrophenyl-spiro[indoline-3,2′-pyrro-
lidin]-3′-carbonyl) phenyl) acetamide (1e). Recrystallized from
toluene, off white solid, 64% (r.t.), m.p. 236e238 �C; IR (KBr), y,
cm�1: 3349, 3317(NH), 3052 (CHAr), 1695, 1671 (C]O) cm�1; 1H
NMR (400MHz, DMSO‑d6), d, ppm, (J, Hz): 2.18 (3H, s, NCH3),
2.31(3H, s, CH3CO), 2.78e2.83 (2H, m, CH2N), 4.01 (1H, q, J¼ 8.4 Hz,
CH(PhNO2), 4.13 (1H, d, J¼ 8.4 Hz, CHCOAr), 6.96 (1H, d, J¼ 8.1 Hz,
2,6-CHAr), 7.16 (2H, d, J¼ 8.4 Hz, 3,5-CHAr), 7.40 (2H, s, 1,4-CH
(indol)), 7.41 (2H, d, 2,3-CHindol), 7.43 (2H, dd, J¼ 8.4 Hz, 3,5-CH
(NO2Ph)), 7.72e7.69 (2H, dd, J¼ 9.2 Hz, 2,6-(CHPh)), 10.45 (1H, s,
1-NH),10.74(1H, s, NHwhich exchange in D2O); found, %: C 66.90, H
4.98, N 11.55 for C27H24N4O5 (484). Calculated, %: C 66.93, H 4.99, N
11.56.

7-(3′-Benzoyl-4'-(3,4-dichlorophenyl)-1′-methylspiro
[indole-3,2′-pyrrolidin]-2-yl) oxy)-4-phenyl-2H-chromen-2-one
(2). Recrystallized from toluene, colorless solid, 65% (r.t.), m.p.
202e204 �C; IR (KBr), y, cm�1: 3370, 3323(NH), 3052 (CHAr), 1692,
1670 (C]O) cm�1; 1H NMR (400MHz, DMSO‑d6), d, ppm, (J, Hz):
2.18 (3H, s, NCH3), 2.84e2.93 (2H, m, CH2), 3.7 (1H, q, J¼ 8.4 Hz,
CHPh), 4.23 (1H, d, J¼ 8.4 Hz, CHCOAr), 7.36 (3H, dd, J¼ 8.4 Hz,
3,4,5-CH(Ph)), 7.40 (2H, s, 1,4-CH (indol)), 7.41 (2H, d, 2,3-CHindol),
7.43 (2H, dd, J¼ 8.4 Hz, 2,6-CH (Ph)), 7.52e7.50 (1H, dd, J¼ 8.4 Hz,
5-CH(Cl2ph)), 7.72e7.69 (1H, dd, J¼ 9.2 Hz, 6-CH(Cl2ph)), 7.84e7.92
(1H, d, J¼ 9.2 Hz, 2-CH(Cl2ph)), 10.45 (1H, s, 1-NH); found, %: C
66.54, H 4.45, Cl 15.70, N 6.20 for C25H20Сl2N2O2 (450). Calcu-
lated,%: C 66.53, H 4.47, Cl 15.71, N 6.21.

7-(4'-(4-Bromophenyl)-3'-(4-chlorobenzoyl)-1′-methylspiro
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[indole-3,2′-pyrrolidin] -2-yl) oxy)-4-phenyl-2H-chromen-2-
one (3). Recrystallized from toluene, colorless solid, 72% (r.t.),
m.p.206e208 �C; IR (KBr), y, cm�1: 3354, 3270(NH), 3052 (CHAr),
1692, 1669 (C]O) cm�1; 1H NMR (400MHz, DMSO‑d6), d, ppm, (J,
Hz): 2.18 (3H, s, NCH3), 2.94e2.98 (2H, m, CH2), 3.37 (1H, q,
J¼ 8.4 Hz, CH(ClPh)), 4.23 (1H, d, J¼ 8.4 Hz, CHCO(BrPh)), 7.21 (2H,
dd, J¼ 8.1 Hz, 5-2,6-CH(ClPh)), 7.36 (2H, d, J¼ 8.4 Hz, 3,5-CH(ClPh)),
7.40 (2H, s, 1,4-CH (indol)), 7.41 (2H, d, 2,3-CHindol), 7.52e7.50 (2H,
dd, J¼ 9.2 Hz, 2,6-CH(Brph)), 7.72e7.69 (2H, dd, J¼ 9.2 Hz, 3,5-
CH(Brph)), 10.45 (1H, s, 1-NH); found, %: C 60.55, H 4.05, Br 16.10,
Cl 7.14, N 5.63 for C25H20BrСlN2O2 (494). Calculated, %: C 60.56, H
4.07, Br 16.12, Cl 7.15, N 5.65.

7-(3'-(4-chlorobenzoyl)-4'-(3,4-dimethylphenyl)-1′-methyl-
spiro[indole-3,2′-pyrrolidin]-2-yl) oxy)-4-phenyl-2H-chromen-
2-one (4). Recrystallized from toluene, colorless solid, 57% (r.t.),
m.p.194e196 �C; IR (KBr), y, cm�1: 3322, 3198(NH), 3052 (CHAr),
1690, 1667 (C]O) cm�1; 1H NMR (400MHz, DMSO‑d6), d, ppm, (J,
Hz): 2.02 (6H, s, 2CH3(Ph)), 2.18 (3H, s, NCH3), 2.84e2.93 (2H, m,
CH2), 2.97 (1H, q, J¼ 8.4 Hz, CH(ClPh)), 4.13 (1H, d, J¼ 8.4 Hz,
CHCOAr), 6.91 (1H, d, J¼ 8.1 Hz, 5-CH(Ar)), 7.36 (1H, s, 2-CH(Ar)),
7.40 (2H, s, 1,4-CH (indol)), 7.41 (2H, d, 2,3-CHindol), 7.43 (1H, s, 6-
CH(Ar)), 7.52e7.50 (2H, dd, J¼ 8.4 Hz, 2,6-CH(Clph)), 7.72e7.69 (2H,
dd, J¼ 9.2 Hz, 3,5-CH(Clph)), 10.45 (1H, s, 1-NH); found, %: C 72.86,
H 5.64, Cl 7.94, N 6.27 for C27H25ClN2O2 (444). Calculated, %: C
72.88, H 5.66, Cl 7.97, N 6.30.

7-(4'-(4-Acetylaminophenyl)-3'-(4-chlorobenzoyl)- 1′-meth-
ylspiro[indole-3,2′-pyrrolidin]-2-yl)oxy)-4-phenyl-2H-chro-
men-2-one (5) Recrystallized from toluene, colorless solid, 40%
(r.t.), m.p.210e212 �C; IR (KBr), y, cm�1: 3348, 3280(NH), 3050
(CHAr), 1691, 1669 (C]O) cm�1; 1H NMR (400MHz, DMSO‑d6), d,
ppm, (J, Hz): 2.18 (3H, s, NCH3), 2.33(3H, s, CH3CO), 2.84e2.95 (2H,
m, CH2N), 2.99e3.02 (1H, q, J¼ 8.4 Hz, CH(ClPh)), 3.92e4.02 (1H, d,
J¼ 8.4 Hz, CHCOAr), 6.91e6.97 (2H, d, J¼ 8.1 Hz, 2,6-CH(Ar)), 7.16
(2H, dd, J¼ 8.4 Hz, 3,5-CH(Ar)), 7.40 (2H, s, 1,4-CH (indol)), 7.41 (2H,
d, 2,3-CHindol), 7.43 (2H, dd, J¼ 8.4 Hz, 3,5-CH(ClPh)), 7.72e7.69
(2H, dd, J¼ 9.2 Hz, 2,6-CH(Clph)), 10.45 (1H, s, 1-NH), 10.72(1H, s,
NHacet); found,%: C 68.43, H 5.09, Cl 7.50, N 8.85 for C27H24СlN3O3
(473). Calculated, %: C 68.42, H 5.10, Cl 7.48, N 8.87.

7-(4'-(4-Acetylaminophenyl)-3'-(4-nitrobenzoyl)-1′-methyl-
spiro[indole-3,2′-pyrrolidin]-2-yl) oxy)-4-phenyl-2H-chromen-
2-one (6). Recrystallized from toluene, off white solid, 64% (r.t.),
m.p. 236e238 �C; IR (KBr), y, cm�1: 3349, 3317(NH), 3052 (CHAr),
1695, 1671 (C]O) cm�1; 1H NMR (400MHz, DMSO‑d6), d, ppm, (J,
Hz): 2.18 (3H, s, NCH3), 2.31(3H, s, CH3CO), 2.78e2.83 (2H, m,
CH2N), 4.01 (1H, q, J¼ 8.4 Hz, CH(PhNO2), 4.13 (1H, d, J¼ 8.4 Hz,
CHCOAr), 6.96 (1H, d, J¼ 8.1 Hz, 2,6-CHAr), 7.16 (2H, d, J¼ 8.4 Hz,
3,5-CHAr), 7.40 (2H, s,1,4-CH (indol)), 7.41 (2H, d, 2,3-CHindol), 7.43
(2H, dd, J¼ 8.4 Hz, 3,5-CH (NO2Ph)), 7.72e7.69 (2H, dd, J¼ 9.2 Hz,
2,6-(CHPh)), 10.45 (1H, s, 1-NH), 10.74(1H, s, NH which exchange in
D2O); found, %: C 66.90, H 4.98, N 11.55 for C27H24N4O5 (484).
Calculated, %: C 66.93, H 4.99, N 11.56.

2.2. Oxidation stability study

The physicochemical properties of the delivered base stock oil
were carried out according to ASTM standard test methods. The
results were tabulated in Table 2. The oxidation test was carried out
according to ASTMD-943 standard method. The oxidation cell in
the static mode contained 200ml base stock, and iron and copper
wires as catalysts. The base stock samplewas subjected to oxidation
at 120 �C with pure oxygen (99.95%) at a flow rate of 0.1 L/hour for
maximum 96 h. The characterized compounds were added with
different concentrations (200, 400 and 500 ppm). The oil samples
were examined (after 24, 48, 72 and 96 h, respectively) change in
total acid number (TAN).
2.3. Molecular polarizability

The molecular polarizability ap is obtained from the equation of
Clausius and Mossotti resp. which take the form

ap ¼
�
n2 � 1
n2 þ 2

��
3
20M
NAr

�
(1)

The Lorentz-Lorenz formula describes the dependence of the
refractive index n on the density r, the molar mass M and of the
medium. NA denotes Avogadro's number and ε0 the vacuum
permittivity.

2.4. Calculation details

DMol3 module in Materials Studio 6.0 (MS6.0) software from
Accelrys, Inc., was employed to perform the DFT calculations using
Pardew and Wang LDA exchange-correlation functional and DND
basis set. The calculated parameters involved the Frontier molec-
ular orbitals, dipole moment, Fukui indices and Mullikan atomic
charges. Frontier molecular orbitals for each molecule include the
highest occupied molecular orbital (HOMO) and the lowest unoc-
cupied molecular orbital (LUMO). Molecular dynamics (MD)
simulation was carried out to illustrate the adsorption of the
studied molecules on the surface of Pb (110) at the molecular level
using for citing Module and Compass forcefield in MS6.0 software.
The crystals of perovskite adsorbent were constrained to avoid the
disturbance of its atoms throughout the simulation process. Tem-
perature was fixed at 298 K, with NVE (microcanonical) ensemble,
with a time step of 1 fs and a simulation time of 5 ps. The calculated
binding energy (E bind), expressing the interaction between each
molecule and Pb surface, was calculated using the following
equation:

E binding ¼ E tot � ðE sorbent þ E sorbateÞ (1a)

where E tot represents the total energy of the most stable config-
uration of each molecule of dye over perovskite. E sorbent and E
sorbate represent the energies of individual perovskite surface and
unbound molecules, respectively.

3. Results and discussion

3.1. Chemistry

High performance perovskite solar cells (PVSCs) have described
with both meso-porous structures and planar heterojunction
buildings with power conversion efficiency (PCE) over 15% [16e20].
Mesoporous structure devices usually require high temperature
(over 450 �C) processing, which hinders their applications on
typical glass or polymer substrates [21]. While the planar structure
devices, which employ organic semiconductors as hole and elec-
tron transporting layer, can be fabricated at low temperature, of-
fering a wide choice of substrates, electrodes and interfacial
materials [22]. One-step spin-coating, two-step sequential depo-
sition [23] and vapor-assisted solution process [24], have been
developed for preparing perovskite films. Both one-step, spin-
coating and two-step sequential deposition are all-solution-
processes, which are compatible for large scale, cost-effective
manufacturing. In the simple one-step, spin-coating method, a
metal halide (lead iodide (PbI2) or lead chloride (PbCl2)) is dissolved
with methylammonium iodide (MAI) in a polar solvent (such as
dimethylformamide (DMF)) as the precursor solution. This solution
is then spin-casted onto the substrate, followed by thermal
annealing to form the perovskite layer. Nevertheless, discontinuous



Table 1
Three-component synthesis of spirooxindoles 1a-e.

Entry Compounds R1 R2 R3 R4 Reflux Reaction in
(r.t.)

time yield% time Yield%

1 1a H Cl Cl H 1 h 37 11 h 65
2 1b H H Br Cl 1 h 50 8 h 72
3 1c H CH3 CH3 Cl 3 h 25 12 h 57
4 1d NO2 H NHCOCH3 Cl 1 h 34 5 h 40
5 1e H H NHCOCH3 NO2 1 h 40 4 h 64
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perovskite films with pinholes are usually obtained, leading to
current leakage and limiting the device performance [25]. Besides,
relatively long annealing time (typically 1e2 h) is required for the
formation of perovskite [26]. In the two-step sequential method,
PbI2 solution is first spin-casted onto the substrate, followed by
dipping into or spin-coatingMAI solution to produce the perovskite
layer. Although this two-step method provides better control over
the film morphology, a porous scaffold is needed for the complete
transformation of PbI2 into perovskite layer. Incomplete conversion
of PbI2 usually exists in planar structure, which causes problem in
device reproducibility [27]. To achieve better performance, many
different approaches have been developed to further improve the
quality of the perovskite films, adding various additives [28]. The
purpose of the present work is to investigate photovoltaic proper-
ties and microstructures of photovoltaic devices with perovskite-
type (CH3NH3Pb)x (organic dye)1-x compounds, which were pre-
pared by a simple spin-coating technique in air [29]. The multi-
component 1,3-dipolar cycloaddition (MCDC) of azomethine ylides,
generated in situ via decarboxylative condensation of isatin and a-
amino acids with olefinic and acetylenic dipolarophiles, represents
a key approach for the Regio specific construction of a variety of
Spiro-oxindoles (Schemes 1 and 2). This route has become signifi-
cant in combinatorial chemistry due to its process simplicity, mild
conditions, atomic economy and the extension of the scope of
Scheme 1. Outline Regiospecific cycloaddition reaction of isatin, s

Scheme 2. Outline the mechanistic react
substrates. The three-component condensation of equimolar
amounts of isatin, sarcosine and chalcones in boiling aqueous
methanol (1:3) afforded the Spiro oxindoles 1a-e in moderate to
excellent yields (Table 1). Spiro-oxindoles 1a-e were exclusively
formed and all newly cyclo-adducts were obtained by the above
method were characterized by 1H NMR and elemental analyses
[28]. The regiochemical outcome of the cycloaddition was unam-
biguously confirmed by 1H-NMR and 13C-NMR [30]. Since the ste-
reochemistry of the cycloadducts 1e was clarified by a single-
crystal X-ray analysis, and the mechanism of the azomethine
ylide formation by a decarboxylative route has been repeatedly
described [31e33] (Scheme 2). The Spiro-oxindole derivatives 1a-e
acrosine, and aroylacrylic or chalcones via simple 1,3-dipolar.

ion of 1,3-dipolar and dipolarophile.



Table 2
Physicochemical characteristics of the base stock.

TEST Test method Result

Density At 15.5 �C, g/L ASTM D e 4052 0.8916
Pour Point, 0C ASTM D - 97 �3
Viscosity 40 �C ASTM D - 445 170.5

100 �C ASTM D - 445 15.03
Viscosity Index (VI) ASTM D - 2270 86
Total Acid Number (TAN) ASTM D - 664 0.028
Sulfur Content, wt % ASTM D - 4294 0.59
Carbon Residue, wt % ASTM D - 524 0.7
Ash Content, wt % ASTM D - 482 0.004
Wax Content, wt % UOP 46 0.87
Copper Corrosion ASTM D-190 I a
Water Content, PPM ASTM D-1744 50
Flash point, 0C ASTM D-9 244
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were allowed to react with 7-hydroxy 4-phenyl-8-azacoumarin in
the presence of phosphorous oxy chloride afforded the Spiro-
Azacoumarin dye 2e6 (Schemes 3 and 4). Solution-processed
organic solar cells (OSCs) have been broadly considered due to
their unique features, such as light weight, mechanical flexibility,
large area coverage and low-cost manufacturing [34e36]. The
molecule exhibits good thermal stability and deep HOMO levels
(Fig. 1). Small molecule donors include relatively simple synthesis
and purification, well-defined structures, no end group contami-
nants, high charge Carrie mobility and less batch-to-batch variation
[37e39]. This molecule exhibits good thermal stability with a
decomposition temperature (5% weight loss) of 353 �C. The high
thermal stability of the SPCD prevents the deformation of the
molecule morphology and degradation of the active layer of small
molecular solar cells. The dye exhibits better light-harvesting
properties at wavelengths comparable to those of P3HT and an
energy cascade that is compatible with P3HT and PCBM for both
LUMO and HOMO energy levels. However, both the photocurrent
and cell efficiency increase with increasing Coumarin dye.
3.2. Evaluation of the prepared compounds as antioxidants

Oxidation is the most predominant reaction of lubricant in
service; it is responsible for several lubricant problems. These
problems, including increase in total acid number, varnish, sludge
and sediment formation, additive depletion. The data of the
oxidation of base stock shown in the Table 3 showed that without
adding additives, the total acid number increases from 0.028mg
KOH/g sample at room temperature to 0.94, 1.02, 1.20 and 2.02mg
KOH/g sample when thermally oxidized for 24, 48, 72 and 96 h
respectively. The addition of additives showed a noticeable
decrease in total acid numbers. The characterized compounds were
Scheme 3. Outline the chlorination reaction of spiroindoline
added with different concentrations (200, 400 and 500 ppm). The
data reveals that the most effective concentration in case of com-
pounds (dyes 2e6) is 200 ppm. The order of increasing inhibition
efficiency of Azacoumarin derivatives were ranked as follows:
Dye6>Dye5 >Dye 4>Dye3>Dye2 which were consistent with
order of higher efficiency.
3.3. Electro-optical properties

Physical properties of our material isotropic optical materials
such as cubic crystals and amorphous liquid or solids have only one
refractive index because the atoms are arranged in three-
dimensional symmetric way. In addition, the physical properties
are the same in different direction. Where atoms in anisotropic
materials are arranged in asymmetric way the physical property is
different in different directions. In our study our liquid dyes of
perovskite materials are isotropic material. The optical density

(refractive index) of these transparent media is n ¼ c
v ¼

ffiffiffiffiffiffiffiffiffi
m0 ε0
m ε

q
where, m0 ε0 are the vacuum permeability and permittivity and m ε

are the permeability and permittivity of the perovskite materials.
The relationship between the refractive index n and wavelength of
light l for a particular transparent material are obtained from
Cauchy's equation which take the form

nðlÞ ¼ aþ b

l2
(2)

Where, Cauchy's equation is an empirical relationship between
the refractive index n, wavelength of light l for a particular trans-
parent material and a,b are coefficient that can determined for
material by fitting the equation to measured the refractive index at
known wavelength (see Fig. 2). It is named for the mathematician
followed by reaction with coumarin to form the dye 2-6.



Scheme 4. Outline the chemical structure of Spiro-Azacoumarin dye (SACD).
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Augustin Louis Cauchy. Comparison of all refractive index [40]
(Tables 3 and 4; Figs. 3 and 4).

ap ¼
�
n2 � 1
n2 þ 2

��
3
ε0M
NA r

�
(3)

To describe the result of three relation of wavelength, absorp-
tion (Experimental results) and polarizability (theoretical by the
value of Mossotti equation). The following equation outline the Best
fitting is relates the Decca x of the power 10

Deðx; yÞ ¼ 15 � 2:7xþ 1:9� 10�7x10 þ 12:3y� 4xy

þ 0:00000125x9yþ 7y3 (4)

Fitting curve is made by mathematical program and the results
are given three dimensions of the two variable parameters
(wavelength l (x) and absorption a (y)). The best fitting of the
following equation shows high non-linearity depending on wave-
length and absorption (xy and x5y) of the higher order of power five
of thewavelength thatmeans the polarizability is depending on the
wavelength, absorption and multiple of absorption-wavelength.

The relation of wavelength, absorption and polarizability as
outline in three-dimensional relation in Fig. 4. The numerical result
gives a good approximation at x to the power 10 and non-linearity
depending xy and x5y. So, these parameters can be confirmed that
the sensitized Dyes 4, 5 and 6 are characterized in range the visible
light region and they are having good absorption and polarizability.
3.4. DFT-based characterization

Quantum chemistry methods and molecular modeling tech-
niques enable the definition of a large number of molecular orbital
(MO) descriptors characterizing, shape, the reactivity and binding
properties of a complete molecule as well as of molecular frag-
ments and substitutes [41]. Quantum chemical parameters calcu-
lations using density functional theory (DFT) method used for the
calculations of the synthesized additive compounds the data show
in Table 5. The high EHOMO are likely to indicate a strong tendency of
themolecule to donate electrons. Lowabsolute values of the energy
band gap (DE) gives good inhibition efficiencies because the energy
required to remove an electron from the last occupied orbital
(DE¼ ELUMOeEHOMO). The results obtained by Quantum chemical
parameters calculations using density functional theory (DFT)
method showed that, (Dye 6; DE¼ 0.26), (Dye 5;DE¼ 0.53), (Dye 4;
DE¼ 2.5), (Dye 3; DE¼ 2.19), (Dye 2; DE¼ 2.35). According to these
values, the efficiency order is as follows Dye6>Dye5 >Dye
4>Dye3>Dye2 which shows good correlation with the prediction
results obtained by quantum chemistry calculations and
experimental.

DFT-based quantum calculations can give insights into the
structural and electronic characteristics of organic molecules [42].
Herein, the parameters obtained from a DFT study performed for
Spiro-Azacoumarin derivatives are the energies of Frontier molec-
ular orbitals. HOMOs are the regions at which electrophilic attack
occurs, whereas the LUMO represent the sites of nucleophilic attack
[43]. The HOMO energy (EHOMO) is a parameter of a direct relation
to the ionization potential and its value expresses the susceptibility
of organic molecule towards attacks by electrophiles. Unlikely, the



Fig. 1. Outline the molecular orbital of the SACD.
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LUMO energy (ELUMO) refers to the electron affinity and its value
express the vulnerability of the molecule towards a nucleophilic
attack. To obtain these parameters, the molecule must be subjected
first to geometry optimization, and then these parameters are
calculated. The HOMO and LUMO distributions are displayed in
Fig. 4. Evidently, HOMOs are distributed over the Azacoumarin unit,
while LUMOs are focused on the indolone moiety, and this is
generally for the five compounds. Therefore, Spiro-oxindoline and
Azacoumarinmoieties are the most active centers in the studied for
electron transfer (either electron donation or acceptance of organic
compounds towards the interaction with metal surfaces. Com-
pounds having small DE values are generally referred to as soft
compounds, while those having large values are called hard com-
pounds. In general, soft compounds are more reactive towards
metal-additive interactions; being capable of donating electrons
easily to metal surface. Generally, for an organic material to interact
effectively with metal surface, it must contain heteroatoms rich in
non-bonded electrons (free lone pairs) and/or aromatic rings hav-
ing p-electrons. Heteroatoms and aromatic rings are the major
adsorption centers at which electron transfer occurs between the
additive and the metal during operating conditions. The synthe-
sized compounds under study are rich in O and N atoms containing
free lone pairs of electrons beside double bonds and aromatic rings
containing p-electrons. Low-gap-energy compounds generally
provide good interaction with perovskite surface because the en-
ergy required to remove an electron from the last occupied orbital
(HOMO) of the inhibitor will be minimized and it will be easy to
donate electrons to the metal. Moreover, such compounds require
less energy to be excited and give energy to Pb surface, and they can
be easily polarizable more than hard compounds. There are several
other various quantum chemical parameters that can help to pre-
dict the molecular characteristics of Dye additives such as ioniza-
tion potential (I), electron affinity (A), absolute electronegativity (c)
and absolute chemical hardness (h) be sure these arrange the
binding according Dye 2<Dye 4<Dye 3<Dye 5<Dye 6. c and h

are two quantities related to I and A, where c¼ IþA/2 and h¼ I-A/2,
I and A are calculated in turn, from EHOMO and ELUMO, where I¼ -
EHOMO and A¼ -ELUMO. For any two molecules in contact with each
other, electrons will be partially transferred from the one of low
value to that of higher value. For the studied compounds, c is
generally lower than that of Pb, which is 6 eV, and thus lead- Ad-
ditive interaction may proceed via electron transfer from the
former to the latter. Since soft compounds are preferred for such
interactions, one can conclude that Dye 6 is the best candidate for
interacting with Pb surface, where it has the highest value of
chemical softness (s), which is defined as the inverse of hardness
(s¼ 1/h) [40]. The electrophilicity u index is given by the simple
expression: u¼ E2/h. The electrophilicity u index encompasses the
tendency of an electrophile to acquire an extra amount of electron
density, given by binding energy (E) and the resistance of a mole-
cule to exchange electron density with the environment, given by
h. Thus, a good electrophile is a species characterized by a high (E)
value and a low (h) value. Besides, the maximum number of elec-
trons that an electrophile can acquire is given by the expression:
DN max¼ E/h. Hence, according to these values, the efficiency order
is as follows: Dye6>Dye5 >Dye 4>Dye3>Dye2.
4. Conclusions

Five novel Spiro-Azacoumarin derivatives were prepared and
studied as additives for improving the oxidation stability of lubri-
cating oils and enhancing the light absorption of perovskite ma-
terials. The results obtained in this work, indicate the following:



Fig. 2. Outline ternary HOMO-LUMO interaction.

Table 3
TAN variation with oxidation time at different additive concentrations.

Compound Total acid number, mg KOH/g Sample� 102

Concentration (ppm) Oxidation time (h)

24 48 72 96

2 200 51.29 67.30 84.10 187.82
400 63.90 77.32 93.12 191.75
500 76.40 84.62 105.68 200.32

3 200 36.38 70.81 83.21 177.63
400 49.12 85.23 100.86 190.72
500 73.5 96.11 119.96 196.6

4 200 22.97 41.52 68.65 107.85
400 32.26 53.63 83.99 110.12
500 44.6 70.45 95.41 164.38

5 200 3.29 19.30 64.10 107.82
400 9.94 27.32 83.12 131.75
500 16.40 34.62 95.68 160.32

6 200 2.31 18.81 63.21 113.63
400 9.10 25.23 79.86 140.72
500 13.5 36.11 89.96 151.62

Oil (without additive) e 94 102 120 202

Table 4
Outline the polarizability of Dyes 2e6 through functions of the power 10 (Equation
(4)).

Compounds Polarizability (n) (Ao) Absorption (a) (ε) Wavelength (l) (nm)

Dye 2 4.31778 0.90 520
Dye 3 3.81133 0.90 473
Dye 4 5.88299 0.80 554
Dye 5 7.45313 0.95 494
Dye 6 4.33435 0.85 435

Fig. 3. Outline relation between Refractive index (n) and wavelength l of Dyes 2-6.
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1 The synthesized compounds proved to be successful in con-
trolling the oxidation stability of the base stock oil. The data
reveals that the most effective concentration in the case of all
compounds (dyes 2e6) is 200 ppm and the efficiency proceed in
the order: Dye 6>Dye 5>Dye 4>Dye 3>Dye 2.

2 The relation of wavelength, absorption and polarizability are
given in three-dimensional. The numerical result gives a good
approximation at x to the power 10 and non-linearity depend-
ing xy and x5y. So, these parameters can be confirmed that the
sensitized Dyes 4, 5 and 6 are characterized in range the visible
light region and they are having good absorption and
polarizability.

3 Then quantum chemical calculations performed for these
compounds confirm the obtained experimental results.

As a future perspective, these materials are promising for the
energy sector in general context. For lubricating oils, these mate-
rials have proven to be efficient as antioxidants that can enhance
the oils life-time. In addition, these materials are effective for



Table 5
Quantum chemical parameters calculated for the studied compounds.

Compound EHOMO (eV) ELUMO (eV) DE (eV) I (eV) A (eV) E Bind (eV) c (eV) h (eV) S (eV�1) u 3 DN

(Dye 2) �4.302 �1.945 2.35 4.302 1.94 �3.123 3.123 2.36 0.424 2.07 0.48 1.32
(Dye 3) �4.133 �1.945 2.19 4.133 1.95 �3.039 3.039 2.19 0.457 2.11 0.47 1.39
(Dye 4) �4.428 �1.931 2.50 4.428 1.93 �3.179 3.179 2.50 0.400 2.02 0.49 1.27
(Dye 5) �4.651 �4.123 0.53 4.651 4.12 �4.387 4.387 0.53 1.894 18.2 0.06 8.31
(Dye 6) �4.326 �4.071 0.26 4.326 4.07 �4.198 4.198 0.25 3.921 34.6 0.03 16.5

Fig. 4. Outlined the relation among wavelength (X axis), polarizability (Y axis) and absorption (Z-axis).
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renewable energy technology, i.e. in dye-sensitized solar cell. The
quantum chemistry study shows that is a valuable tool in the
investigation of the relationship between the structure of lubri-
cants and their properties.
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