
Optical Materials 129 (2022) 112476

0925-3467/© 2022 Elsevier B.V. All rights reserved.

Quantum Mechanical Study of Three Aromatic Bioactive Fatty Alcohol 
Compounds with Nonlinear Optical and Potential Light 
Harvesting Properties 

Shradha Lakhera a, Kamal Devlal a, Meenakshi Rana a,*, Vivek Dhuliya b 

a Department of Physics, School of Sciences, Uttarakhand Open University, Haldwani, 263139, Uttarakhand, India 
b Department of Physics, Gurukula Kangri University, Haridwar, 249404, Uttarakhand, India   

A R T I C L E  I N F O   

Keywords: 
Mulliken charges 
Nonlinear optical materials 
First-order hyperpolarizability 
Photosensitizer solar cells 

A B S T R A C T   

In the present work, Quantum mechanical properties of three different organic compounds [(2S)-1-(4- 
nitrophenyl) pyrrolidin-2-yl] methanol (NPPM), 2-(Methyl(4-nitrophenyl) nitro) ethanol (MNAE), and N, N- 
Bis (2-hydroxyethyl)-4-nitroaniline (HENA) were investigated by computational approach. The geometries were 
optimized to ground state using the density functional theory (DFT) with level B3LYP/6311-G (++d, p) basis set. 
The Mulliken charge distribution and molecular electrostatic potential (MEP) map of the title molecules shows 
the existence of huge charge distribution and the charge transfer within the molecules due to the presence of 
nucleophilic and electrophilic moieties. The vibrational spectra of the title molecules seem to have high intensity 
Raman modes. The UV–Vis spectra for the three molecules were found to indicate the presence of π-π* and n-π* 
electronic transitions between wavelength 300–500 nm. The computed value of first-order hyperpolarizability 
for the molecules were found to be higher than the reference materials. This validates the nonlinear optical 
responses of the title molecules. The light harvesting efficiency of the molecules were also determined. For the 
NPPM molecule, light harvesting efficiency of 64% was obtained. This validates the potential applications of 
NPPM in designing new photosensitizer solar cells.   

1. Introduction 

From the past few years, considerable attempts had been done for 
designing nonlinear optical (NLO) materials. NLO materials have been 
found employed in frequency generations, telecommunications, opto
electronic devices, optical data transmission, and computing, etc [1–4]. 
The organic NLO materials are reported with faster response time, 
strong intramolecular charge transfer (ICT) and high thermal stability 
[5]. Because of being more characteristic than inorganic NLO materials, 
organic NLO materials had been into lights for the last three decades. 
However, the researchers are targeting the molecules having conjugated 
electron donor and acceptor moieties for the development of the novel 
NLO materials. Due to the presence of donor and acceptor parts, such 
molecules can be considered chemically reactive and can be preferred 
for the development of required materials [6]. The fatty alcohol com
pounds have followed the same criteria and similarly have donor and 
acceptor parts. The fatty alcohol compounds contain nitro groups that 
are strongly electron-withdrawing and hydroxyl groups that are strongly 

electron-donating [7,8]. Moreover, the fatty alcohol compounds have 
promising applications in the field of pharmaceutical science, pesticides, 
dyes, explosions, etc., that give insights to the interdisciplinary works 
with such type of probe systems [9–11]. The literature survey pro
claimed the applications of fatty alcohols in the generation of photo
luminescent polymers with potential active sites exhibiting 
multi-responsive fluorescence sensing [12], catalytic reducers [13], 
dyes [14], pesticides [15], fungicides [16], and energetic salts [17]. A 
number of computational and experimental research works have been 
reported with fatty alcohol compounds [18,19]. In history, many studies 
of development of spectral properties and optical nonlinearity of the 
aminopyridines and 4-nitrophenol [20], dimethyl amino pyridinium 
4-nitrophenolate 4-nitrophenol (DMAPNP) [21], urotropine p-nitro
phenol [22], 2-amino-4-picolinium-nitrophenolate-nitrophenol [23], 
L-tryptophan p-nitrophenol [24], ortho, meta, para-nitro-phenolic 
isomeric compounds [25] has been seen. However, neither such study 
of the quantum chemical properties of the title molecules has been re
ported so far. Motivated by the mentioned studies, three active fatty 
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alcohol compounds have been taken for the investigation of NLO 
activities. 

The fatty alcohol compounds considered for this study are [(2S)-1-(4- 
nitrophenyl) pyrrolidin-2-yl] methanol (NPPM), 2-(Methyl(4-nitro
phenyl) nitro) ethanol (MNAE), and N, N-Bis (2-hydroxyethyl)-4-nitro
aniline (HENA) (Fig. 1). Being fatty alcohols, these compounds consist of 
the electron-withdrawing nitro (–NO2) and electron-donating hydroxyl 
group (–OH). 

The NPPM and MNAE molecule consist of one nitro and one hydroxyl 
group and the HENA molecule has one nitro group and two hydroxyl 
groups. The presence of these functional groups develops the possibility 
of the existence of ICT within fatty alcohol compounds which will make 
them more polarizable, hence more NLO active. These compounds also 
have very similarity in structure and atomic density. This is the main 
motivation behind the selection of the title molecules. The present study 
aims to establish the comparison between the geometry and quantum 
mechanical properties of the molecules. 

In the present paper, the theoretical predictions have been 

performed for the title molecules including stability and chemical 
reactivity analysis. The frontier molecular orbitals (FMO) analysis, 
spectral analysis, and the polarizability and hyperpolarizability analysis 
were performed for the investigation of NLO behavior of the considered 
fatty alcohol compounds. The light-harvesting efficiency (LHE) was also 
computed for the title molecules for the development of the novel 
organic dye for the development of the dye-synthesized solar cells 
(DSSCs) to increase the efficiency solar cells [26,27]. 

2. Computational details 

The structure of NPPM, MNAE, and HENA were downloaded from 
the online database PubChem in SDF format. The files are converted into 
Gaussian input file from graphic user interface “Open Babel”. The 
ground state optimization and other spectral calculations of the struc
tures were done with the help of the software “Gaussian 09” [28]. The 
structure of the title molecules is optimized with the density functional 
theory with the most general B3LYP/6311-G (++d, p) basis set. “Gauss 
View 5.0” was used to analyze all the quantum mechanical properties 
and spectra analysis [28]. The energies corresponding to the highest 
occupied molecular orbital and lowest unoccupied molecular orbital 
(HOMO and LUMO) were also obtained by the optimized structure. 
These energies were used for calculating the global reactivity parame
ters like energy gap (ΔE), ionization potential (IP), electron affinity (EA), 
chemical potential (CP), electronegativity (χ), softness (S), and hardness 
(η) with the help of Koopman’s equations [29].  

IP = –EHOMO                                                                                  (1) 

EA = − ELUMO (2)  

CP=
EHOMO + ELUMO

2
(3)  

χ =
(IP + EA)

2
, (4)  

η=ELUMO − EHOMO

2
, S =

1
η (5) 

UV spectra was computed by energy optimization by TD-SCF 
method. The vibrational analysis was also done by ground state fre
quency optimization. The Raman intensity was also computed for the 
high frequency modes by the following expression [30]: 

I =
f (νo − νi)

4Si

νi
[
1 − exp

(
− hcνi

KT

) ] (6)  

where the Raman intensity of the considered mode was represented by I, 
f is a constant with value 10− 12, νo has value 9398.5 cm-1 νi and Si is the 
vibrational wavenumber and Raman activity of selected mode respec
tively. h, c, K, and T have their usual meanings. The graphs of Mulliken 
charge, UV–Vis spectra, and Raman spectra were plotted using software 
“Origin 2021”. As the present study deals with the computational 
investigation of the quantum chemical properties of the title molecules, 
we have also computed the Raman spectra using software Orca 
(https://orcaforum.kofo.mpg.de/) with Avogadro GUI (https://avo 
gadro.cc/) [31,32]. The geometry optimization and the other details 
were performed in Avogadro using Merge molecular force field 
(MMFF94) with steepest descent algorithm. MMFF94 is known to be the 
most accurate force field for the quantum chemical calculations of 
organic molecules. As the UV–Vis spectra had been computed using 
Gaussian software. Thus, in order to validate the results obtained from 
the Gaussian, Spartan software packages (https://store.wavefun. Fig. 1. Optimized structures of NPPM, MNAE and HENA with B3LYP/6311G 

(++d, p) basis set. 
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com/Spartan_Software_s/12.htm) have been also used for computing 
absorption spectra. The results obtained from the Gaussian software 
were compared to the results obtained from Avogadro and Spartan to 
validate the results. The similarity between the graphs shows the high 
probability of the experimental graphs being quite similar to computa
tional graphs. The optical responses of the title molecules were reported 
with the help of computing the polarizability parameters like total 
dipole moment (μtotal), total isotropic polarizability (αtotal), and aniso
tropic polarizability (Δα). μtotal, αtotal, Δα and βtotal. The polarizability 
parameters help in understanding the drifting of the electron cloud 
within the compound [33]. These parameters are computed by the 
below given equations. 

μtot =
(

μ2
x + μ2

y + μ2
z

)1
2 (7)  

atot =
1
3
(aXX + aYY + aZZ) (8)  

Δa=
1̅
̅̅
2

√
[(

axx − ayy
)2

+
(
ayy − azz

)2
+ (azz − axx)

2
+ 6a2

xz + 6a2
xy + 6a2

yz

]1
2

(9)  

〈β〉=
[(

βxxx + βxyz + βxzz
)2

+
(
βyyy + βyzz + βyxx

)2
+
(
βzzz + βzxx + βzyy

)2
]1

2

(10)  

where μx, μy, and μz are the tensor components dipole moment, αxx, αyy, 
and, αzz are the tensor components of polarizability and βxxx, βyyy, and 
βzzz are the tensor components of hyperpolarizability. 

3. Results and discussions 

3.1. Structure analysis 

The structures of the NPPM, MNAE and HENA were optimized to the 
ground state and are shown in Fig. 1. The computed dipole moments are 
reported quite high for NPPM (9.09 Debye), MNAE (8.88 Debye) and 
HENA (9.24 Debye) molecules. These high values of the dipole moment 
show the possibility of ICT within the molecules. The bond lengths and 
the bond angles of the optimized geometries are mentioned in SD 1 and 
SD 2. The NPPM has the non-planar geometry with dihedral angle 4 
N–6C–10C–1O with one nitro group (–NO2) and one hydroxyl group 
(–OH). The bond length between the atoms 1O and 28H associated to the 
electron donating hydroxyl group has bond length 0.97. The bond angle 
3O–5 N – 2O associated to nitro group has the maximum bond angle 
122.94. More the bond angle, more it will be easier to dissociate the 
bond and reform the bond with the donated electrons. The total energy 
of the NPPM molecule is − 762.63 a.u. The structure of MNAE molecule 
is non-planar with dihedral angle N4 – 6C–8C–1O and one nitro group 
(–NO2) and one hydroxyl group (–OH) with total energy − 685.21 a.u. 
The bond 1O–26H related to the hydroxyl group has the minimum bond 
length of 0.97. The 2O–5 N – 3O bond of nitro group of the MNAE 
molecule has the maximum bond angle of 122.93. This will lead to the 
easier bond dissociation of the amino group and easy donating of the 
electron cloud from hydroxyl group towards nitro group. The HENA 
molecule has non-planar geometry with dihedral angles 5 
N–7C–10C–1O and 5 N–8C–11C–2O. Its geometry has two hydroxyl 
groups (–OH) and one nitro group (–NO2). The bond 1O–29H associated 
to the hydroxyl group has the bond length 0.97. The dihedral angle 
between the 4O, 6 N and 3O atoms of nitro group is 123.04. Due to the 
high electronegativity of the nitrogen atoms of the nitro group, the 
bonds associated to the nitro group can easily dissociate. The total en
ergy of HENA molecule is − 799.73 a.u. 

3.2. Charge analysis 

The charge contribution of all the atoms is reported by the Mulliken 
charge analysis and the graphs of the charge distribution of all the probe 
systems are shown in Fig. 2. The positive charge contribution of the 
hydrogen atoms and the negative charge distribution of the oxygen and 
nitrogen atoms. The variation of the charge of carbon atoms is observed 
for all the title compounds. The atoms 2O and 3O of the nitro group of 
NPPM molecule have negative charge − 0.29 e and 5 N atom has nega
tive charge − 0.001e (Fig. 2(a)) showing negativity of the nitro group. 
The 28H atom of the hydroxyl group has positive charge of 0.37 e and 
1O has charge − 0.60 e. Being electron donor, the hydroxyl group re
leases the electron cloud and it is transported towards the nitro group. 
For MNAE molecule, the charge associated to the nitro group atoms are 
− 0.29 e, − 0.29 e and − 0.002e for 2O, 3O and 5 N respectively (Fig. 2 
(b)). The atoms of the hydroxyl group have charge 1O (− 0.60 e) and 
26H (0.37 e). The variation of the charge denotes the ICT property of 
MNAE molecule. The oxygen atoms 3O and 4O associated to the nitro 
group have negative charge − 0.29 e and the hydrogen atoms 29H and 
30H of the hydroxyl groups have positive charge 0.37 e and 0.36 e. 
Similar to the first two molecules, 1O, 2O, 29H, 30H atoms associated to 
the two hydroxyl groups have charge − 0.60 e, − 0.57 e, 0.37 e, and 0.36 
e. The atoms 3O, 4O, and 6 N associated to the nitro group of the HENA 
molecule has charge − 0.29 e, − 0.29 e, and 0. The nitro groups of the 
HENA molecule acts as an electron withdrawing groups. The variation in 
the magnitude of the charge indicates the charge transfer from nitro 
groups to the hydroxyl groups. Such ICT result in a large transition 
dipole moment which strongly influence the polarizability of the title 
molecules. 

3.3. Frontier molecular orbital analysis 

The FMO energies were used to calculate the global reactivity pa
rameters for the selected probe molecules. The HOMO and LUMO en
ergies play a vital role in evaluating the global reactivity parameters as 
they correspond to IP and EA of the molecule respectively [34]. The 
HOMO basically imparts in donating the free electron while the LUMO 
acts as accepting orbital. These global reactivity parameters are used to 
account the conjugation and effect of the lone pair electrons [35]. The 
global reactivity parameters of the title molecules are mentioned in 
Table 1. The LUMO energy of NPPM, MNAE and HENA is − 2.46 eV, 
− 2.44 eV and − 2.56 eV and HOMO energy of NPPM, MNAE and HENA 
is − 6.06 eV, − 6.02 eV and − 6.20 eV respectively. The energy gap of the 

Fig. 2a. Mulliken charge distribution of the NPPM molecule.  
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title molecules NPPM, MNAE and HENA is found to be 3.06 eV, 3.57 eV, 
and 3.63 eV respectively. Less is the difference between the 
HOMO-LUMO energies, more will be the stability of the molecule [36]. 
The ΔE for the generally used reference materials Urea is 7.43 eV. The 
ΔE of the title molecules is observed to be comparatively lower than that 
of reference material. The low ΔE of the considered molecules shows the 

high possibility of electron excitations and hence, high polarizability of 
the considered compounds. This clearly justifies the chemical reactivity 
of the molecules. The molecular orbitals with the respective energy gap 
for the title molecules had been illustrated in Fig. 3. The red and green 
color surfaces show positive and negative phases in molecular orbital 
wave function, respectively. Fig. 3 represent that π-antibonding HOMO 
are distributed throughout the geometry of NPPM molecule while the 
LUMO are distributed throughout the geometry except for the hydroxyl 
group. The atoms 2O and 3O associated to nitro groups imparts in the 
negative phase of the wave function. The positive and negative phases of 
HOMO-LUMO are same except the 4 N atom that imparts negatively in 
LUMO but positively in HOMO. The HOMO of MNAE molecule seems to 
be localized throughout the geometry and the LUMO of MNAE molecule 
is distributed through the geometry leaving hydroxyl group. The posi
tive and negative phase of the atoms and molecular orbitals of MNAE 
molecule is similar to that of NPPM. Similar to the former two mole
cules, the HOMO-LUMO are completely localized throughout the ge
ometry except the absence of LUMO distribution over the hydroxyl 
group. The 5 N atom of HENA molecule shows the phase change of wave 
function as it imparts negatively to wave function as LUMO but acts 
positively as HOMO. The distribution of HOMO-LUMO is however, same 
for the title molecules. The LUMO in three structures doesn’t seems to be 
localized over the hydroxyl group and the phase change of the wave 
function is observed due to the nitrogen atom of the title molecules. The 
value of IP for HENA molecule is 6.20 eV, which is slightly higher than 
the value for NPPM (6.06 eV) and MNAE (6.02 eV). The high values of IP 
represent the high ability of the valance electrons of atoms to drift easily 
from the outermost atomic orbitals to form free electron pairs. The 
values of EA for the title molecules NPPM, MNAE, and HENA are 2.46 
eV, 2.44 eV, and 2.56 eV respectively. These values shows that these 
molecules have the tendency to accept the free electron pairs and bond 
formation can take place. Among the three molecules, the HENA 
molecule has the highest value of EA. The energy associated to the 
molecule during the charge transfer is termed as CP. The lesser the value 
of CP, more the molecule will be the stable. Among the three molecules, 
the HENA molecule has minimum CP of − 4.38 eV. The CP values of 
molecules of NPPM and MNAE is − 4.26 eV and − 4.23 eV respectively. 

The value of χ for the molecules NPPM, MNAE, and HENA is 4.26 eV, 
4.23 eV, and 4.38 eV respectively. The obtained high values for the χ 
shows the ability of the molecules to attract the free electrons for bond 
formation. The property of being rigid is accounted by the hardness of 
the molecule. The value of the η for the molecules NPPM, MNAE, and 
HENA is evaluated as 1.80 eV, 1.78 eV, and 1.81 eV. The HENA has the 
highest value of η among the considered molecules. This shows that the 
HENA molecule has the stiff geometry than the other two molecules. The 
value of S is smallest for the HENA molecule (0.54 eV-1). This shows that 
the HENA molecule is less soft than the other two title molecules NPPM 
(0.55 eV-1) and MNAE (0.55 eV-1). All the above given data validates 
that the title molecules can be considered chemically reactive and stable 
molecules. But the HENA molecule has the highest IP, EA, and χ, lowest 
CP. The values of η and S are respectively higher and lower for the HENA 
molecule than the other two molecules. Thus, the HENA molecule has 
comparatively high chemical reactivity than the NPPM and MNAE 
molecules. 

3.4. Molecular electrostatic potential analysis 

MEP surface of the probe systems were monitored for the validation 
of charge transfer and reactive sites observed by the Mulliken charge 
analysis. The negative, positive and zero potential region indicates the 
red, blue and green colors in the electrostatic potential surface respec
tively. The decreasing order of the magnitude of electrostatic potential is 
blue > green > yellow > orange > red. The color code of shown at the 
top of the MEP surface indicates the positive and negative electrostatic 
potential values associated to the molecule. The electrostatic potential 
for NPPM ranges from − 6.81 × 10− 2 V for nucleophilic to +6.81 × 10− 2 

Fig. 2b. Mulliken charge distribution of the MNAE molecule.  

Fig. 2c. Mulliken charge distribution of the HENA molecule.  

Table 1 
Frontier molecular orbital parameters for the NPPM, MNAE and HENA mole
cule. All values in eV and value of S is in eV− 1.  

S No. Molecular property NPPM MNAE HENA 

1. EHOMO − 6.06 − 6.02 − 6.20 
2. ELUMO − 2.46 − 2.44 − 2.56 
3. Energy gap (ΔE) 3.06 3.57 3.63 
4. Ionization potential (IP) 6.06 6.02 6.20 
5. Electron affinity (EA) 2.46 2.44 2.56 
6. Chemical potential (CP) − 4.26 − 4.23 − 4.38 
7. Electronegativity (χ) 4.26 4.23 4.38 
8. Hardness (η) 1.80 1.78 1.81 
9. Softness (S) 0.55 0.55 0.54  
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V for electrophilic region. The electrostatic potential ranges for MNAE 
and HENA molecules are ±0.104, and ±7.18 × 10− 2 V respectively. 
These regions show the molecular electrostatic potentials over which the 
MEP surface lies. MEP map for the title molecules is shown in Fig. 4(A). 
The probe molecules consist of hydroxyl and nitro groups. The hydroxyl 
groups have two covalent bonds between C–O bond and the O–H asso
ciated to it, which makes it capable for giving up the free charge cloud. 
However, the N atom of the nitro group has greater electronegativity. 
Thus, the nitro group behaves as a strong electron withdrawing group. 
The blue color of the MEP is generally due to the nucleophilic part of the 
molecule and the electrophilic part imparts the red color in the MEP 
[37]. In the NPPM molecule, electron donating hydroxyl group shows 
the blue color near 1O and 28H atoms. The red region near 2O, 3O, and 
5 N atoms of nitro group is active region for electrophile attack. Thus, in 
NPPM molecule, the charge is seen to transfer from hydroxyl group to 
nitro group. Similarly, in MEP surface of MNAE molecule, the red-color 
region is due to the 2O, 3O, and 5 N atoms of the nitro group and the 
blue region of the MEP surface is due to the 26H, and 1O atoms of the 
hydroxyl group. In MNAE molecule, the charge is transferring from 
hydroxyl group to nitro group. The 3O, 4O, and 6 N atoms of nitro group 
in HENA molecule acts as electron donating atoms. There are two hy
droxyl groups consisting of atoms 1O, 29H and 2O, 30H and both groups 
participate in accepting the charge. Thus, similar to the former two 
molecules, the HENA molecule also possessed the dislocation of the 
charge cloud from the hydroxyl groups to the nitro group. The counter 
plot of NPPM, MNAE, and HENA (Fig. 4(B)) molecules seems to be 
highly accumulated field lines near the functional groups. The magni
tudes of the electrostatic potentials indicated on the top of the MEP 
surface also imparts the counter plots of the title molecules. The field 
lines are highly accumulated in the regions that is under the influence of 
higher electrostatic potential. The availability of these lines shows that 
the bonds near the functional groups are immensely affected by the 
electrostatic field and hence, they have higher possibility to be unstable 
and get dissociated. The effect of the field will lead to the generation of 
the charge cloud for delocalization. Thus, the MEP surfaces and the 
counter plots of the title molecules validates that the functional groups 
are most active regions in the molecules and there is a possibility of ICT 
from hydroxyl group towards nitro groups in the respective title 
molecules. 

3.5. Vibrational analysis 

The vibrational analysis was done for the title molecules by fre
quency optimization using TD-DFT method. The major Raman modes of 
the NPPM, MNAE, and HENA molecule are shown in Fig. 5. The Raman 
modes of the NPPM molecule are located between the ranges 44-3693 
cm− 1. The MNAE molecule has Raman modes in 31-3691 cm− 1and 
HENA molecule has Raman modes falling in range 39–3693 cm− 1. For 
the validation of spectral results, the Raman spectra of the title mole
cules were also traced using Avogadro and Spartan software packages 
and the results were found similar as obtained using Gaussian software. 
The spectra obtained from the Avogadro and Orca for the title molecules 
were mentioned in SD 6(a), 6(b), and 6(c). The ranges of the Raman 
intensities for the NPPM, MNAE and HENA molecules by Avogadro 
software were 41–3850 cm− 1, 29-3683 cm− 1, 39-3693 cm− 1 respec
tively. These ranges are alike the intensity ranges obtained by Gaussian 
software. High peaks of the Raman vibrations were observed for the 
NPPM molecule in between 1000 and 1500 cm− 1in all the three graphs 
in 5(a), SD 6(a), and SD 7(a). The calculated Raman intensities for the 
considered Raman modes for the title molecules are mentioned in SD 3, 
4, and 5. 

3.5.1. C–C and C––C vibrations 
The linear stretching of C–C bonds (νCC) of the NPPM molecule is 

computed between the frequency range 1042.33 and 1096.53 cm− 1. The 
C––C bond present in the benzene ring νCC at 1644.01 cm− 1 and C–C 
bonds of the benzene ring shows νC = C mode at 604.79 cm− 1. The vi
bration corresponding to C––C bond of the NPPM molecule has Raman 
intensity of 4982.17 cm− 1. The C––C bond of the benzene ring of MNAE 
molecule is observed at 1645.2 cm− 1 and νCC bond of the benzene ring 
have νCC mode at frequency 1605.53 cm− 1. High value of Raman in
tensity (3750.07 cm− 1) has been recorded for νC = C mode of MNAE 
molecule. The stretched vibrations of the C–C bonds of the HENA 
molecule falls between frequencies 1010.01–1030.03 cm− 1. However, 
the C––C bond of the benzene ring of the HENA molecule shows the 
asymmetric stretching (αCC) mode at frequency 1030.03 cm− 1 and νCC 
mode at 1643.43 cm− 1. The νCC mode of HENA molecule has raised 
value of Raman intensity of 5371.89 cm− 1. High values of the Raman 
intensities are recorded corresponding to C––C vibrations of benzene 
rings of the title molecules. These values highly impart in the raised 

Fig. 3. Molecular orbitals for the (a) NPPM, (b) MNAE and (c) HENA molecules. The lower structure shows HOMO and upper structure shows LUMO of the 
respective molecules and the band gap is represented by ΔE. 
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values of polarizability of the molecules. Thus, the high Raman intensity 
shares a major reason for the NLO activity of the title molecules. 

3.5.2. C–H vibrations 
The C–H stretching of the NPPM molecule is observed between 2999 

and 3117 cm− 1. The H atoms attached to the ortho and meta positions of 
the benzene ring of the NPPM molecule shows the νCH mode at fre
quency 3231.26 cm− 1 and αCH at frequency 3229.25 cm− 1. The torsional 
bending (δCH) of the angles between the C and the H atoms is observed 
between 1457 and 1565 cm− 1. For MNAE molecule, the ortho and meta- 
H atoms of the benzene ring have mode νCH at 3233 cm− 1. The αCH mode 
of the H atoms of the benzene ring occurred around 3211.03 cm− 1. 

Other than the C–H bonds of the benzene ring, the C–H bonds attached 
to the 4 N atom and the 1O shows the νCH mode at 2990.29 and 2997.52 
cm− 1. The αCH vibrations of MNAE is observed in the range of 
3039.05–3163.13 cm− 1. The C–H bonds attached to the 4 N atom give 
δCH mode between 1505 and 1555.44 cm− 1. For HENA molecule, the δCH 
mode associated to the alkyl part range between 1536.05 and 1568.22 
cm− 1and C–H bonds shows αCH modes in frequency between 3037.54 
and 3123.16 cm− 1. The C–H bonds of the benzene ring show αCH mode 
at frequency 3214.39 cm− 1. 

Fig. 4A. The molecular electrostatic potential surfaces of (a) NPPM, (b) MNAE, 
and (c) HENA molecule (The range of electrostatic potential is shown as a color 
band on the top of the MEP surface of respective molecules). 

Fig. 4B. Counter maps showing electrostatic field lines of (a) NPPM, (b) MNAE, 
and (c) HENA molecule. 

Fig. 5. Computed Raman spectra of (a) NPPM, (b) MNAE, and (c) HENA 
molecule computed by frequency optimization with B3LYP/6311G (++d, p) 
basis set. (Vibrational modes: ν-symmetric stretching, α-asymmetric stretching, 
δ-torsional bending). 
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3.5.3. C–N vibrations 
The C–N vibrations are generally observed around 1200 cm− 1. For 

NPPM molecule, the 16C–5 N bond stretches linearly at frequency 
1290.42 cm− 1. However, this vibration disturbs the whole geometry of 
the molecule. The computed value of Raman intensity for this mode is 
observed very high i.e., 49445.34 cm− 1. The C–N bond of the MNAE 
molecule shows the νCH mode at frequency 1292.42 cm− 1. The Raman 
intensity for this mode is computed as 40438.15 cm− 1. The 16C–6 N 
bond of the HENA molecule stretches at frequency 1293.26 cm− 1and 
disturb the whole geometry of the HENA molecule. The Raman intensity 
of this mode 44227.41 cm− 1. The raised values of Raman intensities of 
C–N vibrations leads to the high polarizability of the molecule. When 
computed using Avogadro, the peak for νCN for NPPM molecule was 
found to have intensity 1275.54 cm− 1that is very close to 1290.42 cm− 1. 
For same mode, the highest peak for MNAE and HENA molecules had 
intensities 1288.1 cm− 1 and 1293.26 cm− 1. 

3.5.4. N–O vibrations 
The 5 N atom attached to the 3O and 2O atoms of the nitro group of 

the NPPM molecule vibrates linearly with both the bonds at frequency 
1432 cm− 1. The high value of the frequency for the stretching can be 
considered as the reason for the high vibrational shift of the nitro 
functional group. The 5 N atom of the nitro group also shows the δNO 
mode at frequency 687.08 cm− 1. The δNO mode of N–O bond of MNAE is 
observed at 824.73 cm− 1. The nitro group of the MNAE molecule shows 
the νNO stretching at 1431.42 cm− 1. The nitro group of the HENA 
molecule conducts the αNO at frequency 1434.55 cm− 1and δNO at 831.2 
cm− 1. The high Raman intensity for the vibrations corresponding to the 
nitro group atoms of the title molecules leads to the high values of 
polarizability of the molecules. 

3.5.5. O–H vibrations 
The δOH mode of the O–H bond of the hydroxyl group of the NPPM 

molecule is observed at frequency 269.63 cm− 1. The νOH mode of the 
1O–28H bond of the NPPM molecule is observed at frequency 3693.24 
cm− 1. The νOH mode of the 1O–26H bond of the MNAE molecule occurs 
at frequency 3691.49 cm− 1. This vibration has reported to occur at the 
highest frequency for the MNAE molecule. The δOH of the O–H bond is 
observed at 267.13 cm− 1. The HENA molecule has two hydroxyl groups. 
The 1O–29H bond of the hydroxyl group of the HENA molecule has the 
νOH at frequency 3693.52 cm− 1 and 2O–30H bond vibrates linearly at 
3674.78 cm− 1. The δOH of the O–H bonds of the HENA molecule falls in 
between frequency 267.18–287.81 cm− 1. For the O–H bonds of the title 
molecules high frequency for the νOH mode is observed. The reported 
high frequency for the O–H linear vibrations results in the high value of 
the polarizability of the title molecules. When computed from Avogadro, 
the peaks for νOH mode for NPPM, MNAE and HENA molecule were 
observed at 3850.19, 3683.92 and 3693.52 cm− 1 respectively. 

The obtained Raman modes with high intensity for NPPM, MNAE, 
and HENA molecule are probably the result of the availability of the 
conjugated-π electrons in the nitro group and the lone pairs of electrons 
in hydroxyl groups. The availability of free charges and variation of 
electron density of donor hydroxyl and acceptor nitro groups results in 
inducing the ICT. Moreover, the ICT results in the raised values of 
Raman intensity, dipole moment, and molecular polarizability. Thus, 
the high intensity Raman modes contributes in the application of title 
molecules as NLO active molecules. 

3.6. UV–Vis analysis 

The electronic absorption spectra of the title molecules were calcu
lated using TD-DFT method. The obtained UV–Vis spectra for the title 
molecules are shown in Fig. 6. The UV–Vis spectra account the vertical 
excitation energy (E), oscillator strength (f), and the wavelength (λ) at 
which the transitions occur. The UV–Vis spectra was mainly reported to 
study about the transactions for high wavelengths and are represented 

by transitions S0 →S1, S0 →S2, S0 →S3. These transitions are majorly 
occurred due to the presence of the π-π* and n-π* electronic transitions 
occurring at highest wavelengths. For all the title molecules, absorption 
band is observed between 300 and 500 nm wavelengths. The transitions 
S0 →S1, S2, S3 are observed at wavelengths 372.29 nm, 355.97 nm, and 
318.41 nm respectively for NPPM molecule. The transition S0 →S2 has 
highest oscillator strength of 0.4485. The MNAE molecule has transi
tions S0 →S1, S2, S3 at wavelength 372.25 nm, 357.06 nm, and 318.31 
nm respectively. The value of oscillator strength for MNAE molecule is 
highest for the S0→S2 (0.4219). For HENA molecule, the oscillator 
strength has the highest value of 0.4244 for S0 →S2 transition at 354.33 
nm wavelength. The transitions S0→S1 and S0→S3 are observed at 
wavelength 372.41 nm and 319.01 nm wavelength respectively. These 
transitions validate the occurrence of the ICT in between the lone pair 

Fig. 6. UV–Vis spectra for the (a) NPPM, (b) MNAE, and (c) HENA molecule 
obtained by TD-DFT energy optimization method. 
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(n) electrons and the π electrons and also lead to the unsaturation of the 
molecule. The peaks of the UV–Vis spectra of the NPPM, MNAE, HENA 
are at the wavelength 355.97, 357.06, and 354.33 nm respectively. The 
energies corresponding to these transitions are computed as 3.33 eV, 
3.33 eV and 3.32 eV respectively for NPPM, MNAE and HENA mole
cules. These values are nearly equal to the values obtained from the band 
gap of NPPM, MNAE, and HENA molecule in HOMO-LUMO analysis 
respectively. This fact is fair enough to validate the stability of the title 
molecules. The UV–Vis spectra obtained from the Spartan software for 
the title compounds are illustrated in the SD 7(a), 7(b) and 7(c). The 
high peak of the absorption spectra for the NPPM molecule was observed 
at wavelength 324.27 nm. This value is quite similar to the wavelength 
of the absorption peak observed in Fig. 6(a). However, the transitions S0 
→ S2, S3 have wavelengths 311.82 and 283.01 nm. The absorption 
spectra obtained for MNAE from Spartan (SD 7(b)) have wavelengths 
364.95, 327.06 and 288.06 nm respectively. These values are very near 
to wavelengths corresponding to S0 →S1, S2, S3 transitions in Fig. 6(b). 
The absorption spectra obtained from spartan for HENA lies between 
200 and 400 nm with wavelengths 324.88, 315.09 and 283.03 nm for 
transitions S0 →S1, S2, S3 respectively. These values are also very near to 
that obtained in Fig. 6(c). Thus, the similarity in the obtained spectra 
from both the software shows enhances the validity of the computed 
spectra and also shows the probability of the experimental values being 
nearly equal to the computed values. Also, the presence of such transi
tions leads to the resemblance of the title molecules as the NLO 
materials. 

3.7. Nonlinear optical analysis 

The polarizability parameters are the valid parameters used to 
explain the NLO behavior of any molecule. For the present study, the 
values of μtotal, αtotal, Δα, and βtotal are computed. The values of all these 
parameters for title molecules are mentioned in Table 2. The values of 
μtotal is obtained using the tensor components of the dipole moment. The 
values of the μtotal for NPPM, MNAE, and HENA molecules are 3.57 
Debye, 3.48 Debye, and 3.63 Debye. These values are higher than the 
μtotal value of commonly used NLO material Urea (1.52 Debye). The 
material is said to be polarizable when its electron cloud is displaced due 
to the application of any external electric field [38]. Same effect is 
observed in the NLO materials when they are kept in non-linear medium. 
Thus, the NLO materials must have high values of polarizability [39]. 
The value of αtotal for NPPM, MNAE, and HENA molecule are 23.52 ×
10− 24 esu, 20.51 × 10− 24 esu, 22.61 × 10− 24 esu respectively. These 
values are compared to the αtotal value of Urea (5.66 × 10− 24 esu) and it 
was seen that the NPPM has αtotal approximately four times higher than 
the Urea. Similarly, the MNAE and HENA molecules has αtotal value 

three times higher than Urea. The values of Δα for NPPM, MNAE, and 
HENA molecules are reported as 67.04 × 10− 24 esu, 59.60 × 10− 24 esu, 
and 63.57 × 10− 24 esu. The value of Δα for NPPM molecule is about ten 
times higher than the Δα value of Urea (6.30 × 10− 24 esu). Similarly, the 
Δα of MNAE and HENA are respectively nine and ten times higher than 
Urea. These values of Δα of the title molecules are much higher than Δα 
values of the reference material. The dipole moment is induced within 
the molecule in the presence of the external electric field [40]. This 
property is measured by βtotal. For the molecules NPPM, MNAE, and 
HENA, the value of βtotal is 28.2 × 10− 30 esu, 25.07 × 10− 30 esu, and 
33.61 × 10− 30 esu respectively. These values are extremely higher than 
βtotal of Urea (0.78 × 10− 30 esu). For NPPM molecule, βtotal is about thirty 
six times that of Urea. The MNAE molecule has βtotal about thirty two 
times higher than Urea. The βtotal of the HENA molecule is the highest 
among the other title molecules. It is about forty three times higher than 
Urea. The comparison of the βtotal was also done with L-leucine nitrate 
(LLN) (6.13 × 10− 30 esu), and L-methionine L-methioninium hydrogen 
maleate (LMLMHM) (29.1 × 10− 30 esu) [41,42]. The value of βtotal for 
NPPM was four times higher than LLN and very near to LMLMHM. For 
MNAE, the value of βtotal was four times higher than LLN. HENA has the 
highest value of βtotal among the three title compounds and three 
reference compounds. The value of βtotal for HENA was five times higher 
than that LLN, and approximately one time higher than that of 
LMLMHM. The comparison between the NLO parameters of the title 
molecules and Urea was shown in Fig. 7. The lone pair of electrons 
associated with the hydroxyl group leads to the high value of βtotal. The O 
atoms of the hydroxyl group conjugate with the N atoms of the nitro 
group and an enhanced variation of the charge density is observed in the 
charge of the functional groups. The charge is transported from the 
hydroxyl group towards the nitro groups. The movement of the charge 
cloud leads to the increased ICT. This results in the high value of βtotal 
and this phenomenon give rise to the optical non-linearity of the title 
molecules. 

3.8. Light harvesting properties 

The organic dyes are used for increasing the efficiency of photo
sensitizer solar cells [43]. The organic dyes developed by NLO materials 
have been widely used for increasing the efficiency of DSSCs [40]. These 
materials are high in demand for the manufacturing of photosensitizer 
dyes which are highly preferred in DSSC’s [44]. LHE of the compounds 
can be determined with the help of the computed electronic spectra and 
oscillator strength by using the below mentioned formula:  

LHE = 1 -10− f                                                                              (11) 

Where f is the oscillator strength of the molecule obtained from the UV 

Table 2 
Computed values of dipole moment, polarizability and first order hyperpolarizability of NPPN, MNAE, and HENA molecules (dipole moment in Debye and all tensor 
components are in a.u. and μtotal, αtotal, Δα and βtotal in esu).  

Dipole moment Polarizability First order hyperpolarizability 

Comp NPPM MNAE HENA Urea Comp NPPM MNAE HENA Urea Comp NPPM MNAE HENA Urea 

μx 3.49 − 3.48 3.52 1.28 αxx 247.7 219.51 235.26 39.26 βxxx − 3508.09 3155.04 3640.31 24.72 
μy − 0.50 − 0.20 − 0.72 0.00004 αxy − 9.49 − 7.87 − 0.35 0.29 βxxy 493.2 − 523.10 − 59.62 − 0.49 
μz − 0.57 0.0046 0.52 − 0.83 αyy 144.7 126.2 140.91 24.69 βxyy 198.47 − 224.33 160.91 31.81 
μtotal 3.57 3.48 3.63 1.52 αxz 2.89 10.89 1.05 − 1.15 βyyy 142.83 49.67 − 74.26 0.006      

αyz 9.28 6.57 15.19 0.45 βxxz − 4.72 258.73 19.45 − 61.44      
αzz 83.89 69.59 81.68 38.219 βxyz 8.63 − 60.09 38.36 0.22      
αtotal 23.52 ×

10− 24 
20.51 ×
10− 24 

22.61 ×
10− 24 

5.664 ×
10− 24 

βyyz − 18.43 − 53.62 26.82 − 20.59      

Δα 67.04 ×
10− 24 

59.60 ×
10− 24 

63.57 ×
10− 24 

6.304 ×
10− 24 

βxzz 101.26 − 73.78 87.06 19.37           

βyzz − 34.41 − 0.62 − 8.22 − 20.59           
βzzz − 4.82 − 17.07 13.27 32.89           
βtotal 28.2 ×

10− 30 
25.07 ×
10− 30 

33.61 ×
10− 30 

0.781 ×
10− 30  
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spectra. The NPPM molecule has highest value of f 0.4485 for the 
preferred transition S0 →S2. The LHE for the NPPM molecule is 64.39%. 
For MNAE molecule, the value of f is 0.4219 for transition S0 →S2. The 
LHE for the MNAE molecule 62.14%. The HENA molecule has f 
computed as 0.4202 and LHE equal to 61.99%. Among the three title 
molecules, the NPPM molecule has the highest LHE i.e., it can convert 
64.39% of the light energy into electrical energy. 

4. Conclusion 

Investigation of NLO properties and DSSC characteristics for NPPM, 
MNAE, and HENA are carried out using DFT calculation. The occurrence 
of charge distribution between hydroxyl and nitro group was established 
from MEP surface, molecular orbital parameters and Mulliken charge 
distribution. Conjugated-π electrons in the nitro group and the lone pairs 
of electrons in hydroxyl groups leads to the formation of Raman modes 
with high intensity. The simulated UV–Vis spectra correlated well with 
the band gap between the HOMO-LUMO. The values of hyper
polarizability of the title molecules were immensely higher than the 
reference materials. High values of hyperpolarizability showed the title 
molecules are highly NLO active and well suit in the designing and 
development of NLO materials. As the oscillator strengths were obtained 
for the electronic transitions, the LHE was also computed for these 
molecules using oscillator strength. LHE of the NPPM molecule was 
highest among the three considered fatty alcohol compounds. The dye 
made from this compound will convert nearly 64% of the light incident 
on it into electrical energy. Thus, the NPPM molecule can be used as an 
organic photosensitizer along with other dyes which are presently used 
in DSSC’s. 
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