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Abstract
This study aims to explore the optoelectronic properties of a pyrene derivative 1,3-dinitro-
pyrene using density functional theory to determine molecular electrostatic potential 
and Van der Waals surface, frontier molecular orbitals, and molecular orbital surfaces. 
The Mulliken charges, molecular electrostatic potential, and Van der Waals surface are 
accounted to show the availability of the electron donor-acceptor moieties, resulting in 
the charge transfer within the molecule. Theoretical electronic spectra are computed using 
Time-dependent density functional theory that shows the charge transfer process between 
nitro groups and C–H bonds of benzene rings. Vibrational features and chemical shifts are 
evaluated using Raman spectra and nuclear magnetic resonance shifts. The computed first-
order hyperpolarizability of 1,3-dinitropyrene is 26 times higher than that of Urea show-
ing its immensely high non-linear optically active responses. The smaller reorganization 
energy for hole transportation of the 1,3-dinitropyrene validates its application as a hole 
transport layer in organic light-emitting diodes.

Keywords 1,3-dinitropyrene · Density functional theory · Nonlinear optical material · 
Reorganization energy · Organic light emitting diode
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LHE  Light harvesting efficiency
LUMO  Lowest unoccupied molecular orbital
MEP  Molecular electrostatic potential
NLO  Nonlinear optics
NMR  Nuclear magnetic resonance
OLED  Organic light emitting diode
RE  Reorganization energy
SPE  Single point energy
TD-DFT  Time dependent density functional theory

1 Introduction

In the past thirty years, the research industry has given a hike to nonlinear optical (NLO) 
materials and their applications. Extensive research has been carried out on organic, semi-
organic, or inorganic, kind of materials so far. Organic NLO compounds, although, have 
many advantages over the other kind due to their enhanced efficiency, larger molecular 
polarizability, and rapid response times (Abusaif et al. 2021; Lakhera et al. 2022; Ozarslan 
et al. 2020). The availability of π-based electronic delocalization results in rapid respon-
siveness in organic materials that leads to high NLO activity of materials (Buriahi et al. 
2020). The outspread applications of NLO materials in photonics, telecommunications, 
frequency mixing, optical computing, electro-optical devices, molecular switches, dynamic 
holography, lasers, luminescent materials, microfabrication, data storage, spectroscopic 
and electrochemical sensors, etc., have made them an attractive and contemplating corner 
of research (Mary et al. 2019; Ray and Ray 2010). Therefore, different classes of excellent 
NLO materials have been studied. It is reported that the organic compounds containing 
electron-donating aromatic part and electron-accepting nitro group show tremendous intra-
molecular interactions leading to the enhancement of NLO activity (Lakhera et al. 2021). 
The occurrence of intramolecular charge transfer (ICT) accounts for the high reactivity of 
the molecule that is considered the base in predicting the optical nonlinearity of the mate-
rials (Abusaif et al. 2021). One such category of organic molecules consisting of π-donor 
and acceptor moieties is Pyrene and its derivatives. Pyrene derivatives are polycyclic aro-
matic hydrocarbons having planar aromatic geometries consisting of clubbed benzene 
rings. The incomplete combustion of organic compounds gives rise to pyrene and its deriv-
atives (Wazzan et al. 2018). Pyrene and its derivatives are known to have wide applications 
as dyes in solar cells applications. Compounds like Phenothiazine conjugated ethynyl-pyr-
ene (Nagarajan et al. 2017), conjugated pyrene-cored perylene diimide (Tang et al. 2019), 
N-octakis(4-methoxyphenyl) pyrene-1,3,6,8-tetraamine (Andijani et  al. 2019)are known 
for their proven uses as dyes for solar cells. Many studies report the NLO activity of the 
pyrene derivatives hydroxypyrene (Felscia et  al. 2018), methyl (E)-2-cyano-3-(5-(pyren-
1-yl) thiophen-2-yl)-3-acrylate (Khalid et  al. 2021), pyrene-core arylamine derivatives 
(Andijani et al. 2018), enzoyl acetone pyrene (More et al. 2017)etc., are available which 
shows high chemical reactivity of pyrene. Some studies on Pyrene-containing chalcone 
derivatives (Sun et al. 2019), 1-(pyren-1-yl) − 3-(4-Methyl thiophene-2-yl) acrylic ketone 
and 1-(pyren-1-yl) − 3-(4-bromo thiophene-2-yl) acrylic ketone (Shi et al. 2017), (E)-3-(6-
(methoxypyridin-3-y1)-1-(pyren-1-yl) prop-2-en-1-one) and (E)-3-(2, 6-dichlorophenyl)-1-
(pyren-1-yl) prop-2-en-1- one (Niu et al. 2018) reporting the properties of pyrene deriva-
tives in third-order nonlinearity have also been observed. Wide applications of pyrene 
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derivatives have been reported which shows the high chemical reactivity of the pyrene. 
Thus, motivated by this fact, one such pyrene derivative 1,3-dinitropyrene (DNP) having 
planar aromatic two-dimensional geometry has been considered for the present study.

The main objective of the presented work is to discover enhanced polarizability and 
hyperpolarizability of DNP molecule that relates to charge transport within the molecule. 
Thus, the charge transferring parts will be identified in the study using Mulliken charge 
distribution and global reactivity parameters. The location of electrophilic and nucleophilic 
parts of DNP are identified by molecular electrostatic potential (MEP) and Van der Waals 
surface. The spectral features of DNP are also presented by using computed Raman, UV-
Vis, and Nuclear magnetic resonance (NMR) spectra. The hyperpolarizability parameters 
and cationic and anionic energies are analyzed for developing the NLO activity of the mol-
ecule and its application in organic light-emitting diodes (OLED) respectively.

2  Computational procedure and calculation

The structure of the DNP is downloaded from the online database “PubChem” (https:// 
pubch em. ncbi. nlm. nih. gov/) in sdf format and converted into gjf format using software 
“OpenBabel” (http:// openb abel. org/ wiki/ Main_ Page). Density functional theory (DFT) 
method is used for all the quantum chemical calculations using Gaussian 09 packages 
(M.J. 2009). The interpretation of the output is done using GUI Gauss View 5.0 (R. 2007). 
Becke-3-Lee-Yang-Parr (B3) exchange function combined with (LYP) correlation is used 
for ground state geometry optimization of DNP molecule. Standard B3LYP/6-311G basis 
set is used for all ground states as well as cationic and anionic optimizations (Becke and 
Becke 1993; Becke and Becke 1997). The ground state optimization were carried out till 
threshold values of maximum force as 0.00045, RMS force 0.0003, maximum displace-
ment 0.0018 and RMS displacement 0.0012 without any additional information sets. Mini-
mization of the molecule’s geometry downloaded from PubChem database was without 
any constraint leading to true minima. The optimization of the molecule was carried out in 
gas phase at T = 298.15 K and 1 atmosphere pressure without fixing any parameter or coor-
dinate. The free energy is computed for DNP molecule by the following given expression:

where Eelectronic and Ethermal are the electronic and thermal energy respectively. Different 
reactivity parameters like bandgap (ΔE), ionization potential (IP), electron affinity (EA), 
chemical potential (CP), electronegativity (χ), softness (S), and hardness (η) are calculated 
with the help of Koopman’s equations given below (Koopmans and Koopmans 1933):

Efree = Eelectronic + Ethermal

(1)ΔE = ELUMO − EHOMO

(2)IP = −EHOMO

(3)EA = −ELUMO

(4)CP =
EHOMO + ELUMO

2

https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
http://openbabel.org/wiki/Main_Page
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The Van der Waals surface is computed using software “Avogadro” (https:// avoga dro. cc/) 
(Yadav et al. 2021). The electronic spectra is computed using time-dependent density func-
tional theory (TD-DFT) for self-consistent field (SCF) approach for nine transitions. For TD-
SCF calculations, convergence on RMS density matrix was at 1.00 ×  10− 8, convergence on 
maximum density matrix was at 1.00 ×  10− 6.

The vibrations of different bonds of DNP molecule are studied using computed vibrational 
spectra. The reactivity and high polarizability of the DNP molecule is developed by comput-
ing Raman intensity using the given expression (Rana et al. 2017; Felscia et al. 2018):

 where I refers to Raman intensity of the considered mode, f is a constant with value 
 10− 12, νo has value 9398.5   cm− 1. νi and  Si are  the vibrational wavenumber and Raman 
activity of selected mode respectively. h is Planck constant with value 4.1357 ×  10− 15 eV 
 K− 1, c is speed of light having value 3 ×  108  m/s, K is Boltzmann constant with value 
8.6173 ×  10− 5 eV  K− 1, and T is temperature 293.5 K. NMR analysis was also done using 
Gauge-Independent Atomic Orbital method including nuclear spin. Tetramethylsilane 
(TMS) at 298.15 K temperature and 1 bar pressure was taken as the internal reference com-
pound. Polarizability parameters are calculated to understand the diffusion of the electron 
cloud in compound and are used for developing the NLO behavior of the title molecule. 
The polar frequency calculations are performed for obtaining the tensor components of 
total dipole moment (µtotal), total isotropic polarizability (αtotal), anisotropy of polarizabil-
ity (Δα) and first order hyperpolarizability (βtotal) using finite field theory approach. These 
parameters are computed using below given expression:

 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.

(5)� =
(IP + EA)

2
,

(6)� =
ELUMO − EHOMO

2
, S =

1

�
,

(7)I =
f
(

νo − νi
)4
Si

νi

[

1 − exp
(

−
hcνi

kT

)]

(8)�total =

(

�2
x
+ �2

y
+ �2

z

)
1

2

(9)�total =
1

2

(

�xx + �yy + �zz
)

(10)�� =
1
√

2

�

�

�xx − �yy
�2

+
�

�yy − �zz
�2

+
�

�zz − �xx
�2

+ 6�2
xz
+ 6�2

xy
+ 6�2

yz

�
1

2

(11)�total =

[

(

�xxx + �xyy + �xzz
)2

+
(

�yyy + �yzz + �yxx
)2

+
(

�zzz + �zxx + �zyy
)2
]

1

2

https://avogadro.cc/
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In order to define the application of title molecule in OLED, Reorganization energy 
(RE) is computed for the DNP. The RE is a measure of charge transport capability of the 
molecular systems and is computed using single point energies (SPE) by following given 
equations (Si et al. 2011):

 where, E0
0
 = SPE of ground state geometry, E−

0
 = SPE of anion state optimization of ground 

state geometry, E−
−
 = SPE of anion state optimization of anion molecule, E0

−
 = SPE of 

ground state optimization of anion state geometry, E+

0
 = SPE of cation state optimization of 

ground state geometry, E+
+
 = SPE of cation state optimization of cation state and E0

+
 = SPE 

of ground state optimization of cation state geometry of the molecule.
Light harvesting efficiency (LHE) is also computed for the DNP using the oscillator 

strength (f) by using the below mentioned formula (Curutchet et al. 2017; Sang-aroon et al. 
2019):

LHE is the measures of applicability of the molecule to be used as photosensitizers in 
Dye Sensitizer Solar Cells (DSSC) (Lakhera et al. 2022; Abusaif et al. 2021). The organic 
molecules are reported to have high LHE. Thus, these materials are in great demand for 
enhancing the efficiency of solar cells.

3  Results and discussion

3.1  Structure analysis

Figure 1 illustrates the optimized geometry of DNP. The benzene rings are settled in planar 
geometry with C1 point group symmetry. The non-planarity is observed by the deviation 
in the 1O–5N–3O and 2O–6N–4O bonds of the nitro groups. The molecule comprises four 
inter-connected benzene rings with two nitro groups 1O–5N–3O and 2O–6N–4O bonded 
with the benzene. The electrostatic potential energy is computed as -27892.29  eV. The 
computed value of free energy of the DNP molecule is -642864.55 kcal/mol. Molecules 
with high intramolecular interactions are known to have high polarizability. The higher 
value of dipole moment of 9.07 Debye is computed for the DNP molecule which shows the 
high polarity of the molecule. The optimal parameters like bond lengths and bond angles 
are also analyzed for DNP. The low value of bond length shows the higher stability of 
the molecules. Although, the bond angles are inversely proportional to the bond lengths. 
The optimized bond lengths and angles of the DNP are listed in SD 1 and SD 2 respec-
tively. The bonds 17C–25H, 20C–28H, 22C–30H, 21C–29H, and 18C–26H are the outer 
C–H bonds of the benzene rings. These bonds have same bond length equal to 1.08 Å. 
The bonds 2O = 6N, 4O = 6N, 3O = 5N, and 1O = 5N are associated with the nitro groups. 
These bonds have a comparatively higher bond length equal to 1.22 Å. The bond angles 
between nitro groups were observed at around 122.74˚. This was found to be higher than 
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bond angles corresponding to C–H bonds of the benzene rings. Thus, the optimal param-
eters highlighted the nitro groups and the C–H bond of benzene rings are the most reactive 
regions of the molecule.

3.2  Charge analysis

Charge analysis is done to investigate the location where the charge is transferred and 
the moieties that are participating in the transferring of the charge. Molecules possessing 
immense ICT are considered chemically reactive (Rana et al. 2016). In DNP, the computed 
Mulliken charges accounted for the positive charge contribution of the hydrogen atoms and 
the negative charge contribution of 5 and 6N atoms. The Mulliken charge distribution in 
the DNP molecule is plotted in Fig.2. The carbon atoms, however, contributed positively 
as well as negatively charges. The nitrogen atoms of nitro groups have a negative charge 
equal to −0.214 and − 0.214 e. The 1O, 2O, 3O and 4O oxygen atoms have charges equal 
to 0.033, 0.033, 0.009 and 0.009e respectively. The hydrogen atoms 23H, 25H, 28H, 30H, 
29H, 26H, and 24H corresponding to the outer C–H atoms of the benzene rings have posi-
tive charges and the carbon atoms of these C–H atoms like 15C, 17C, 20C, 22C, 21C, 18C, 
and 16C have the negative charge magnitudes. Thus, there found a major charge variation 
between the nitro groups and the C–H bonds of the benzene rings. This charge variation 
might be considered due to the occurrence of intramolecular interactions in the DNP mol-
ecule. Thus, the Mulliken charge analysis suggests the existence of  intramolecular interac-
tions between the nitro groups and C–H bonds.

3.3  Chemical reactivity analysis

The global reactivity parameters are computed for DNP using Koopman’s equations. These 
parameters are called frontier molecular orbitals as they deal with the highest occupied and 
lowest unoccupied molecular orbitals (HOMO and LUMO). These orbitals are of frontier 
electron occupation and have a large influence on the chemical properties. The energy cor-
responding to these frontier HOMO and LUMO were − 6.82 and − 3.66 eV respectively. 
The difference between these energies is denoted as ΔE and its value of 3.16 eV. The lower 

Fig. 1  (a) Front view of optimized structure of DNP, (b) Side view of the geometry showing the non-planar 
arrangement of the nitro group and planar geometry of benzene rings in DNP molecule



Computational study of non‑linear optical and electrical…

1 3

Page 7 of 19 85

value of ΔE shows that the electrons in the HOMO can easily jump up to the LUMO and 
can leads to the occurrence of electronic transitions easily (Bhatt et al. 2020). The ΔE for 
the generally used reference materials Urea is 7.43 eV and the ΔE for DNP is much lower 
than the ΔE of Urea. The other computed global reactivity parameters are mentioned in SD 
3. The value of IP for DNP is calculated as 6.82 eV which is high enough to show the easy 
drifting tendency of electrons in the outermost orbitals of the atom. These electrons become 
free electron pairs for bond formation. The EA (3.66 eV) shows the tendency of the mol-
ecule to accept the free electron pairs and form a bond with the donating atom. The value 
of CP is computed as −5.24 eV indicating the energy associated with the overall process of 
sharing electrons. The high value of χ (5.24 eV) shows the high ability of atoms to attract 
the free electrons for bond formation. The value of η for DNP is calculated as 1.58  eV. 
This shows that the DNP molecule has good chemical hardness. On the contrary, the value 
of S for DNP is 0.63 eV which is lower than the η indicating the rigidness and stiffness 
of the DNP molecule. Figure 3illustrated the distribution of HOMO-LUMO surfaces over 
the geometry of the probe molecule. The positive and negative phases in molecular orbital 
wave function are represented by red and green color surfaces respectively (Jeyaram et al. 
2020). The 17C and 21C show the transformation from red color in HOMO to green color 
surface in LUMO respectively. This indicates the transformation of these atoms from posi-
tive to negative charge. The atoms 18 and 20C show the transformation from green to red 
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Fig. 2  Mulliken charge plot for optimized DNP molecule
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indicating the change from negative to positive. The rest of the HOMO-LUMO distribution 
remains unchanged. This indicates that 17C, 18C, 20C, and 21C majorly lead to transfer-
ring of the charge cloud within the DNP molecule. Thus, all the above-given data validates 
that the DNP molecule undergo immense ICT.

3.4  Molecular electrostatic potential and Van der Waal surface analysis

Figure 4a illustrates the MEP surface of DNP. The MEP surface facilitates the identifica-
tion of the negative, positive, and zero potential regions of the molecule (Lakhera et  al. 
2022). The red, blue, and green colored regions of the MEP surface indicate the electro-
philic, nucleophilic, and neutral regions of the molecule respectively. The magnitude of 
electrostatic potential is in order of blue > green > yellow > orange > red, i.e., the blue color 
is the region with high electrostatic potential and thus acts as a charge donating region, 
whereas the red color has the low electrostatic potential and acts as accepting regions 
(Sethi et al. 2015). In MEP of DNP, the blue color spread over the C–H bonds of the ben-
zene rings. This shows that the bonds 17C–25H, 20C–28H, 22C–30H, 21C–29H, and 
18C–26H act as the nucleophilic part within the DNP molecule. On the other hand, the 
nitro groups 2O = 6N = 4O and 3O = 5N =1O have a red color surface over them indicat-
ing their electrophilic nature. Thus, the MEP surface shows that both the nitro groups are 
responsible for the generation of the free charge cloud and the charge cloud seemed to be 
transferred from nitro groups to the C–H bonds of the benzene rings. The magnitude of the 
positive and negative electrostatic potential of DNP is shown as a color bar at the top of 
the MEP surface. The range of electrostatic potential of the DNP molecule is computed as 

Fig. 3  HOMO and LUMO with 
respective energies illustrating 
the energy difference between 
these orbitals
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Fig. 4  (a) Molecular electrostatic potential surface of DNP illustrating electrophilic region in blue and 
nucleophilic region in red colour, (b) Van der Waal surface of DNP illustrating electropositive region as 
blue and electronegative region as red surface
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± 4.59 ×  10− 2 electrons/Å3. The contour  lines are also shown on the MEP surface. These 
lines indicate the higher magnitude of the electrostatic field in the region, where the lines 
are largely accumulated (Ojo et al. 2020). Thus, the dense collection of the contour lines 
near the nitro groups and the outer C–H bonds of the benzene rings indicates that these 
bonds will experience more field and will be majorly altered by the field. This altera-
tion will lead to the weakening of these bonds and there are great chances of these bonds 
getting dissociated. Hence, the presence of the contour lines near nitro groups and C–H 
bonds indicates that the intramolecular interactions will most probably occur between nitro 
groups and outer C–H bonds of the benzene rings.

The Van der Waals surface is shown in Fig. 4b. The Van der Waals surface reveals the 
intramolecular interactions. The blue and red-colored regions indicate the electropositive 
and electronegative regions of the molecule respectively (John et al. 2020). The Van der 
Waals surface of DNP reveals that the nitro groups act as high electronegative parts and the 
benzene rings act as electropositive parts. Thus, the MEP and Van der Waals surface, both 
validate the existence of intramolecular interactions of the DNP molecule within the nitro 
groups and C–H bonds of the benzene rings.

3.5  Vibrational analysis

A complete vibrational mode analysis has been done for all the Raman modes obtained 
from the computed vibrational spectra. The vibrational Raman modes account for the 
NLO activity of any compound as the Raman intensity is proportional to the polarizabil-
ity of the compound (Lakhera et al. 2022). A few of the major Raman modes are shown 
in Fig.  5. Different modes observed for different bonds in DNP molecules are listed in 
SD 4. The bonds 13C–5N and 14C–6N connecting the nitro groups to the benzene rings 
show linear symmetric stretching (νCN) at frequency 334.35  cm− 1 and twisting (τ14C−6 N) 
at 665.98   cm− 1. The nitro groups, however, show a peak for torsional bending (δON) of 
bonds 3O–5N and 4O–6N at a frequency of 367.83  cm− 1. Multiple vibrations due to the 
bending of C–C bonds of the benzene rings (θCC) are observed in the frequency range 313-
554.44   cm− 1. At 523.16   cm− 1, the bonds12C–21C and 12C–22C of the benzene show 
wagging (ωCC). The modes due to the wagging of C–H bonds (ΩCH) are observed in the 
range 873.46–894.3   cm− 1. The torsional bending of bonds 13C–5N and 14C–6N (δCN) 
gave a sharp peak at 897.18  cm− 1. The δCH for 21C–29H and 20C–28H showed a peak at 
1136.67   cm− 1. The other δCH modes are observed between 1214.43 and 15309.18   cm− 1. 
The rocking of C–H bonds (ρCH) is observed at 1480.11, 1533.95, and 1558.95  cm− 1. The 
νCC modes were observed between 1580.72 and 1677.4   cm− 1. A high peak is observed 
for νCC mode at 1677.4  cm− 1. The asymmetric linear stretching of the nitro group (αONO) 
has a sharp peak at 1710.68   cm− 1. The αCH modes were observed between 1718.76 and 
3158.35  cm− 1. The mode with the highest frequency was νCH for 16C–24H and 15C–23H 
at 3261.84   cm− 1. The Raman modes obtained for the DNP molecule reveal that high 
Raman intensity of the vibrating modes are obtained for the vibrations associated with nitro 
groups and C–H bonds. The high Raman intensity is proportionally related to the polariza-
bility of the molecule. Thus, the high Raman intensity obtained for the active region modes 
of the DNP molecule imparts to the occurrence of high polarizability of the molecule.
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3.6  Absorption spectral analysis

The computed absorption spectra (Fig.  6) have been shown for the first nine transitions 
to account the electronic transitions of the DNP molecule. Two absorption bands were 
obtained for DNP molecule between 200–325 and 330–475 nm. The details of the transi-
tions were listed in SD 5. For the better validation, the experimental details of the absorp-
tion spectra of DNP are considered from the study of M. B. Brister (Brister et al. 2017). 
Two major experimental absorption bands of the DNP were observed between 250–310 
and 350–460  nm wavelength (Brister et  al. 2017) which is in good agreement with the 
simulated spectral range. The  S0→S1 transition of the simulated absorption spectra occur-
ring at 373  nm wavelength was mainly responsible for the absorption band between 
330–475 nm range having value of oscillator strength (f) of 0.4917 and excitation energy 
of 3.31 eV. The experimental peak of the absorption band between 350–460 nm ranges is 
approximately around 440 nm that is indicated in the inset of Fig. 6. The transitions from 
 S0 →S5 to  S0 →S9 of the simulated absorption spectra lies in band 200–325 nm. How-
ever, the  S0 →S6transition has the maximum oscillator strength of 0.225 and thus majorly 
contribute in the formation of the absorption band between 200–325  nm giving a peak 
at 286  nm. Parallelly, the peak of experimental absorption spectra lies approximately at 
280 nm in 250–310 nm range (Brister et al. 2017; Chen et al. 2021). The spectral range 
of computed absorption and the experimental absorption in the mentioned references was 
close enough to validate the computational calculations. However, this slight difference 
might be due to the fact that computational spectra deal with the single molecule simula-
tion whereas the experimental spectroscopy is done with material in a significant amount 

Fig. 5  Computed Raman spectra of DNP showing different vibration modes (Symmetric stretching-ν, 
asymmetric stretching-α, torsional bending in plane (scissoring)-δ, twisting-τ, rocking-ρ, and wagging-ω, 
bending of C–C bonds in benzene- θ, stretching of C–C bonds in benzene- λ)
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with multiple molecules. The range of absorption spectra indicate the existence of π- π* 
and n- π* transitions. The occurrence of π- π* and n- π* transitions are validated by the 
experimental references also and enhance the possibility of intramolecular interactions 
(Rana et al. 2017). Generally, π–π* transition are responsible for the formation of strong 
absorption peak between 300–500  nm wavelength and n–π* transition gives absorption 
peak below 500 nm. Thus, both the computational and experimental range of the absorp-
tion peaks reflects the π- π* and n- π* like nature of electronic transitions of the DNP 
molecule. The lowest excitation energy for DNP was 3.31  eV which was approximately 
same as the HOMO-LUMO gap i.e., 3.16 eV. The difference between the excitation energy 
and band gap might be due to the basis functions that are used for the calculation of excita-
tion energy and band gap. The DFT calculation is done for the ground state geometry with 
the given set of functions. Band gap computed using the Koopman’s equations have func-
tions orthogonal. Whereas, the TD-DFT calculation is done for excited state and the best 
linear combination of the given functions are preferred for the excited state calculations. 
In excited state functions are not orthogonal and thus give lower energy as the excitation 
energy (Hutter and Hutter 2003). The UV-Vis spectral analysis reveals transition arising 
out of the interaction between the lone pair (n) electrons and the π electrons. These transi-
tions were responsible for the higher NLO activity of DNP.

Fig. 6  Simulated absorption spectra of DNP molecule showing highest transition peaks of two bands 
between 200–325 and 330–475 nm. Inset of the Fig. 6 shows the highest transition peaks obtained between 
bands 250–310 and 350–460  nm of the experimental absorption spectra drawn in accordance with the 
experimental details given in (Brister et al. 2017)
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3.7  Nuclear magnetic resonance (NMR) analysis

NMR analysis was performed for DNP and nuclear spin was used for performing struc-
tural analysis (Fleck et  al. 2010). All the chemical shifts are listed in SD 6 and the 
chemical shifts of H atoms and C atoms are shown in SD 7. Tetramethylsilane (TMS) 
at 298.15  K temperature and 1  bar pressure is considered the internal reference com-
pound. The 12 carbon atoms of the TMS structure lead to a sharp resonance line pre-
venting the interference of the 1H structures with the other resonating structures. This 
makes TMS an established internal reference compound (Rana et al. 2018). As the nitro 
groups and C–H bonds of the benzene ring are the most chemically reactive parts of 
the DNP, the higher chemical shifts are observed for atoms associated with these bonds. 
All the aromatic carbon atoms bonded with 17C–25H, 20C–28H, 22C–30H, 21C–29H, 
and 18C–26H bonds have chemical shifts 144.7, 139.49, 134.6, 139.47, and 144.7 ppm 
respectively. The experimental NMR spectra of DNP molecule is also available in 
PubChem. For better validation of the result the computed 13C NMR spectra was com-
pared with the experimental data available in PubChem. The experimental NMR shifts 
for 13C available in PubChem has chemical shift around 142 ppm which is quite close to 
these values and the slight variation might be due to the experimental values are corre-
sponding to material and simulated spectra deals with the single molecule (https:// pubch 
em. ncbi. nlm. nih. gov/ compo und/1_ 3- dinit ropyr ene# secti on= Spect ral- Infor mation). 
These shifts are larger than the carbon atoms attached to the C–H bonds. The high chem-
ical shifts observed for carbon atoms of C–H bonds are mainly due to the availability of 
the hydrogen bond between the C–H bond. Availability of the hydrogen bonding leads 
to the de-shielding of the protons giving rise to the chemical peaks. Higher values of the 
chemical shifts are obtained for oxygen atoms 1O (602.24 ppm), 2O (602.24 ppm), 3O 
(624.6 ppm), and 4O (624.6 ppm). These higher values are due to the resonating effect 
of the nitro group that makes it highly electron-withdrawing. Thus, the higher value of 
chemical shifts in hydrogen and oxygen atoms shows that the molecule exhibits strong 
ICT. Hence, it can be said that the high chemical shifts lead to the high polarizability of 
the DNP molecule enhancing its candidature as an NLO active molecule.

3.8  Nonlinear optical analysis

The behavior of the materials when kept in external electric field is accounted by the 
polarization. The NLO activity of any molecule can be predicted by the polarizability 
parameters. When molecules with multiple atoms are put on in such field, a large cluster 
of charge cloud is emerged from the molecule that leads to the ICT. This charge trans-
fer leads to the high value of polarizability. Thus, for investigating the NLO activity of 
the DNP, polarizability parameters like µtotal, αtotal and βtotal are computed (all the ten-
sor components of the NLO parameters are mentioned in SD 8). For DNP, the computed 
values of µtotal,αtotal and Δα are 3.39 Debye, 33.16 ×  10− 24 esu and 99.44 ×  10− 24 esu 
respectively. The value of µtotal is found two times higher than that of generally used ref-
erence organic NLO material Urea (1.52 Debye). The value of αtotal of the DNP is five 
times higher than αtotal of Urea (5.66 ×  10− 24 esu). The value of Δα of the DNP is fifteen 
times higher than that of Urea (6.30 ×  10− 24 esu). These values show the enhanced opti-
cal behavior of DNP molecule. The electronic transitions between the donor and acceptor 
moieties introduces immense ICT in the probe molecule. For investigating the optical non 

https://pubchem.ncbi.nlm.nih.gov/compound/1_3-dinitropyrene#section=Spectral-Information
https://pubchem.ncbi.nlm.nih.gov/compound/1_3-dinitropyrene#section=Spectral-Information
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linearity, coefficients of the higher order terms of the Taylor’s series expansion (say βtotal) 
is computed using finite field theory approach. Extreme high value of βtotal is obtained 
for the DNP. The βtotal is computed as 21.02 ×  10− 30 esu. For the validation of the com-
puted results, the βtotal of the DNP is compared with the βtotal of fifteen materials that 
are experimentally proven NLO active. SD 9 lists the reference materials that were used 
for the comparison. The βtotal of the DNP was found nearly twenty seven times higher 
than Urea (0.78 ×  10− 30 esu), ten times higher than phenyl urea and five times higher than 
thiourea glutaric acid. When compared with other reference materials, βtotal of the DNP 
was three times higher than L-Leucine nitrate, fifteen times higher than 3-nitroaniline, 
six times higher than Creatinium L-tartarate monohydrate, and one and half times higher 
than 2-methyl 4-nitro aniline and 9-anthraldehyde. Three thiosemicarbazone deriva-
tives mentioned in SD 9 are also used for the comparison. The βtotal of the DNP is found 
nine times higher than benzyl derivative of thiosemicarbazone, sixteen times higher than 
chlorobenzyl derivative of thiosemicarbazone and six times higher than bromobenzyl 
derivative of thiosemicarbazone. The DNP has βtotal 1.7 times higher than βtotal of Trans-
4-hydroxyl-1-proline (12.23 ×  10− 30 esu). Indole-7-carboxaldehyde (3.96 ×  10− 30 esu) 
and ANDIROBIN (methyl-2{(1R,2R)-2- [(1aS, 4S, 4aS, 8aS)-4-(furan-3-yl)-4a-methyl-
8-methylene2-oxooctahydrooxireno[2,3-d] isochromen-7-yl]-2,6,6- trimethyl-5-oxocy-
clohex-3-en-1-yl} acetate) (3.75 ×  10− 30) have βtotal nearly close to each other. Thus, the 
βtotal of the DNP is five times higher than these two molecules. The DNP has βtotal nearly 
four times higher than 2,4,6-triaminopyramidine. The comparison of the βtotal of the title 
molecules with reference molecules is graphically illustrated in Fig. 7. This comparison 
fairly suggest that the DNP is a highly chemically reactive molecule with potent NLO 
activities. Thus, the presented computational study suggests that the DNP molecule can be 
a better NLO responsive material and can be used as various NLO applications in future.

3.9  OLED and LHE analysis

The preliminary calculation of the RE is used to develop the candidature of the DNP 
molecule for the application of OLED devices. The smaller magnitude of the RE pro-
vides general insight into the easy charge transportability of the DNP (Gao and Gao 
2010). The hole RE and electron RE for the DNP molecule is computed as 0.3204 and 
0.3211  eV respectively. The reduced value of hole RE as compared to electron RE 
shows that DNP has better hole transportability. However, the insignificant difference 
shows the ability of DNP to be used as both electron transfer material and hole transfer 
material. Materials having the ability to transfer holes as well as electrons are termed 
ambipolar materials (Sun et al. 2017). Thus, it can be said that DNP can be also used 
as ambipolar charge-transfer material. Although, the materials having high electron RE 
values can be used in electron blocking applications. The hole RE for title molecule is 
comparable to the hole RE of typical hole transferring materials, N, N’-diphenyl-N, N’-
bis(3-methyl phenyl) -(1,1’-biphenyl)-4,4’-diamine (0.290  eV) and 4,4’ - bis(1-naph-
thylphenylamino) biphenyl (0.295 eV) (Malagoli et al. 2000; Tong et al. 2007). These 
nonlinear acenes show better hole transportability. These results suggest that DNP can 
be used as a hole transport layer in OLEDs. The LHE of the DNP molecule is computed 
using f (0.3997) obtained for the  S0 →S1 transition of absorption spectra. The value of 
60.09 is obtained for DNP. This implies that the DNP molecule can convert 60% light 
energy into electrical energy and this can be used along with other dyes which are pres-
ently used as photosensitizers in DSSCs.
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4  Conclusion

The computational results in the current study established that like other pyrene deriva-
tives, the DNP has high chemical reactivity. The reactivity mainly arises due to the avail-
ability of donating C–H bonds of the benzene rings and two nitro groups that acts as elec-
tron-withdrawing agents. ICT was observed and verified between these two groups with the 
help of Mulliken charge distribution and MEP surface. The vibrational modes with high 
Raman intensity are observed for the bonds corresponding to C–H and nitro groups. Thus, 
the theoretical calculations performed for DNP reveal that the molecule possesses excel-
lent first-order NLO responses. These responses arise due to the π- conjugated donor and 
acceptor parts. In comparison to the typical hole transport material, there seems a reduc-
tion in the hole RE, suggesting the utility of DNP towards the OLED devices. Thus, the 
theoretical study concludes the high NLO activity of the DNP molecule and it can be said 
that the experimental verifications performed with this molecule will not be disappoint-
ing. Also, it is believed that the current study will provide the benchmark data of reference 
NLO materials at different levels for the theoretical community and will give insights to 
the experimental community to design better NLO materials for hi-tech NLO applications.

Fig. 7  Graph showing comparison between the βtotal of the reference materials and DNP. The alpha-
bets represents the reference compound: A=urea (Cassidy et  al. 1979),B=phenyl urea (Marappan 
et  al. 2019),C= thiourea-glutaric acid (Thirumurugan et  al. 2018),D= L-Leucine nitrate (Vennila et  al. 
2018),E=3-nitroaniline (Krishnakumar et  al. 2008),F=Creatinium L-tartarate monohydrate (Thirumuru-
gan et al. 2017),G=2-methyl 4-nitro aniline (Shankar et al. 2021),H=9-anthraldehyde (Vijayalakshmi et al. 
2014),I=(E/Z)-4-(4-chlorobenzyl)-1-(1-ferrocenyl-ethyl) thiosemicarbazone (Jawaria et al. 2019),J=(E/Z)-
4-(4-chlorobenzyl)-1-(1-ferrocenyl-ethyl) thiosemicarbazone (Jawaria et  al. 2019),K=(E/Z)-4-(2-bromo 
benzyl)-1-(1-ferrocenylethyl) thiosemicarbazone (Jawaria et al. 2019),L=trans-4-hydroxy-l-proline (Thiru-
murugan et al. 2017),M=Indole-7-carboxaldehyde (Rana et al. 2020),N=2,4,6-triaminopyramidine (Faizan 
et al. 2021),O=ANDIROBIN (Abe et al. 2021), and P=DNP.
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