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Abstract
The good quality organic 2-aminopyridinium 4-nitrophenolate 4-nitrophenol (2AP4N) single crystals with the dimension of 
30 × 5 × 5 mm3 have been grown by slow evaporation solution technique (SEST) at ambient temperature within the period of 
30 days using methanol as solvent. Initially, the structure of grown 2AP4N single crystal was confirmed by the single crystal 
X-ray diffraction (SXRD). Intermolecular interactions of 2AP4N molecule were analyzed by Hirshfeld surface analysis. 
The grown crystal was studied by powder X-ray diffraction (PXRD) measurement, it has sharp peaks which indicates good 
crystallinity. The presence of various functional groups have been confirmed by FTIR and FT-Raman spectra analysis. The 
optical quality (transparency) of the grown crystal was studied by UV–Vis NIR spectral analysis and it has good optical 
transparency in the visible and near IR regions with the cut-off wavelength of 470 nm. The energy values of highest occupied 
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) have been calculated. The density of states 
(DOS) spectra was used to study the bonding, anti-bonding and non-bonding interactions. The Mulliken charge distribution 
was used to confirm the sign and magnitude of charge of each atom. The distribution of charge and its related properties 
were analyzed by the molecular electrostatic potential (MEP). The natural bonding orbital (NBO) theory was used to analyse 
the inter-intra molecular interactions of 2AP4N. First-order hyperpolarizability (βtotal) of 2AP4N molecule was found to be 
1.071−29 esu, which is 28.6 times that of urea. Photoluminescence measurement reveals that the 2AP4N crystal has very 
high emission at 500 nm. The thermal stability of grown crystal was found to be 90 °C. The dislocation density was analyzed 
and it was confirmed to possess less defects. The laser damage threshold (LDT) energy has been measured by using Nd: 
YAG laser (532 nm). The efficiency of second harmonic generation (SHG) of grown 2AP4N was evaluated by Kurtz-Perry 
powder technique. The SHG efficiency of 2AP4N was found to be 4.5 times that of standard KDP material. The high SHG 
values of 2AP4N crystals may be more favorable for nonlinear optical (NLO) device applications.

1  Introduction

Nonlinear optical (NLO) materials have attracted much 
attention because of their wide applications. Among all the 
NLO materials, organic materials are considered to be more 
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versatile for their potentially high nonlinearities and rapid 
response compared with inorganic compounds. The organic 
NLO crystals have gained many applications in the broad 
areas such as laser technology, electro-optic switches, color 
displays, frequency conversion, optical parametric oscilla-
tions, optical data storage and etc., [1–3]. The organic mate-
rials are expected to have relatively strong nonlinear optical 
properties due to the presence of delocalized π-electrons 
conjugate system, connecting both donor and acceptor 
(D–A) groups responsible for enhancing their asymmetric 
polarizability. Other advantages of organic compounds are 
amenability for synthesis, multifunctional substitutions, 
higher resistance to optical damage and maneuverability for 
device applications [4]. Finding ways to ensure that a bulk 
material is acentric has been a serious hurdle in the design of 
new organic materials with non-centrosymmetric packing for 
NLO uses. The organic materials of aminopyridines (AP) are 
significant class of bioactive N-heterocyclic amines, which 
increase the strength of nerve signals. On the other hand, 
their unique chemical and physical properties lead towards 
catalysts and reagents in organic synthesis, light-emitting 
diodes (LED), synthesis of intense fluorescence dyes and 
nonlinear optical applications [5]. Aminopyridines are com-
monly presented in synthetic and natural products [6]. They 
are formed by ordinary moieties in many huge molecules 
with intriguing photo-physical, electrochemical and cata-
lytic properties owing to their excellent electron–acceptor 
constituent (amino group). It is a heterocyclic molecule 
containing two nitrogen atoms which are used to identify its 
nucleic acid basis. It is used in the synthesis of pharmaceu-
ticals especially for antihistamines, anti-inflammatories and 
other drugs. At present, the investigations on 2-aminopyri-
dine (2AP) complex of organic materials are interesting for 
optoelectronic applications. On the other hand, 4-nitrophe-
nol (4NP) is a highly needed and interesting candidate, as 
they are a typical one-dimensional (1D) donor–π–acceptor 
(D–π–A) system, and the presence of phenolic group (OH) 
favours the formation of salts easily with various organic 
and inorganic systems. Moreover, it consists of both nitro 
(acceptor group) and hydroxyl (donor group) in opposite 
sites. The 4NP has both classic dipolar NLO chromophore, 
D–π–A system and hence the more chance to get proton 
transfer from the phenolic (OH) to various organic bases. 
The conjugated base, phenolate, thus formed has increased 
molecular hyperpolarizability because of the better electron 
donating character of phenolate O– (Hammett coefficient 
σ = − 0.81) [7] than that of phenolic OH (Hammett coef-
ficient σ = − 0.38) [8] and it can increase the molecular 
hyperpolarizability [9]. In recent years, some pyridinium 
and nitrophenolate based NLO complexes were synthesized 
and their fascinating NLO properties are reported [10–12]. 
Moreover, the pyridine is an efficient group, can increase 
the number of π electrons as well as their delocalization 

resulting in increasing NLO efficiency. If a proton trans-
fer between two separate NLO organic chromophores takes 
place and if it results in a non-centrosymmetric organic 
material, this can increase the hyperpolarizability of both 
the 2AP and 4NP species.

When the 2AP is added to the 4NP in the 1:2 molar ratio, 
the hydroxyl group of 4NP is protonated to the organic het-
erocyclic molecule of 2AP, which acts as acceptor and this 
protonated molecule is combined to third partner of neutral 
molecule of 4NP. Normally, the organic materials are having 
poor thermal, chemical and mechanical stability [13]. These 
are overcome to achieve the good macroscopic organic 
crystals with higher nonlinearity due to an increase in the 
number of π electron delocalization, which improves the 
molecular hyperpolarizability. These materials have particu-
lar features, such as weak van der Waals (vdW) and hydro-
gen bonds, wide transparency ranges in the visible regions 
and zwitterionic nature [14]. Normally, acentric molecules 
consist of highly delocalized π electron systems interacting 
with suitable D–π–A system and it exhibits a high value of 
second order polarizability (β). Theoretical investigation is 
essential for finding the materials for specific applications. 
Hence, these are projected as forefront candidates for the 
fundamental and applied investigations.

In the present work, a systematic investigation has been 
carried out on the growth and characterization of 2-amino-
pyridinium 4-nitrophenolate 4-nitrophenol (2AP4N) single 
crystals. The grown crystal was analyzed by various theo-
retical approaches and it was subjected to different charac-
terization techniques such as single crystal X-ray diffraction 
(SXRD), powder XRD (PXRD), UV–Vis NIR analysis, pho-
toluminescence (PL) studies, TG-DTA, chemical etching, 
laser damage threshold (LDT) and SHG measurement.

2 � Experiment

2.1 � Material synthesis, crystal growth 
and morphology

The analytical reagent (AR) grade raw materials of 2-ami-
nopyridine (2AP) and 4-nitrophenol (4NP) were taken in 
the stoichiometric ratio of 1:2 for the synthesis of organic 
2-aminopyridinium 4-nitrophenolate 4-nitrophenol (2AP4N) 
compound. Initially, the calculated amount of 2AP and 4NP 
were taken in high purity methanol solvent. The solution 
was continuously stirred until it reached the homogeneous 
condition. After that, it appeared as clear reddish color. The 
prepared solution (charge material) was filtered twice by 
using Whatman filter paper and then it was transferred into 
the crystallizing dish (glass). The dish was covered by a 
thick polythene sheet and then after 1 day, few tiny holes 
was made on the polythene sheet for allowing controlled 
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evaporation at ambient temperature. After some days, the 
bright yellow colored 2AP4N single crystals were formed 
randomly. These crystals were harvested before the com-
plete evaporation of solvent, because final stages solution is 
always contains some impurities. Then the harvested crys-
tals were again washed using the purified methanol solvent 
to remove any adsorbed impurities on the crystal surface. 
The quality of crystalline materials was further improved 
by successive recrystallization process (conventional crystal 
growth process repeated several times). The optically trans-
parent 2AP4N crystals with the dimension of 30 × 5 × 5 mm3 
have been grown in a period of 30 days by slow evaporation 
solution technique (SEST). The reaction scheme of 2AP4N 
material is depicted in Fig. 1. SEST grown 2AP4N crystals 
are shown in Fig. 2. The morphology of 2AP4N was indexed 
by WinXMorph software and it is shown in Fig. 3.

2.2 � Solubility analysis

The solubility data is essential for growing good quality sin-
gle crystals with bulk size in different temperature. Because, 
it gives the quantity of solute limit in a particular amount 
of solvent for a given temperature. The solubility of 2AP4N 
was determined for different temperatures from 35 to 50 °C 
with 100 mL of solvents such as water, acetone and metha-
nol. These are taken separately in an airtight conical con-
tainer. Initially, the constant temperature bath (CTB) was 
maintained at 35 °C with controlled accuracy of ± 0.01 °C 
and it was continuously stirred by an immersible motor-
ized magnetic stirrer. The solubility was determined in the 
100 mL of solvents (water, acetone and methanol) using the 
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Fig. 1   Reaction scheme of 2AP4N

Fig. 2   As grown 2AP4N single crystal

Fig. 3   Morphology of 2AP4N single crystal
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recrystallized material, which is slowly added to them. After 
reaching the saturation condition, the equilibrium concentra-
tion of the solution was analyzed by gravimetrical analysis. 
The same process was repeated several times to determine 
the solubility of 2AP4N material for different temperatures. 
The variation of solubility in different solvents with different 
temperatures is shown in Fig. 4.

3 � Characterization studies

The optically good quality and defect free 2AP4N crystals 
were subjected to the various characterizations. The Bruker-
kappa APEXII single crystal X-ray diffractometer (SXRD) 
with MoKα (λ = 0.71073 Å) was used to measure the unit 
cell parameters of 2AP4N crystal. The powder XRD was 
carried out using BRUKER X-ray diffractometer with the 
CuKα radiation (λ = 1.5406 Å). The optical quality of grown 
crystals was studied by Perkin-Elmer Lambda-35 UV–Vis 
NIR spectrophotometer in the region between 200 and 
1100 nm. The functional groups of 2AP4N were recorded 
using Bruker AXS FTIR spectrometer in the region between 
4000 and 500 cm−1 with transmission mode. Raman study 
was carried out by Bruker RFS 27 FT-Raman spectrometer 
in the range between 4000 and 50 cm−1 with resolution upto 
2 cm−1. The photoluminescence spectrum of 2AP4N was 
recorded using a Jobin Yvon (JY) make Fluorolog-FL3-11 
spectrofluorometer with Xenon arc lamp (450 W) as the 
excitation source at room temperature. The thermogravimet-
ric and differential thermal analysis (TG-DTA) was carried 
out between 30 and 370 °C at a heating rate of 10°C/min 
in the nitrogen atmosphere using a Perkin-Elmer Diamond 
instrument. The surface problems were identified using 

COSLAB Model CMM-23 optical microscope in reflection 
mode. The Q-switched Nd:YAG nanosecond laser with input 
beam diameter of 8 mm operating in TM00 at 532 nm was 
used to measure LDT value of grown crystal. The Kurtz-
Perry powder technique was used to measure the SHG effi-
ciency of 2AP4N crystal using Nd: YAG laser 1064 nm.

3.1 � Computational details

The 3D-Hirshfeld surfaces and 2D-fingerprint plots were 
generated using the Crystal Explorer 3.1 software. The fron-
tier molecular orbital (FMO), Mulliken charges and molecu-
lar electrostatic potential (MEP) have been calculated for the 
2AP4N molecule using DFT/B3LYP-6-311G (d,p) theory. 
The optimized geometrical parameters such as molecular 
energy, band gap, bond length, bond angle, dihedral angle 
and atomic charges were calculated using GAUSSIAN 09W 
package and the calculated values are visualized using Gauss 
View 5.0 program [15, 16]. The potential energy distribu-
tion (PED) for each vibrational mode was analyzed using 
VEDA4 (Vibrational energy distribution analysis) software 
[17]. Mercury 3.8 (using CIF file) was used to generate the 
crystal packing diagram of 2AP4N molecule. Gausssum 2.2 
program [18] was used to calculate the group contributions 
to the molecular orbitals such as TDOS, PDOS and OPDOS.

4 � Results and discussion

4.1 � X‑ray diffraction (XRD) analysis

2AP4N single crystal belongs to the orthorhombic crystal 
(space group Pna21) system and the calculated unit cell param-
eter values are a = 10.957 (± 0.010) Å, b = 12.246 (± 0.011) Å, 
c = 13.152 (± 0.011) Å, α = β = γ = 90° and volume (V) = 1758 
(± 5) Å3. The obtained unit cell parameters are in good agree-
ment with the recent reported values [19, 20] and the values 
are given in Table 1. The powder X-Ray diffraction (PXRD) 
studies were carried out at room temperature in order to check 
the phase purity of materiel and its crystallinity. The obtained 
PXRD pattern for 2AP4N is in good agreement with that of 
CIF data and Rietveld refinement using the FullProf code [21]. 
The obtained peaks have been indexed and these are shown in 
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Fig. 4   Solubility curve of 2AP4N as a function of temperature

Table 1   Crystallographic data for 2AP4N crystal

Parameters Present work Reported [19]

Cell parameters a = 13.152 Å, 
b = 10.957 Å, 
c = 12.246 Å; 
α = β = γ = 90°

a = 13.134 Å, 
b = 10.912 Å, 
c = 12.203 Å; 
α = β = γ = 90°

Space group Pna21 Pna21

System Orthorhombic Orthorhombic
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Fig. 5. It shows the well-defined refined peaks at specific 2θ 
angles and it shows a high degree of crystallinity of the grown 
2AP4N single crystals.

4.2 � Hirshfeld analysis

The Hirshfeld surfaces of the 2AP4N structure were ana-
lyzed to clarify the nature of the intermolecular interactions 
like hydrogen bond or van der Waals (vdW) contacts showing 
dnorm, de, di, shape index and curvedness. It is used to explore 
the strength and location of intermolecular interactions by 
mapping. The contribution to the electron density from the 
molecule under consideration is equal to the contribution from 
all other neighbouring molecules. For each point on that iso-
surface, two distances are determined: (i) de is representing 
the distance from the point to the nearest nucleus external to 
the surface and (ii) di is representing the distance to the near-
est nucleus internal to the surface. The normalized contact 
distance (dnorm) is based on both de and di and also the vdW 
radius of the appropriate internal (ri

vdw) and external (re
vdw) 

atom of the surface.

(1)dnorm =

(

di − rvdw
i

)

rvdw
i

+

(

de − rvdw
e

)

rvdw
e

The 3D-Hirshfeld surface and 2D-fingerprint plots were 
used to calculate the percentage of contribution by each 
intermolecular interaction of 2AP4N molecule. The 3D-Hir-
shfeld surface (dnorm) and 2D-fingerprint plots of 2AP4N 
molecule are shown in Fig. 6 and S. Figure 1 respectively. 
The di and de surface (Fig. 7a, b) indicates that the distance 
between the nearest nucleus internal and external [22] to the 
surface and the obtained values range from 0.63 to 2.44 Å 
and 0.63 to 2.18 Å respectively. The dnorm surface (Fig. 6) 
is a normalized contact distance [− 0.76 Å (red) and 1.33 Å 
(blue)]. The color code red indicates short dnorm ranges and 
blue shows long ranges. The shape index surface (Fig. 7c) 
indicates the electron density surface shape around the 
molecular interaction (− 1 to 1 Å). The curvedness (Fig. 7d) 
indicates the electron density surface curves around the 
molecular interaction (− 4 to 0.44 Å). In the Hirshfeld sur-
face, red regions indicate closer contact of molecules, the 
blue regions indicate farther contact of molecules and the 
white regions indicate the distance of contacts of molecules 
equal to the vdW separation. The percentage of various inter-
molecular contacts contributed to 2D fingerprint plots in 
2AP4N molecule are shown in pie chart (Fig. 8) and it is 
given in Table 2. The analysis suggests that in the 2AP4N 
molecule hydrogen–hydrogen (H⋯H) contacts contribution 
is more (36.50%) when compared to other contacts in the 
same system. The oxygen–hydrogen (O⋯H) intermolecular 
interaction is 16.20% and it is the second highest interaction. 
The nitrogen–nitrogen (N⋯N) intermolecular interaction is 
found to be 0.10% and it is the lowest interaction in the pre-
sent system. Other relative contributions of intermolecular 
interactions are H⋯O (14.60%), C⋯C (7%), C⋯H (6%), 
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Fig. 5   Powder XRD patterns of 2AP4N crystal

Table 2   Contribution of intermolecular interaction of 2AP4N mol-
ecule

Intermolecular interaction Contribution (%)

H–H 36.50
C–H 6.00
H–C 4.20
O–C 3.50
C–O 3.90
C–C 7.00
O–O 1.50
N–O 0.80
O–N 0.70
H–N 0.80
N–H 1.30
O–H 16.20
H–O 14.60
N–N 0.10
N–C 1.40
C–N 1.00
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H⋯C (4.20%), C⋯O (3.90%), O⋯C (3.50%), C⋯O (2.5%). 
This result confirms 2AP4N molecule has supramolecular 
features.

4.3 � Molecular geometry

The molecular geometry of the 2AP4N molecule with an 
atomic numbering scheme is shown in Fig. 9. The experi-
mental data and optimized structural parameters such as 
bond length (Å), bond angle (°), and torsion angle (°) of 
2AP4N are given in S. Table 1 (a), (b) and (c), respectively. 
When the electromagnetic radiation interacts with materi-
als, it will get absorbed at the certain range of wavelength 
due to charge transfer. The present system consists of 
strong N–H⋯O intermolecular hydrogen bonding, which is 
caused by charge transfer. The two ring motifs nitrophenol 
and amino-pyrimidine molecules are connected and engag-
ing in O–H⋯N and C–N=O, C–N–H bonds. These chains 
are leading to the formation of three dimensional (3D) net-
work. Normally the dipolar molecules possessing an electron 
donor (D) and an electron acceptor (A) groups contribute 
to enhance the optical nonlinearity arising from the intra-
molecular charge transfer [23]. There are several intra and 
intermolecular close contacts in the present molecule such as 
O–H⋯N and C–N=O, C–N–H. The intramolecular interac-
tion of 2AP4N molecules in different bond length (separated 
by 1–3 Å) is shown in S. Figure 2(a–c) and the intermolecu-
lar interaction (red color) is shown in S. Figure 2(d) at the 
maximum sum of vdW radii zero [24].

4.4 � Vibrational analysis

Vibrational spectroscopy is an important tool for understand-
ing the chemical bonding and to find out various functional 
groups present in a material. The FTIR and FT-Raman spectra 
results are shown in Figs. 10 and 11, respectively. In FTIR 
spectra, peaks at 3435 cm−1 and 3340 cm−1 represent asym-
metric and symmetric stretching vibration of primary amine 
(NH2) group respectively, which are absent in the FT-Raman 
spectrum. A peak at 3225 cm−1 is observed due to the intermo-
lecular OH stretching vibration of (O–H⋯N) hydrogen bond-
ing. The broadening of the peak is due to the presence of rich 
hydrogen bonds in the present crystal. The unresolved vibra-
tions are clearly resolved at 3080 cm−1 in FT-Raman spectrum. 
The peak at 1666 cm−1 is due to the presence of N–H bending 
vibration, this vibration has not been observed in FT-Raman 
spectrum. The ring carbon–carbon (C–C) stretching vibrations 
occur in the region between 1625 and 1430 cm−1. The peak at 
1617 cm−1 indicates stretching vibration of C=C in aromatic 
and it is not present in FT-Raman. The peak at 1479 cm−1 is 
the asymmetric stretching vibration of aromatic (N–O) nitro 
group. The skeletal vibration of benzene ring usually is at 
1501 cm−1. The 1550–1680 cm−1 regions in the FT-Raman 

spectra of the complexes contain the phenyl C=C stretching 
mode. The peak at 1589 cm−1 represents the aromatic stretch-
ing vibration. The peak at 1330 cm−1 is due to the N=O strong 
symmetric stretching vibration of aromatic nitro group and it 
is present in FT-Raman spectrum at 1327 cm−1 [25]. The peak 
at 1286 cm−1 is assigned to strong C-N stretching vibration of 
aromatic amine and also it is present in FT Raman spectrum 
at 1297 cm−1. The intense peaks at 1107 cm−1 and 1105 cm−1 
observed at IR and Raman spectra respectively are due to the 
C–N stretching vibrations. The peak at 953 cm−1 is assigned 
to C–H out of plane bending vibrations. Also the band around 
1000 cm−1 is attributed to very weak skeleton vibration of 
aromatic carbons [26]. Peak at 845 cm−1 is the N–H out-of-
plane bending absorption. The band due to the C–N stretch-
ing vibration is of weak-to-medium intensity and occurs at 
920–850 cm−1. The C–H out-of-plane deformation band is at 
865 cm−1. In and out-of-plane bending of C–H showed their 
peaks at 754 cm− 1 and 694 cm−1. In a FT-Raman spectrum, 
the very weak signal at 754 cm−1 indicates C-H vibration. The 
FTIR spectrum has peak at 635 cm−1 which represents NO2 
scissoring [27]. Normally, nitro group contains organic com-
pounds which exhibits a very strong band at 655–605 cm−1 
due to the deformational vibration of the NO2 group and their 
corresponding FT-Raman peak appeared at 636 cm−1. The 
peak at 543 cm−1 is the out of plane bending vibration of C=O.

4.5 � UV–Vis NIR analysis

The optical transmittance is an important characteristic of an 
NLO material. Hence the transmittance spectrum of 2AP4N 
single crystal was recorded on the (001) plane with a sample 
of thickness 2 mm. The transmittance spectra of 2AP4N sin-
gle crystal is shown in Fig. 12. From this spectrum, grown 
crystal has good optical transmission in the visible and near 
IR regions. The higher transmittance of the grown crystal 
may be attributed to a less surface scattering, line and point 
defects, etc [28]. The fundamental UV–Visible cut-off wave-
length for 2AP4N crystal was found to be at 470 nm. The 
optical absorption co-efficient (α) can be calculated using the 
following relation.

where T is the transmittance (%) of different wavelengths, 
t is the thickness of the sample (2 mm). The dependence of 
α with the corresponding photon energy (hν) helps to study 
the band structure and the type of electronic transition. The 
optical band gap can be described by the Tauc’s plot rela-
tion [29].

(2)� =
2.3026

t
log10

(

100

T

)

(3)(�h�) = A
(

h� − Eg

)m
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where α is the linear absorption co-efficient, hυ is photon 
energy, Eg is the optical band gap energy, A is a constant and 
m is the characteristics of electronic transition. Normally the 
electron transition from valence band (lower energy states) 
to conduction band (excited energy states), which may be 
either direct or indirect and also both possess forbidden 
transitions when absorbing incident photons. These effects 
are considered in terms of numerical values. These are con-
sidered as electronic transition numbers (m) such as 1/2 for 
direct allowed transition, 2 for indirect allowed transition, 
3/2 for direct forbidden transition and 3 for indirect forbid-
den transition. Further, we have to determine the value of m 
and it indicates the type of electronic transition of 2AP4N 
single crystal. Taking logarithm on both sides and differen-
tiating the Eq. (3) with respect to hυ, we get the following 
form [30].

The quantity Eg can be determined from a graph plotted 
between (ln (αhυ))/hυ and hυ which is shown in Fig. 13a. 
From this figure, the discontinuity in line gives the informa-
tion about electronic transitions of 2AP4N single crystal. 
The sharp discontinuity line at a particular maximum energy 
is called as knee point, which was found to be 2.64 eV. The 
value of m was obtained from the graph plotted between 
(ln(αhυ)) and ln(hυ − Eg). The value of m was found to be 
0.43 = 0.5 = 1/2 for the grown crystal by extrapolating linear 
fit as shown in Fig. 13b, which is approximately equal to the 
0.5 (1/2). This is the evidence for the fact that the electronic 
transition of 2AP4N crystal is allowed for direct band gap 
nature. The Tauc’s plot relation has been modified as given 
below for direct allowed transition.

A graph is plotted between photon energy (hυ) and (αhυ)2 
and the band gap is obtained by extrapolating the linear por-
tion of the curve to α = 0 as shown in Fig. 13c. The band 
gap of the grown 2AP4N crystal is found to be 2.55 eV, this 
band gap energy was theoretically confirmed by Frontier 
molecular orbital (FMO) analysis, which is given in the fol-
lowing section.

4.6 � Frontier molecular orbital (FMO) analysis

The HOMO–LUMO energy gap (ΔE) reflects the chemical 
activity of the molecule which confirms the interaction of 
charge transfer within the 2AP4N moiety and it has also 

(4)ln (�h�) = ln (A) + m ln
(

h� − Eg

)

(5)
d[ln (�h�)]

d(h�)
=

m
(

h� − Eg

)

(6)(�h�) = A
(

h� − Eg

)
1

2

an important role in electrical and optical properties and 
chemical reactions. The HOMO and LUMO are also called 
as frontier molecular orbitals (FMO). It gives the informa-
tion about the transition of the electron from the ground 
state to first excited state. It is described by one electron 
excitation for the HOMO to LUMO level. The FMO is com-
posed of the π-atomic orbital and it is derived from π–π* 
electronic transition [31]. The molecular energies of HOMO 
and LUMO were calculated for the 2AP4N molecule and 
the values are − 6.01 and − 3.21 eV, respectively. These are 
shown in Fig. 14. In this figure, red and green colors repre-
sent the positive and negative charge distribution region. The 
difference (ΔE) between HOMO and LUMO was found to 
be 2.79 eV, which indicates the band gap energy of 2AP4N 
molecule. The theoretically obtained value of ΔE (2.79 eV) 
is nearly equal to the band gap (2.55 eV) obtained from the 
experimental technique (Fig. 9c).

The energy gap between HOMO and LUMO is a criti-
cal parameter to determine molecular electrical transport 
properties. The global chemical reactivity descriptors of 
molecules such as hardness (η), chemical potential (µ), soft-
ness (S) and electronegativity (χ) can be calculated using the 
following equations [32, 33]:

where I and A are the ionization potential and electron affin-
ity of the molecules respectively. The ionization energy 
(I = − EHOMO) and electron affinity (A = − ELUMO) can be 
expressed through HOMO and LUMO orbital. It is widely 
known that the chemical hardness and softness are useful 
properties to measure the molecular stability and reactiv-
ity. The electrophilicity index (ω) is a measure of energy 
lowering due to the maximum electron flow between donor 
and acceptor [34]. It has been obtained from the following 
equation:

The maximum amount of charge transfer (ΔNmax) in the 
direction of the electrophile is predicted, which describes the 
tendency of the molecule to acquire an additional electronic 
charge from the environment. The maximum amount of elec-
trophilic system is given in the following equation [35]:

The two reactivity indices quantify the nucleophilic and 
electrophilic capabilities. The nucleofugality (ΔEn) and 
electrofugality (ΔEe) are defined as follows:

(7)� =
(I − A)

2
;� =

−(I + A)

2
;S =

1

2�
and� =

(I + A)

2

(8)� =
�2

2�

(9)∇Nmax = −
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The calculated values are: chemical hardness 
(η) = 1.39  eV, reciprocal of hardness (S) = 0.35  eV, 
chemical potential (µ) = − 4.61  eV, electronega-
tivity (χ) = 4.61  eV, global electrophilicity index 
(ω) = 7.61 eV, nucleofugality (ΔEn) = 3.69 eV, electrof-
ugality (ΔEe) = 12.92 eV and maximum charge transfer 
ΔNmax = 3.30 eV.

4.7 � Total, partial and overlap population‑density 
of states (DOS)

The density of states (DOS) of a system describes the 
number of states per interval of energy at each energy 
level that is available to be occupied by electrons. Consid-
eration of the HOMO and LUMO energy may not yield a 
realistic description of the frontier orbitals. For this rea-
son, the total density of states (TDOS), partial density of 
states (PDOS), and overlap population density of states 
(OPDOS) or Crystal Orbital Overlap Population (COOP) 
density of states are required [36]. The DOS spectrum 
was formed by convoluting the molecular orbital infor-
mation with Gaussian curves of unit height [full width 
at half maximum (FWHM) is 0.3 eV] using the Gauss-
Sum 2.2 program [37]. The calculated TDOS of 2AP4N 
is shown in Fig. 15. The calculated PDOS and OPDOS 
are shown in S. Figures 3 and 4, respectively. The green 
and red lines in the TDOS spectrum indicate the occupied 
orbitals (HOMO levels) and virtual orbitals (LUMO lev-
els), respectively. The total, partial, and overlap popula-
tion density-of-states provides a pictorial representation of 
molecule orbital compositions and their contributions to 
the chemical bonding. A positive overlap population of the 
OPDOS indicates a bonding interaction, negative overlap 
population of the OPDOS indicates an anti-bonding inter-
action and zero value indicates non-bonding interactions 
[18, 38]. The partial density of states (PDOS) presents the 
composition of the fragment orbitals contributing to the 
molecular orbitals (S. Fig. 3). From the COOP or OPDOS 
diagram (S. Fig. 4), one observes the overlap between 
hydrogen with carbon (blue line), hydrogen with nitrogen 
(green line), hydrogen with oxygen (red line), carbon with 
nitrogen (violet line), carbon with oxygen (pink line) and 
nitrogen with oxygen (yellow line). In general overlap of 
carbon and nitrogen atoms with the ring atoms exhibit 
antibonding interaction. Also overlap of hydrogen atoms 
with ring atoms indicates the positive interaction. From 
the OPDOS plots, it can be calculated that the 2AP4N has 
anti-bonding character in the HOMO and LUMO molecu-
lar orbitals.

(11)∇Ee = IP + � =
(� − �)2

2�

4.8 � Mulliken charge analysis

Mulliken atomic charge calculations have a significant 
role in the application of quantum chemical calculations 
to the molecular system because the atomic charges affect 
the electronic structure, dipole moment, molecular polar-
izability and other properties in molecular systems. It is 
generally accepted that atomic charges yielded by Mulliken 
population are basis set dependent [39]. The total atomic 
charges of 2AP4N molecule are obtained from the Mulliken 
charge population using DFT method. Atomic charges play 
an important role in quantum chemistry. Mulliken atomic 
charge population is one of the simplest pictures of charge 
distribution and it predicts the net atomic charges in the 
molecule [40]. The Mulliken atomic charge distribution 
and plots of Mulliken atomic charges of all the atoms are 
shown in Figs. 16 and 17, respectively. The atomic charges 
of the molecule are ranging from 0.5 to − 0.6 (e) (Fig. 17) 
and the color codes such as black, red, blue and orange indi-
cate N, C, H and O atoms respectively. The highest value is 
observed in C3 (+ 0.456) and O30 (− 0.585), whereas the 
lowest value is observed in C21 (− 0.005) and C23 (− 0.015) 
atom. Almost all the hydrogen atoms exhibit positive charge 
and all the oxygen atoms exhibit negative charge. The car-
bon and nitrogen atoms possess both positive and negative 
charges. The carbon (C3, C5, C7, C19, C22, C34 and C37) 
atoms exhibit positive and the other carbon atoms (C4, C6, 
C35, C36, C38 and C39) exhibit negative charges. The sum 
of Mulliken atomic charges for 2AP4N molecule becomes 
zero and thus maintains the charge neutrality.

4.9 � Molecular electrostatic potential (MEP) analysis

The molecular electrostatic potential (MEP) surface map 
is used to visualize the charge distribution of 2AP4N mol-
ecules and to analyse the charge related properties such as 
electrophilic, nucleophilic reactions and hydrogen bonding 
interactions. The electrostatic potential is mapped onto the 
constant electron density surface. The MEP is super-imposed 
on top of the total energy density as a shell. It is a useful 
feature to study the reactivity of electrophile and it will be 
attracted to negative regions (where the electron distribution 
effect is dominant). In the majority of MEPs, the maximum 
negative region which preferred site for electrophilic attack 
is indicated by red color and the maximum positive region 
which preferred site for nucleophilic attack is indicated by 
blue color. The negative electrostatic potential emerged due 
to the attraction of the proton by the electron density (ED) 
cloud and the positive electrostatic potential commenced due 
to the repulsion of the proton by the nuclei [32, 33]. MEP 
displays the size and shape of a molecule. It is given in terms 
of color grading (Fig. 18). The importance of MEPs lies in 
the fact that it simultaneously displays the molecular size, 
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shape, as well as positive regions in terms of color grad-
ing and it is very useful in research of molecular structure 
with its physicochemical relationship [41]. In general, the 
electrostatic potential increases in the following manner: 
Red < Orange < Yellow < Green < Blue [34, 42]. The elec-
tron distribution occurs in the range from − 9.47 E−2 (deep-
est red) to 9.47 E−2 (deepest blue). The color scheme for 
the MEP surface is blue color (positive) and it indicates the 
nucleophilic attack as well as strongest attraction, red color 
(negative) shows the electrophilic attack as well as strongest 
repulsion, light blue for the slightly electron deficient region 
and yellow for the slightly electron-rich region [43]. The 
negative potential site is localized mainly around the oxygen 
atom which is associated with electrophilic reactivity. All 
the hydrogen and nitrogen (carbon-attached) atoms are of 
positive potential and this is associated with nucleophilic 
reactivity of the 2AP4N molecules, remaining to be neutral 
particles that means zero potential. The contour map of total 
electrostatic potential of 2AP4N has been constructed by the 
DFT method and it is shown in Fig. 19. It confirms the vari-
ous negative and positive potential sites of the molecule in 
accordance with the total electron density surface.

4.10 � Natural bonding orbital (NBO) analysis

The NBO analysis provides an efficient method for study-
ing intra and intermolecular bonding interactions among the 
bonds and it also provides a convenient basis for investigat-
ing charge transfer or conjugative interaction in the molecu-
lar system [44, 45]. It gives the information about interac-
tions of both filled and virtual orbital spaces, which can 
enhance the analysis of intra-inter molecular interactions. 
It was carried out to evaluate the donor–acceptor interac-
tions in the NBO basis. The interaction results in a loss of 
occupancy from the localized NBO of the idealized Lewis 
structure into an empty non-Lewis orbital. The donor (i) and 
acceptor (j) the stabilization energy (E(2)) associated with the 
delocalization (i → j) is determined as

where qi is the donor orbital occupancy, Ei, Ej are diago-
nal elements (orbital energies) and Fij is the off-diagonal 
NBO Fock matrix element. In the larger E(2) value, the 
interaction between the electron donors and acceptors 
moieties is more intensive. The NBO analysis allows the 
estimating energy of the molecule with the same geometry 
in the absence of electronic delocalization. The intramo-
lecular N–H⋯O hydrogen bonding is formed by the orbital 
overlap between n(O) and σ*(N–H), causing stabilization 
of H-bond in the systems and that leads to intramolecular 

(12)E(2) = ΔEij = qi

Fij
2

Ej − Ei

charge transfer (ICT). This interaction results in increased 
electron density (ED) of the N–H antibonding orbital, 
strengthens the N–H bond [46]. The orbital overlap between 
a lone pair n1(N2) and σ*(N1–C3) antibonding orbital with 
stabilization energy of 84.47 kcal/mol was obtained for 
2AP4N molecule. Most important interactions in the 2AP4N 
molecule with the high E(2) values are n1(N2) → σ*(N1-C3), 
σ*(N1–C3) → σ*(C4–C5), σ*(N1–C3) → σ*(C6–C7), σ 
(C6–C7) → σ*(C4–C5), σ (C4–C5) → σ*(N1–C3), σ (C4–C5) → σ*(C6–C7) 
and π (N1–C3) → π*(C6–C7) with energy values of 84.47, 
55.66, 29.52, 19.54, 34.26, 12.95 and 22.13  kcal/mol, 
respectively. This high energy values lead to ICT interac-
tions in the molecule [47, 48]. In NBO analysis large E(2) 
value shows the intensive interaction between the electron 
donors and the electron-acceptors and greater extent of con-
jugation of the whole system. The possible intensive interac-
tions are given in S. Table. 2.

4.11 � First order hyperpolarizability analysis

Nowadays DFT studies become one of the inexpensive and 
effective tools to design the second order NLO materials. 
Also, it gives the useful information regarding the relation-
ship between the molecular structure and NLO properties. 
To understand the microscopic origin of nonlinear behaviour 
of the molecule (2AP4N), the dipole moment (µ), polariz-
ability (α) and first-order hyperpolarizability (β) tensor [49] 
have been executed by B3LYP/6-311G(d,p) basis set using 
Gaussian 09w program. When a molecule with permanent 
electric dipole moment (µe (0)) interacts with an external 
constant electrostatic field (E), the change in the dipole 
moment can be written as:

where α is the linear polarizability, µe (0) is the permanent 
dipole moment and βijk is the hyperpolarizability tensor com-
ponents. The total dipole moment is defined as [50]:

where, µx, µy, and µz are dipole moments along x, y and z 
directions. The total linear polarizability (αtotal) can be cal-
culated by the following equation:

where, αxx, αyy and αzz are the diagonal components of 
polarizability tensor. The anisotropy of the polarizability 
(Δα) can be calculated by the following expression:
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The first order hyper-polarizability is a third rank tensor 
which can be depicted by a 3 × 3 × 3 matrix. Due to the 
Kleinmann symmetry [51], the 27 components of the 3D 
matrix can be minimized to 10 components. Using the DFT 
calculations, 10 components of this matrix such as βxxx, βxxy, 
βxyy, βyyy, βxxz, βxyz, βyyz, βxzz, βyzz and βzzz have been obtained. 
Using the x, y and z components, one can calculate the mag-
nitude of the total first-order hyperpolarizability (βtotal) ten-
sor by the following equations [52]:

The calculated total electric dipole moment (µ) = 23.70 
Debye, total polarizability (αtotal) = 2.40 × 10−23 esu, the 
anisotropy of the polarizability (Δα) = 5.21 × 10−23 esu 
and first-order hyperpolarizability (βtotal) = 1.071−29 esu 
are given in Table 3. The values of α and β in atomic units 
(a.u.) have been converted into electrostatic unit (esu) (α: 
1 a.u. = 0.1482 × 10−24 esu; β: 1 a.u. = 8.47 × 10−33 esu). 
The first-order hyperpolarizability value of urea molecule 
is compared with 2AP4N molecule. The β2AP4N is 28.6 
times greater than that of urea molecule (βTotal of urea is 
0.372 × 10−30 esu). The high β value and non-zero value of 
dipole moment (µ) indicates that the title compound may 
be a suitable candidate for NLO applications.

(17)�total =

(

�2
x
+ �2

y
+ �2

z

)
1

2

(18)
�x = �xxx + �xxy + �xxz, �y = �yyy + �yyz + �xyy, �z = �zzz + �xzz + �yzz

Table 3   NLO properties of 2AP4N calculated using DFT at 
B3LYP/6-311G (d,p) level

Dipole moment 
(debye)

Polarizability First hyperpolariz-
ability

µx − 22.35 αxx − 199.59 (a.u.) βxxx − 1196.61 (a.u.)
µy 7.88 αyy − 124.10 (a.u.) βyyy 96.16 (a.u.)
µz − 0.21 αzz − 162.84 (a.u.) βzzz − 0.29 (a.u.)
µTotal 23.70 αTotal 2.40 × 10−23 (esu) βxyy − 137.88 (a.u.)

Δα 5.21 × 10−23 (esu) βxxy 87.23 (a.u.)
βxxz − 148.98 (a.u.)
βxzz − 68.56 (a.u.)
βyzz 4.56 (a.u.)
βyyz − 2.24 (a.u.)
βxyz 16.14 (a.u.)
βTotal 1.07 × 10−23 (esu)

Fig. 6   3D-Hirshfeld surface (dnorm) of 2AP4N molecule

Fig. 7   a di, b de, c shape index 
and d curvedness surface of 
2AP4N molecule
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4.12 � Photoluminescence (PL) studies

The photoluminescence (PL) is one of the effective tools 
to provide relatively direct information about the physical 
properties of materials at the molecular level. In order to 
identify the photoluminescence characteristics of 2AP4N 
crystal, the PL study was recorded at room temperature. 
The sample was excited with the 400 nm wavelength. The 
emission spectrum was recorded in the wavelength ranging 
from 450 to 700 nm. Excitation and emission wavelengths 
were obtained by changing the excitation wavelength 
under a fixed emission wavelength and vice versa. The 
photoluminescence spectrum of the grown 2AP4N single 
crystal is shown in Fig. 20. Fluorescence is the spontane-
ous emission of light radiation during the transition of 

Fig. 8   2D fingerprint plots of 2AP4N molecule in a pie chart

Fig. 9   Atomic numbering scheme of 2AP4N
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Fig. 10   FTIR spectrum of 2AP4N crystal
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Fig. 11   FT-Raman spectrum of 2AP4N crystal
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Fig. 12   UV–Vis NIR spectrum of 2AP4N single crystal
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Fig. 14   HOMO–LUMO diagram of 2AP4N
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the system from its lowest vibrational energy level of first 
excited state (S1) back to its ground state (S0). The energy 
states of T1 represent the first level triplet electronic tran-
sition [53]. The loss of photons emission is due to the 
vibrational relaxation, internal conversion and intersys-
tem crossing. The Jablonski energy diagram illustrating 
the energy transitions between different electronic states 
is shown in Fig. 21. Aromatic molecules which contain 
multiple conjugated bonds (π bonds of sp2 hybrid orbitals) 
possess a high degree of resonance stability. The 2AP4N 
crystal consists of phenoxy ion (benzene derivative) hav-
ing delocalized π-electrons in carbon bonds [54]. Small 
intense emission peaks were observed at 470 nm (2.63 eV) 
and 482 nm (2.57 eV). A sharp high intense emission peak 
is obtained at 500 nm (2.4 eV) and this may be due to 
charge transfer between the pyridine and hydroxyl group. 
This emission of transition occurs from the excited state 

Fig. 15   Total electronic density of states (TDOS) of 2AP4N molecule

Fig. 16   Mulliken atomic charge 
distribution
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S1–0 to the ground state S0–1. The broad emission peak is 
observed from 515 nm (2.33 eV) to 650 nm (1.90). This 
may be due to the vibrations in the crystal lattices [55]. 
These vibrations are caused by thermal vibrations of atoms 
due to temperature changes and also other reasons such as 
vibrational relaxation, internal conversion and intersystem 
crossing may occur during the excitation. Moreover, the 
emission peaks are broad and asymmetric. This behaviour 
indicates the existence of several transitions levels below 
the conduction band or may be due to the overlap of vari-
ous emission peaks from these levels. This is associated 
with the presence of defects inside the band gap, probably 
due to the vacancies or dislocations in a grown crystal. But 
intensity of the peak depends upon the crystallinity. Hence 
it can be useful for fluorescence detection in the visible 
range and LED applications [55].

4.13 � TG/DTA analysis

Thermogravimetric and differential thermal analysis (TG-
DTA) was carried out to confirm the thermal behaviour of 
2AP4N crystal. The crystalline sample of weight 3 mg was 
taken in alumina crucible. Nitrogen gas was continuously 
allowed inside the furnace for maintaining inert atmosphere 
around the sample. The sample was heated in the range from 
30 to 250 °C with the heating rate of 10 °C/min. The TG-
DTA graph is shown in Fig. 22. From the TGA curve, it 
has been observed that the weight loss started at 115 °C 
due to degradation of 2AP4N crystal. There was no remark-
able weight loss observed between 30 to 115 °C and it con-
firms the absence of adsorbed water molecules. But there 
was a sharp endothermic peak starting at 90 °C, the melting 
point of 2AP4N crystal and it was completed at 95 °C. The 
2AP4N crystal exhibits a single stage decomposition and it 
starts around 115–220 °C with a mass loss of almost 98% 
of the material. This major decomposition is may be due to 

Fig. 19   The contour map of 
total density electrostatic poten-
tial of 2AP4N
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Fig. 20   The photoluminescence (PL) spectrum of the grown 2AP4N

Fig. 21   Jablonski energy diagram



1567Journal of Materials Science: Materials in Electronics (2019) 30:1553–1570	

1 3

liberation of some volatile products [56] and remaining 2% 
may be the residual carbons. In the present case, there is no 
weight loss when temperature is increased upto 90 °C. The 
grown 2AP4N crystal was thermally stable upto 90 °C.

4.14 � Chemical etching analysis

The chemical etching analysis was carried out to determine 
the dislocation distributions and surface features of the grown 
2AP4N single crystals. The optically good quality 2AP4N 
crystal was chosen. (001) plane was used and it was soaked in 
Millipore water as an etchant. The surface of the grown 2AP4N 
crystal was analyzed by an optical microscope. Well-defined 
elongated sharp cone-shaped etch pits have been obtained with 
the 5 s etching time. Randomly distributed and strictly ori-
ented etch pits were seen. The as grown crystal surface and 
etched surfaces are shown in Fig. 23a and b respectively. The 
170 (± 5) pits were observed per 25 × 10−4 cm2. Therefore the 

etch pit density (EPD) was found to be 6.80 × 104 cm−2 for the 
grown crystal. There is no solvent inclusion, grain bounda-
ries and micro-cracks which clearly confirms that the grown 
2AP4N crystal has less dislocations.

4.15 � Laser‑induced damage threshold (LDT) studies

When the material goes for NLO applications, it must have 
ability to withstand high power laser intensities. Hence, the 
high optical surface damage tolerance materials are extremely 
important in the performance of nonlinear optical (NLO) and 
optoelectronic device applications. The laser damage thresh-
old (LDT) of the NLO components depends on physical and 
chemical imperfections particularly on growth dislocations 
[57]. If the grown crystal contains more dislocations, it results 
in low damage threshold as these dislocations influence to 
reduce the strength of interatomic bonds of the material. In 
the present work, 5 mm thick 2AP4N crystal was used. The 
output laser power was controlled by an attenuator (combina-
tion of half-wave plate and Brewster’s polarizer) and the crys-
tal was placed at the focal point using translation (X–Y) stage. 
The laser energy was recorded by a digital power meter. The 
input laser energy was increased until the sample gets dam-
aged. When the laser irradiation increases, the sample causes 
localized heating due to the absorptions and then it gets to 
vaporization, melting locally as well as fracture may be pos-
sible from developing thermal stress [58]. The small damage 
spot is observed at 5 mJ. Further increasing the laser irradia-
tion, the large damage spot with heat distribution is formed 
around the spot. Microscopic damage patterns are shown in 
Fig. 24. The LDT value of the 2AP4N crystal was calculated 
using the following expression.
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Fig. 22   TG-DTA analysis of 2AP4N single crystal

Fig. 23   (a) As grown and (b) 5 s etched surface of 2AP4N crystal
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where E is the input energy (mJ), τ is the pulse width (ns) 
and ωZ is the radius of the beam on crystal surface as before 
the focal point and it can be calculated using the following 
expression:

where λ is the wavelength of laser (532 nm), f is the focal 
length of convex lens (10 cm) and d is the diameter of laser 
beam (8 mm) as before the convex lens. The value of ωo 
was found to be 10 mm. The laser-induced bulk damage 
may occur due to many intrinsic factors arising from the 
optical behaviour of the materials and extrinsic factors such 
as material defects, impurities and surface roughness of the 
materials [59]. The LDT value of the grown 2AP4N crystal 
was found to be 3.12 GW/cm2.

4.16 � Second harmonic generation (SHG) analysis

The Kurtz–Perry powder technique is an extremely valu-
able tool for initial screening of the materials for analyzing 
second harmonic generation (SHG) efficiency [60]. The 
intense electromagnetic field of a laser radiation interacts 
with non-centrosymmetric crystals and it causes some 
polarizations of a crystal, then the new effect appears with 
linear response of the incident electric field. A Q-switched 
Nd: YAG laser beam (λ = 1064 nm) of input power of 

(20)�Z = �0

√

1 +

(

Z

ZR

)2

(21)ZR =

(

��0
2

�

)

10.8 mJ, and pulse width of 8 ns with a repetition rate of 
10 Hz was used. The grown single crystal of 2AP4N was 
grained well and then it was packed in micro-capillary 
tube to expose the laser beams. Powder samples consist 
of a large number of randomly oriented crystals (includ-
ing phase matching angle). The total SHG intensity of the 
powder samples is equal to the sum of the SHG intensity 
(interfered out) generated by each single particle. The 
intensity of green emission (532 nm) from the sample 
was collected using the monochromatic photo detector. 
The KDP is a standard material of this experiment. The 
SHG intensity of 2AP4N and KDP materials are shown in 
Fig. 25. Comparison of these intensities reveals that the 
2AP4N is 4.5 times higher than that of KDP. The results 
suggested that the 2AP4N crystal is useful for SHG device 
applications.

Fig. 24   Microscopic images of the LDT patterns
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Fig. 25   Second-harmonic generation (SHG) efficiency
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5 � Conclusions

The optically high quality yellow colored organic NLO 
single crystals of 2-aminopyridinium 4-nitrophenolate 
4-nitrophenol (2AP4N) have been grown by slow evapo-
ration solution technique (SEST). The structure was con-
firmed by the SXRD analysis, it belongs to orthorhombic 
crystal system with space group of Pna21. The morphol-
ogy has been indexed by WinXMorph software. The crys-
talline planes of the grown crystal were identified using 
Powder XRD and it was fitted using FullProf code. Quick 
quantitative insights and all the intermolecular interac-
tions of the present 2AP4N crystal were revealed from 3D 
Hirshfeld surfaces and 2D fingerprint plots. The molecu-
lar vibrational spectra of FTIR and FT-Raman have been 
analyzed. UV–Vis NIR spectrum shows that the crystal 
is transparent in the visible and near IR regions with the 
lower cut-off wavelength of 470 nm. The band gap of the 
grown 2AP4N crystal was found to be 2.55 eV. The grown 
crystal has good optical transmittance and hence it is more 
suitable for NLO applications. The HOMO–LUMO energy 
value was analyzed and it was found to be 2.79 eV. The 
pictorial representation of molecule orbital compositions 
and their contributions to the chemical bonding (bonding, 
anti-bonding and non-bonding) have been analyzed. The 
hydrogen bond interactions in crystalline phase are evalu-
ated by the Mulliken charge distributions of each atom. 
Molecular electrostatic potential and Mulliken charges are 
computed to know about the potential and charge distribu-
tion within molecule. In 2AP4N molecules, all the hydro-
gen atoms exhibited positive charge and all the oxygen 
atoms exhibited negative charge. The carbon and nitrogen 
atoms possess the both positive and negative charges. The 
intra and intermolecular bonding interactions have been 
investigated on 2AP4N molecule using NBO analysis and 
it provides a convenient orbital overlap between a lone pair 
of n1(N2) and antibonding of σ*(N1–C3) with stabilization 
energy of 84.47 kcal/mol. This high energy value leads 
to ICT interactions in a 2AP4N molecule. The first-order 
hyperpolarizability of the 2AP4N molecule has been cal-
culated and it is 28.6 times greater than that of urea mol-
ecule. Photoluminescence reveals that the 2AP4N crystal 
has green emission (500 nm). Thermal studies indicated 
that the crystal was thermally stable upto 90 °C. There was 
no phase transition and decomposition below 90 °C. The 
chemical etching studies confirmed that the crystal has 
less dislocations. The higher value of laser damage thresh-
old suggests that the grown crystals may be favorable for 
device applications. The Kurtz–Perry powder technique 
was carried out and the grown 2AP4N single crystals have 
good SHG efficiency compared with KDP. All the studies 
suggested that the grown 2AP4N single crystals are more 

suitable for frequency conversion, fluorescence detection 
in the visible range and LED applications.
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