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Abstract
Bulk size of urea barbituric acid single crystal which has not been reported earlier was successfully
grown by slow evaporation solution growthmethod. Single-crystal XRDbrought out the lattice
constant and the crystal system is observed to bemonoclinic with space group P. Functional group of
UBAwere determined by FT-IR.UBA crystal is entirely visible from270 to 900 nmwith linear optical
energy gap value to be 4.50 eV. The observedHOMO–LUMOenergy gapwas 5.21 eV. Thermally,
UBA crystal is found to be stable up to 184˚°C. TheCp value ofUBA increases from1.21 to
1.58 J g−1K−1 with the temperature difference from30 to 100˚°C.UBA shows good photoconductive
nature and it found to be positive and LaserDamage Threshold (LDT) value ofUBA crystal is
0.97 GW cm−2. Hardness testing confirms thatUBA crystal belongs to soft nature category. Dielectric
properties ofUBA crystal are studied as a function of frequency and temperature. Third orderNLO
properties of theUBA crystal were studied under CWand pulsed lasers (ns) regimes using Z-scan
technique. GoodOptical limiting (OL) response (2.2860 х 1012W/m2) confirms the efficiency ofUBA
crystal to be used as optical limiters for protection towards short pulse lasers.

1. Introduction

Organic nonlinear optical (NLO)materials play a noteworthy role in all types of optical properties like electrical,
acousto and opto-mechanical devices. In order to control the ability of the intensity of light, the pre-
determination is the crucial tool for themanipulation. There are variousmethods opted to limit, switch,
modulate or amplify the amplitude of the optical signals which categories into twomain groups, namely, passive
and dynamicmethods. The dynamic system restricts the light intensity wherein a passive systemhelps to control
the functions like sensing, processing and actuating that are inherent. Smartmaterials or intelligentmaterials are
used as novelNLOmaterials [1]. Organic compounds have high delocalized conjugated systemwith strong
electron donors (−NR,−OR, etc) and strong electron acceptors (–NO2, –CN, –COOH, –SO3H, etc) [2].
Organic crystals exhibit better third-order nonlinear optical (NLO) properties due to the presence of delocalized
π-bonded electron system [3]. In view of industrial application and information technology, theNLOmaterial
plays a great impact on nonlinear optics. A goodNLOmaterial satisfies the technological requirement of
applications such as thematerials having broader range of transparency, quick response and large damage
threshold [4]. Light passing through anyNLOmaterial gets alteredwhich depends on its temperature,
orientation andwavelength of the light etc [5–7]. The organicmaterials with inclusion of aromatic ring are
highly suitable forχ (2) (second-order) andχ (3) (third-order)NLOapplications since their high optical damage,
higher nonlinearity and ultrafast or electronic response [8]. There is a huge ultimatum, for novel NLOmaterials
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with largeNLO figures ofmerit that are widely used as they possess good stability, large laser damage threshold
with lowmechanical strength. But their limited temperature range restricts the scope of applications [9, 10].

Mulliiken approach is based on the interactions of transfer of charge from the two aromaticmolecules which
arises out of electron transfer of complex of Lewis base to Lewis’s acid. Generally, visible region’s laser radiation
gets absorbedwhen there is an interaction between e- (electron) donor and e- acceptormolecules which further
leads to the origin of intensely colored charge transfer complexes [8, 11]. OrganicNLO crystals are too difficult
to grow a large crystal than inorganic crystals because of weak intermolecular binding energy [12]. Based on the
NLOapplications point of view, we have chosen urea and barbituric acid for synthesizing. Urea ((NH2)2CO) is
an excellent organicNLOmaterial that exhibits tetragonal systemwith P4̅21m space group. It is similar toKDP
and exhibits enhanced properties, higher birefringence and a larger optical damage threshold. The cell
parameter values are observed to be as a= 5.661Å, b= 5.661Å and c= 4.712Å [13]. Barbituric acid (2,4,6-
trioxohexahydropyrimidine) is a heterocyclic compoundwhich is a kind of pyrimidine complex that plays a
crucial role in biological and chemical systems [14]. Barbituric acid (BA) is a extensively exploredmolecular
system that forms highly ordered structures through hydrogen bonding substrates like 2,4,6-
triaminopyrimidine,melamine and urea [15]. 2,4,6-trioxohexahydropyrimidine-Barbituric acid have
numerous applications such as hypnosis, sedation, urease inhibitors, anxiolytic effects, anti-osteoporosis,
anesthesia, anti-oxidant, radio-sensitization, anti-cancer activity, anti-fungal and anti-bacterial. The grown
crystal crystallizes inmonoclinic systemwith P21/c space group and unit cell parameters are found to be
a= 6.817, b= 14.310, c= 6.248 andβ= 118° [14].

Themultifunctional barbituric acids can be utilized as building blocks for the preparation of co-crystals with
an developing structure in supramolecular chemistry. One of the paths to new synthons for use in crystalline
engineering is to restore the hydrogen bond acceptor, like theC═Ogroupwhich is strong, with aweaker
acceptor, like theC═S group, in binary or ternary hydrogen-containing synthons. For instance, if the C═O
group at 2-position of barbituric acid is changed into aC═S group. Barbituric acid is the useful compound in a
viewpoint of the intriguing relationship betweenmolecular and crystal structure emerging from the keto-enol
tautomerism characteristic of these species [16].

In the current study, a single crystal of urea barbituric acid is grown via the process of slow evaporation
solution growth. Urea barbituric acid (C5H8N4O4) single crystal, abbreviated asUBA single crystal was exposed
to different characterization techniques such as single crystal XRD, Fourier transform infrared spectroscopy
(FTIR), Optical studies, theoretical calculations (FMOs&NBO), thermal, specific heat capacitymeasurement,

Figure 1. Scheme ofUBA compound.
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Figure 2. Solubility curve ofUBA crystal.

Figure 3. (a)HarvestedUBA crystal withwater, (b)Morphology of UBA crystal inwater.
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photoconductivity study, laser damage threshold (LDT) studies,mechanical study and dielectric study.
Literature reveals that third order nonlinear optical and optical limiting studies of the single crystal of UBAhas
been investigated and revealed for the first time.

2. Experimental procedure

2.1. Chemical synthesis
The precursormaterials, urea and barbituric acid (UBA)were utilized for synthesis process without any
additional purification. The precursormaterials were taken in 1:2 stoichiometric ratio. The formation scheme of
UBAmaterial is depicted infigure 1.

2.2. Solubility study
The preference of solvent plays a vital role in crystal growth process. TheUBA compoundwas analyzed for
solubility study throughwater andmethanol as solvents and by varying the temperature between 30 °Cand
50 °Cat 5 °C intervals. An invariant temperature water bathwith an accuracy of± 0.01 °Calongwith an
immersiblemagnetic stirrer was employed for performing the solubility study. To check the solubility, initially
waterwas selected as a solvent at room temperature (30 °C). Thewell crushedUBA compoundwas taken in an
air-tight round bottom flask to study the solubility. Initially, theweight ofUBA compoundwasmeasured. The
UBA compoundwas added slowly (pinch by pinch) to the selected solvent at 30 °Cuntil the solute attains
saturation. Finally, the remaining amount ofUBA sample wasmeasured and then the difference was taken from
the initial weight to the final weight of the sample. At 30 °C, the amount of solute dissolved inwaterwas
measured to be 0.8592 g. The same procedure was followed for variant temperatures (35, 40, 45 and 50 °C) in
water;finally, the total amount of solute dissolved in 100 ml of waterwasmeasured to be 3.376 g. The same
procedure was followed formethanol, and the total amount of solute taken to dissolve in 100 ml ofmethanol
was found to be 4.7838 g. The solubility curves ofUBA compoundwith the solvents, water andmethanol are
depicted infigure 2, which shows the solubility level inwater to be very low compared tomethanol.

Figure 4. (a)HarvestedUBA crystal by amethanol solvent, (b)Morphology of UBA crystal by amethanol solvent.
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2.3. Crystal growth
2.3.1. Growth fromwater
The stoichiometric ratio (1:2) of urea and barbituric acidwas considered andwere diffused in distilledwater
individually. Saturated solution of ureawas added drop-wise to the barbituric acid solution. The solutionwas
mixed and stirred for about 8 h and the pHof the solutionwas kept at 3. After several hours of stirring, the
homogeneous solutionwas drainedwithWhatmanfilter paper. The drainedUBA solutionwas closedwith a
thin perforated sheet which is transparent in nature and kept in an undisturbed environment. After a period of
69 days, a rhombohedral shapedUBA crystal was harvested. The harvested as-grown crystal is shown in
figure 3(a) and themorphology ofUBA crystal is shown infigure 3(b).

2.3.2. Growth frommethanol
Urea (AR-Merck at 98%) and barbituric acid (AR-SRL at 99%)were taken in 1:2 stoichiometric ratio. The same
procedure was followed asmentioned above, but instead of water,methanol was used as solvent. The saturated
solutionwasfiltered and the pHwas kept at 3. Finally, the filtered solutionwas closedwith the thin transparent
sheet and it was allowed for slow evaporationwithout anymechanical disturbance. After a span of 45 days, the
benzene shapedmorphological UBA crystal was harvested. The harvested as-grownUBA crystal is shown in
figure 4(a) and themorphology of the title compound is shown infigure 4(b), whichwas generated using
WinXMorph software.

3. Experimental details

3.1. Single crystal x-ray diffraction analysis
The single crystal x-ray diffraction study of theUBA compoundwas analyzed at room temperature (293 K) using
Bruker axs SMARTAPEX II single crystal x-ray diffractometer. The observed lattice cell parameters agreewell
with the literature [17]. The data frompresent work and that from literature are tabulated in table 1 for
comparison. The optimized geometry of theUBA crystal structure is depicted infigure 5.

Table 1.Observed cell parameters.

S.no Parameters

Experimental

work Reported

a (Å) 7.95 7.8857 (3)
b (Å) 7.02 6.920 (2)
c (Å) 14.58 14.4283 (6)

1. α (°) 90.00 90.00

β (°) 98.08 98.07

γ(°) 90.00 90.00

V (Å3) 806 784.36 (5)
Crystal system

& space group

Monoclinic, P Monoclinic, P21/c

Figure 5.The optimized geometrical structure of theUBA crystal.
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3.2. Fourier transform infrared (FTIR) analysis
FTIR spectrum gives information about fundamental vibrations andwas set downover the range of 400 cm−1 to
4000 cm−1 by using Thermo Scientific TMNicolet TM iS10 FTIR spectrometer. Figure 6 depicts FTIR spectrum
ofUBA crystal. The peaks obtained at 1618 cm−1, 1410 cm−1, 1193 cm−1, 773 cm−1 and 627 cm−1 correspond
toNH2 scissor superimposedwithC═O stretching vibration, C─O─Hbending vibration, C─Ostretching, NH2

rocking andCHbending vibrations respectively [18]. The symmetric S═Ostretching vibration, C─Ostretching
and out of plane ringC─Cbending vibrations is observed through peaks at 1352 cm−1, 1235 cm−1 and
584 cm−1 respectively [19]. The peaks observed at 3185 cm−1, 2812 cm−1 and 496 cm−1 respectively belongs to
theNH stretching of primary amine, aromatic C─Hstretching vibration and out-of-plane ring deformations
[20]. The peak at 3477 cm−1 corresponds toOHvibrations, while at 1027 cm−1 belongs to stretching vibrations
of C─N [21]. The sharp intense peaks at 3555 cm−1, 1526 cm−1, 1287 cm−1 and 741 cm−1 correspond toN─H
stretching, NO2 asymmetric stretching, CH stretching andNH2 rocking vibration respectively [22, 23]. The

Figure 6. FTIR spectrumofUBA crystal.

Table 2.Observed fundamental FTIR vibrations ofUBA crystal.

Wavenumbers (cm−1) Observed vibrations

3555 N─Hstretching

3477 OHvibration

3185 NH stretching of primary amine

2878 CH stretching

2812 Aromatic C─Hstretching vibration

2424 S─Hstretching

2050 OH─ group

1716 C═Oasymmetric stretching

1618 NH2 scissor superimposedwithC═O
stretching

1526 NO2 asymmetric stretching

1410 C─O─Hbending

1352 Symmetric S═O stretching vibration

1287 CH stretching

1235 C─Ostretching

1193 C─Ostretching

1027 C─Nstretching

942 C─Obending

773 NH2 rocking

741 NH2 rocking vibration

627 CHbending

584 Out of plan ringC─Cbending vibration

496 Out-of-plan ring deformation

433 Out of plane ringC═Cbending
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bands observed at 2878 cm−1, 2424 cm−1 and 2050 cm−1 vibrations are attributed toCH stretching, S─H
stretching andOH─ group vibrations respectively [24–26]. The asymmetric C═O stretching and bending C─O
vibrations correspond to 1716 cm−1 and 942 cm−1 respectively [27]. The peak around 433 cm−1 corresponds to
out of plane ringC═Cbending vibration [28]. The observed vibrations infer about the formation of urea
barbituric acid (UBA) in the crystal lattice and their corresponding assignments are listed in table 2.

Figure 7. (a)Optical transmittance spectrumofUBA crystal, (b)Optical energy gap ofUBA crystal, (c)Plot of wavelength versus ‘K’
and ‘n0’ofUBA.
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3.3.Optical transmittance study
TheT-90+ Lab IndiaUV–vis spectrophotometer was utilized to study about linear optical transmittance of the
grownUBA crystal over thewavelength range from190 nm to 900 nm. The thickness of the sample was found to
be 1.09 mm.The spectrum infers the electron transitions of theπ-conjugatedmolecular systems such as
chromophores. The increment of electrons inσ andπ orbitals from the conduction state to the higher energy
state reveals the rate of absorption [29]. The recorded linear optical transmittance spectrum is depicted in
figure 7(a). As seen in the figure, theUBA crystal shows 90%of transmittance. Themeasured cut-off wavelength
at lowest was observed to be at 270 nm. The advancement of an electron from the ‘bonding’π-orbital to ‘anti-
bonding’π*-orbital leads to absorption in the crystal.

A sharp decline in transmittance percentagewas found at awavelength of 308 nm,which is since the
occurrence of chromophore in theUBA compound [30]. There is no notable absorption between 310 nm to
900 nm, indicating that these crystals could be utilized for optical applications. The linear transmittance (T) data
assist to calculate the linear optical transmittance parameters, such as reflectance (R), linear refractive index (n0)
and linear absorption coefficient (α)using the standard relations as follows,

⎛
⎝

⎞
⎠

a =
t T

2.3026
log

1
1( )

where ‘t’& ‘T’ refers to the thickness and transmittance of theUBA crystal respectively. The optical bandgap
value can be calculated using

/a n = -h A hv E 2g
1 2( ) ( ) ( )

where, A is the constant and Eg is the optical bandgap of thematerial. The other parameters like reflectance (R),
linear refractive index (n0) and extinction coefficient (K) values can be calculated using the standard formulae
[31],

al
p

=K
4

3( )

a a a a
a a

=
-  - - - + -

- + -
R

t t T t T t T

t t T

exp exp exp 3 exp 2

exp exp 2
4

2( ) ( ) ( ) ( )
( ) ( )
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-

n R
R

R
1 2

1
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The optical band gap of theUBA crystal is observed to be 4.50 eV and the linear refractive index (n0) value of
theUBA compound is calculated to be 1.16. The plot of energy of photon versus (αhν)2 is depicted infigure 7(b).

Figure 8. Frontiermolecular orbital (FMO) ofUBA compound.
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Higher value of linear optical band gap indicated theUBA crystal to possess higher dielectric performance,
inducing the polarizationwhen the influential radiation strikes thematerial. Figure 7(c) depicts change in linear
refractive index (n0) and extinction coefficient (K) as function of wavelength. Fromfigure 7(c), it is clearly
noticed that the refractive index and extinction coefficient decreases with a rise inwavelength confirming the
interaction between photons and electrons.

3.4. Computational study
Density functional theory (DFT)was utilized to study the theoretical values of theUBA crystal. The basis set
Gaussian 03, B3LYP/S-31G(d)was used for this studywhich involves Beckes three-parameters (including local,
nonlocal andHartree–Fock) hybrid exchange function of Lee, Yang and Parr [32].

3.4.1. FMO’s (Frontiermolecular orbitals)
FMOstudy plays an efficient role in achieving the basic parameters like optical, electrical and chemical
properties of the compound.HOMO (Highest occupiedmolecular orbital) and LUMO (Lowest unoccupied
molecular orbital) energy are related to ionization potential and electron affinity of the prominent donor and
acceptor orbitals [33]. The bandgap (Eg) can be obtained fromorbital energy gap betweenHOMO–LUMO.
Energy gap shows the kind of reactions that occur, when the charge is transferredwithin amolecule. Due to the
electronic absorption, an electron is transferred from the lower energy state (ground state) to a higher energy
state (first excited state), i.e., an electron ismoved fromHOMO (highest occupiedmolecular orbital) to LUMO
(lowest unoccupiedmolecular orbital). The estimated energy band gap between theHOMO–LUMO is 5.21 eV.
If the energy gap is greater, the expected compoundwill have enhanced stability and significantly reactivity is less
and vice-versa. Higher the value of bandgap indicates that the titlematerial possesses high stability [33]. The
calculated theoretical bandgap of the titularmaterial is depicted infigure 8.

The other related essential parameters of the FMOenergies such as η (chemical hardness),χ
(electronegativity),μ (electronic chemical potential) andω (global electrophilicity index) are estimated from the
FMO’s energy values using the standard relations. The calculated global reactivity descriptor values of FMO
parameters are listed in table 3.

h =
-E E

2
6LUMO HOMO ( )

c =
- -E E

2
7LUMO HOMO( ) ( )

m c=
-

= -
E E

2
8HUMO LUMO ( )

w
m
h

=
2

9
2

( )

h
=s

1

2
10( )

3.4.2. NBO (Natural bonding orbitals)
Intra and intermolecular interactions can bewell understood by utilizingNBO analysis, which also yields
information about charge densitymodifications in donating and accepting proton in different orbitals. Donor–
acceptor inter reactions in theNBObasis were determined by analyzing second-order perturbation theory of
Fockmatrix [33]. The stabilization energy E(2) relatedwith the delocalization donor (i)→ acceptor (j) can be
obtained using the relation,

Table 3.The energy values of global reactivity descriptors.

FMOparameters Calculated value (eV)

Chemical hardness (η) 2.605

Electronegativity (χ) 4.165

Chemical potential (μ) −4.165

Chemical softness (s) 0.1919

Global electrophilicity index (ω) 3.3296
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where Fi,j is the off-diagonal NBOFockmatrix element, qi refers to the occupancy donor orbital and Ei,–Ej refers
to the diagonal elements (orbital energies). Higher E(2) value indicates fervent interaction between donors and
acceptors of electron [34]. The observed results from theNBO analysis indicate the stabilization interactions to
be a large inUBA crystal. Also, strong hyper-conjugative interactions observed between the (lone pair) LP (1)
N(6) and the (anti-bonding)BD*(1)O(1)–C(2) is found to be 49.49 kJ mol−1. Further notable stabilization
interaction between LP(1)N(3) andBD*(1)O(1)–C(2) has a value around 49.46 kJ mol−1. Second-order
perturbation theory ofNBO’s values given in table 4 gives the interaction of donor and acceptor between the
stabilization energy ofUBAmolecules exchange.

3.5. Thermal studies
TG/DTA (thermogravimetric & differential thermal) analysis gives information about the behavior of the
compound by thermalmeans. TheUBA samplewasweighed to be 2.554 mg at the time ofmeasurement. The
recorded thermogramwas analyzed in nitrogen atmosphere in the temperature range from40 °C to 800 °Cby

Table 4.The selected second-order perturbation theory analysis of fockmatrix inNBObasis.

DonorNBO (i) AcceptorNBO (j) E(2) (kJmol−1)a E(J)-E(i) (a.u.)b F(i, j) (a.u.)c

LP(1)N(6) BD*(1)O(1)-C(2) 49.49 0.26 0.106

LP(1)N(3) BD*(1)O(1)-C(2) 49.46 0.27 0.108

LP(2)O(1) BD*(1)C(2)-N(3) 22.12 0.64 0.108

LP(2)O(1) BD*(1)C(2)-N(6) 18.67 0.65 0.100

LP(1)O(1) RY*(1)C(2) 14.34 1.28 0.122

CR(1)O(1) RY*(1)C(2) 6.97 19.47 0.330

BD(1)N(6)-H(7) BD*(1)C(2)-N(3) 5.12 1.06 0.067

BD(1)N(3)-H(4) BD*(1)C(2)-N(6) 4.93 1.08 0.066

BD(1)N(3)-H(5) BD*(2)O(1)-C(2) 3.98 1.19 0.061

BD(1)N(6)-H(8) BD*(2)O(1)-C(2) 3.78 1.17 0.060

BD(1)O(1)-C(2) BD*(1)O(1)-C(2) 3.38 0.34 0.034

CR(1)N(3) RY*(2)C(2) 2.94 14.88 0.187

LP(1)O(1) BD*(1)C(2)-N(6) 2.74 1.08 0.049

CR(1)N(6) RY*(2)C(2) 2.68 14.87 0.178

BD(1)N(6)-H(8) RY*(2)C(2) 2.08 1.34 0.047

BD(1)N(3)-H(5) RY*(2)C(2) 2.05 1.36 0.047

a E(2) is the energy difference of hyper-conjugative interactions (stabilization energy in kJ/mol),
b E(J)–E(i) is the energy difference between the donor (i) and acceptor (j) forNBOorbitals and
c F(i, j) is the Fockmatrix element between the i and j ofNBOorbitals.

Figure 9.TG-DTAplot ofUBA crystal.
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SII TG/DTA7200 EXSTAR experimental setup at a rate of heating at 10 °Cperminute. The recorded curve of
TG/DTAof theUBA compound is depicted infigure 9.

The TG-curve reveals the threemajor weight loss patterns were observed. The first stage indicates aweight
loss of about 14.54%originating from184 °C to 202 °C,which confirms the decomposition stage of urea. The
second stage shows aweight loss of about 56.61%,which is confirmed by the second endothermic peak in a
range between 220 °C at 325 °Cwhich confirmed the degradation stage (255 °C) of barbituric acid [35]. The
endothermic peak at 454 °Cwhich is small, is since thefinal weight loss of theUBAmaterial, is about 14.13%.
Themelting point of theUBA crystal was obtained to be 184 °C,which clearly proves that theUBA crystal is
thermally stable up to 184 °Cand it can be relevant for applications below 184 °C.

3.6. Specific heat capacitymeasurement
The specific heatmeasurements were conducted out by utilizingNETZSCHSTA449F3 over the temperature
range from30 °C to 90 °C and the rate of heatingwasmaintained at 10 °C/min. Awell crushedUBA crystalline
powderweighing 7.48 mgwas taken for this study. In nonlinear optical single crystals, the harmonic generation
conversion efficiency depends not only on their optical properties (linear&nonlinear) but also on their
capability to endure high energy incidentmonochromatic light. Thermal gradient was developedwhen incident
laser energy is converted into thermal energy [36]. The specific heat value impacts the laser damage threshold of
amaterial [37]. Amaterial with greater specific heat capacity has high resistance to laser damage [38]. The
evaluation of the crystalline laser damage threshold energy is an significant parameter in determining the specific
heat of solid, i.e. aI C (whichmeans the input energy of the threshold intensity (I) is proportional directly to
the square root of the specific heat capacity of thematerial) [37]:
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where ρ, R, K and τp correspond to density, reflectivity, thermal conductivity and pulse duration of thematerial
respectively. The incoming conflict laser energy is changed into heat energy and this leads to the thermal gradient
in theUBA crystal. The temperature variation in the crystal is associatedwith change in thermal energy of the
UBA crystal. The specific heat capacity of theUBA crystal can be expressed as

=E C T 13v∆ ∆ ( )

whereΔT andCv are the temperature difference changes, which arise due to absorption of heat through the
crystal andmaterialistic specific heat respectively. The temperature-dependent specific heat (Cp) capacity of the
UBA crystal is shown infigure 10. As shown in thefigure, the Cp value of thematerial gradually increases with a
rise in temperature. Further, it confirms that theUBA crystals showno phase transition.

3.7. Photoconductivity study
Photoconductivity study plays amajor role in organicmaterials. In particular, in compounds having or
encompassingπ-electronswith conjugated double (or) triple bonds (or) some aromatic ring systems,
photoconductivity has been found to occur [39]. Photoconductivity of theUBA crystal was performed out at

Figure 10.Plot of temperature responds specific heat capacity of UBA.
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room temperature by using theKeithley 6512 electrometer [40]. Silver paste was coated on both sides ofUBA
crystal and copper wirewhich is thinner was placed on opposite sides and linked in series with an electrometer.
The input voltage from aDCpower supply was applied to the crystal in increasing order from100 to 500 V cm−1

in steps of 50 V/cm. TheUBA crystal was irradiatedwith a 100Whalogen lamp and the photocurrent was
recorded as a function of applied voltage. Figure 11 shows the photo current and the dark current of theUBA
crystal. The results observed from the graph indicate that the photo current is higher compared to dark current,
resulting in the photoconductivity of theUBA crystal to be positive. The positive photoconductivity correlates to
the generation ofmobile charge carriers as a result of absorption of photons.

3.8. Laser damage threshold (LDT) study
LDT study of the as-grownUBA crystal was performed using 1064 nm, 10 nsNd:YAG laserwith the repetition
rate of 10 Hz. Variousmechanisms cause Laser-induced breakdown ofmaterials. In transparentmaterials, the
damage is associatedwithmultiphoton ionization and avalanche. The damage threshold in strongly absorbing
materials is since the increase in temperature, that produces a fracture which is strain-induced [41]. TheNLO
crystal is heavily influenced by its surface quality which ismore than that of optical (linear and nonlinear)
properties, since it decides the ability of the crystal to resist against the damage evenwhen the power intensities
are high [41, 42]. LDT study depends on several laser limitations such as beam location, beam size, pulse
duration, energy, wavelength, transverse and longitudinalmode structures, the density of effects, thermal
conductivity and diffusivity, quality of the crystal surface, optical absorption and specific heat (Cp) etc [43, 44].
One crucial criterion for anNLOcrystal to act as a device is its capability of withstanding to laser damage since
high optical intensities are implicated in nonlinear (NL) processes [43]. The LDTofNLO elements depends on
chemical and physical imperfections in particularly on dislocation of crystal growth. If the crystals result from
lowLDT, then thematerials containmore dislocations; these dislocations reduce thematerial’s interatomic
bond strength [45]. The thermal properties of thematerial play an effective role in LDTwhich includesmelting
and degradation since the laser of high intense. Thermal diffusivity of the crystal carries the temperature of the

Figure 11.Plot of electricfield verses electric current ofUBA.

Table 5.The present LDT value of the title
compound is comparedwith someNLOmaterial.

Name of the compound LDT value (GW/cm2)

KDP 0.2 [36]
2,6DPT 0.2538 [46]
LiNbO3 0.3 [36]
GT 0.344 [47]
LANB 0.56 [48]
LPTCA 0.79 [49]
2APS 0.8 [50]
UBA 0.97 *Present work
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surface promptly through the crystal from region of high-temperature to lower temperature thereby helps the
crystal to resist high power and further protects crystal fromdamages since the heat [44]. Awell-polished as-
grownUBA crystal was subjected to LDT studywith sample thickness of 1 mm.Thewell-polished selected (1 ̅ 0
0) crystal planewas fixed before the convex lens of focal length 30 cm. In order tomeasure each shot of the laser
pulse energy, phototube and oscilloscope combinationwas used. The surface damage threshold value of the
UBA compoundwas determined through the expression;

/tp=Power density P E r 14d
2( ) ( )

where τ, E& r are the pulsewidth (ns), input energy (mJ) and radius of the spot (mm) respectively. The calculated
surface damage threshold value of the title compound is 0.97 GW cm−2. The present LDT value is compared
with other organic, semi-organic and inorganicmaterials and is tabulated in table 5. Comparative study of LDT,
Hardness and thermal property of some organic single crystals with the present study are tabulated in table 6.

3.9.Mechanical stability
SHIMADZUHMVG20S hardness tester with a diamond pyramidal indenter was used to understand the
stability of theUBA crystalmechanically [51]. The detailed information about the crystal parameters like
molecular binding, strength of the yield, elastic stiffness constant, hardness number (Hv) values are collected by
microhardness indentation. The indentationwas carried out on (1 ̅ 0 0) plane of theUBA crystal. The immovable
(constant) indentationwas applied on the surface of theUBA crystal by differing the load from10 g to 60 gwith
indentation time of 10 s. The variation of different applied loads as a function of hardness value of theUBA
crystal is depicted infigure 12(a). The hardness value of the grown crystal was estimated from the relation.

⎛
⎝

⎞
⎠

=Hardness number H
P

d

kg

mm

1.8544
15v 2 2

( ) ( )

where d and P are the diagonal length and applied load of the diamond pyramidal indentation respectively.
From the plot, it could be observed that theHv value rises linearly with the applied load (P) and this effect is

called as reverse indentation size effect (RISE) [25]. The hardness of amaterial is an intrinsic property, which
totally influenced by the resistance of the chemical bonds in the crystal within the area of indentation [52]. From
the results, it is observed that the grown crystal ismechanically stable up to 50 g.When the applied loadwas
raised to 60 g, the crystal gets slightly damagedwhich can be corelated to the expulsion of internal stress since the
occurrence of indentation.

Meyer’s relationwas applied to calculate the hardness coefficient of theUBA crystal,
=P kdn (16)where k and n are thematerial constant andMeyer’s index respectively. The calculatedwork

hardening coefficient value of the grown crystal was estimated to be 1.74 from the graph of log d versus log p
(figure 12(b)).

Table 6.Comparative study of LDT,Hardness and thermal property of some organic single crystal.

Name of the crystal LDTValues (GW/cm2)

Hardness

values

(Kg/mm2)
Thermal prop-

erty (°C) Reference

Urea p-nitrophenol (UPN) 0.38 P (g) Hv 120 [23]
10 24

25 36

45 48

50 56

100 22

L-serinemethyl ester hydrochloride (SMEH) 0.23 P (g) Hv NIL [78]
10 6.81

20 9.42

30 13.80

40 18.63

50 21.3

Imidazoliumdiphenylacetate diphenylacetic

acid (IDA)
0.2645 P (g) Hv 201 [34]

5 21.84

10 32.73

20 47.64

30 52.73

40 60.62

50 61.65
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If the value of ‘n’ lies above 1.6, thematerial corresponds to soft categorywhile the ‘n’ value lying between 1
and 1.6 indicates the hard category [53]. TheUBA compound belongs to soft crystalline category.

3.9.1. Elastic stiffness constant (C11)
The bonding information between the neighbouring atoms is brought out by the elastic stiffness constant (C11).
TheC11 value can be estimated from theWooster’s empirical relation [54],

/=C H 17v11
7 4 ( )

The yield strength (σy) of theUBA crystal was calculated using the standard relation [55],

s =
H

3
18y

v ( )

The reason for increasing the elastic stiffness constant (C11) value of theUBA crystal is due to the binding
forces between the atoms and ions of urea barbituric (UBA)which are quite strong. Furthermore, the yield
strength (σy) values represent themaximum stress amaterialmay experience without causing plastic
deformation or shape variation [56]. Table 7 lists the currentmechanical properties compared to a few nonlinear
optical (NLO) crystals (inorganic, semi-organic, and organic).

Figure 12. (a)Applied load (P) versus hardness number (Hv), (b)Plot of log d versus log P.
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3.10.Dielectric study
Dielectric behavior of theUBA compound is estimated using PSM1735 LCRmeter impedance analyzer.
Dielectric analysis is one of the noteworthy phenomena to observe about nature of the atoms, ions and bonding
polarizationmechanismof the grown crystal. The as- grownUBA crystal was analyzed in the frequency range
over 1 Hz to 1MHz. Thewell crushedUBA compoundwas pelletized by using hydraulic press with the sample
thickness of 1.11 mmand 13 mmdiameter. In order to get proper electrical conductivity, application of silver
paste on both sides of theUBA sample. The dielectric constant, dielectric loss, AC andDCconductivity ofUBA
sampleweremeasured at different temperatures namely 35 °C, 45 °C, 55 °C, 65 °C and 75 °C.The dielectric
parameters like dissipation factor, resistance (R) and capacitance (C) are obtained from the impedance analyzer
fromwhich the dielectric constant (εr), loss (tan δ) and electrical conductivity (ac& dc) parameters are
calculated. The frequency (log f) dependent dielectric response (dielectric constant & dielectric loss) of the title
compound is depicted infigures 13(a) and (b).

As seen from this figure, it is clearly observed that both the dielectric parameter (εr and tan δ) values decline
with increasing frequencywhich is a characteristic property for polar dielectricmaterials. Higher dielectric
constant (εr) at lower frequency is attributed to the existence of all four (space charge, orientation, ionic and
electronic) polarizations. Changing the dielectric constant fromhigher frequencies shows that the polarizations
at higher frequency regions are inactive with exception for electronic polarization. These changes represent the
dielectric constant to decrease with rise in temperature, which can be allocated to the thermal agitation [62].
From the tan δ curve, it is observed that the dissipation of energy is naturally greater at lower frequency region
sincemostly the polarizations are active over this region resulting in energy loss to be high. The ac conductivity is
proportional to the dissipation of energy of the crystal. The frequency dependent ac and dc electric conductivity
ofUBA crystal is depicted infigures 13(c) and (d).

From the ac conductivity curve, the conductivity value is found to be very low at lower frequency region,
while at higher frequency region the ac conductivity value increases gradually. As seen fromD.C curve, theD.C

Figure 13. (a) Log frequency versus dielectric constant (εr), (b) Log frequency versus dielectric loss (tan δ), (c)Plot of ac conductivity
versus log frequency, (d)Plot of dc conductivity versus log frequency.
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conductivity value is greater in lower frequency region andwhile the frequency is increased from lower region to
higher frequency region, the dc conductivity value decreases in higher frequency region [62]. At low
temperatures, theUBA crystal exhibits conduction to beminimumwhichmay be since the least of Gibb’s free
energy. A section of ions leave the regular lattice when theGibb’s free energy isminimum [63]. The present
dielectric constant value as comparedwith few other organicNLO crystals (same class) are tabulated in table 8.

3.11. Third orderNLO study
Third order nonlinearity of theUBA crystal has been studied using bothCWand pulsed lasers.

Table 8.Comparation of few organicNLO crystal with same class (Urea
derivatives).

OrganicNLOcrystals

Dielectric

constant Reference

Cadmiummercury thiocya-

nate (CMTC)
42 [62]

Urea p-nitrophenol (UPN) 240 [23]
Succinic acid (SA) 0.18 [79]
Urea succinic acid 160 [18]
Urea barbituric acid (UBA) 318 *Present work

Table 7.The comparative table for hardness parameters comparedwith
some other organic and semi-organicNLO crystal withUBA.

4-methyl-3-nitrobenzoic acid (4M3N) [57]

Load P Hv σy C11× 1014

G Kg/mm2 GN/m2 (Pa)

5 7.57 4.73 5.93

10 8.76 5.47 7.67

25 9.74 6.08 9.22

50 11.2 7.00 11.77

100 18.9 11.83 29.49

Guanidinium tetrafluoroborate (GFB) [58]
25 9.45 19.96 0.509

50 13.2 27.89 0.914

100 23.3 49.23 2.471

Piperaziniumbis(4-hydroxybenzenesulphonate) (P4HBS) [59]
5 28.45 9.86 6.026

10 37.39 12.95 9.716

25 41.16 14.26 11.495

50 44.37 15.37 13.112

100 45.68 15.82 13.797

SodiumHydrogenOxalateMonohydrate (SHOM) [60]
25 22.45 7.483 2.315

50 32.05 10.683 4.317

100 43.9 14.633 7.487

L-histidiniumFumarate Fumaric acidMonohydrate (LHFFAM) [61]
25 22.62 13.39 2.34

50 26.30 15.57 3.05

100 33.20 19.67 4.59

Urea barbituric acid (UBA) single crystal (*PresentWork)
10 43.8 14.6 745.72

20 60.2 20.06 1301.04

30 71.5 23.83 1758.06

40 79.3 26.43 2107.30

50 86.9 28.98 2476.33

60 65 21.66 1487.98
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3.11.1. CW laser
Z-scan being a simple and highly sensitive technique gives information about the sign andmagnitude of
nonlinear refractive index (n2) and nonlinear absorption coefficient (β) directly. The third order ‘n2’ (nonlinear
refractive index) is proportional directly to the real part of the susceptibility [Reχ(3)]whereas ‘β’ (nonlinear
absorption coefficient) is proportional to the third order imaginary part of susceptibility [Imχ(3)] [64, 65]. The
third-order nonlinear susceptibility (χ(3)) ofUBA crystal was estimated by using Z-scan setupwith 532 nm

Figure 14. (a)Closed aperture (CA) curve ofUBA crystal, (b)Open aperture (OA) curve ofUBA crystal, (c)Ratio of CA toOA curve.
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continuouswave (CW) laser. To evaluate the nonlinear absorption coefficient (β), Z-scan experiment was done
in twomodes of apertures namely open and closed aperture. If aperture is placed in front of the detector, it is
termed to be as closed aperture (CA) and if the aperture is removed in front of the detector it is called as open
aperture (OA). Since closed aperture gives both nonlinear refraction and nonlinear absorption coefficient,
nonlinear refractive index (n2)was calculated fromCA-OA ratio [66, 67]. CW laser beamwasmade to illuminate

Figure 15.Pulsed laser used open aperture (OA) curve.

Table 9.The present UBA crystallineNLOparameters comparedwith some otherNLOmaterial.

Name of the crystal n2 Β χ(3) (esu) Laser used

5B2SNCa −3.93× 10−14 cm2/W 1.85× 10−9 cmW−1 3.52× 10−12 800 nm

NTb 4.368× 10−12m2/W 1.7084× 10−4mW−1 6.312× 10−7 632.8 nm

LTNb 1.726× 10-11 cm2/W 286.537× 10−8mW−1 9.379× 10−8 632.8 nm

KDNBc −1.502× 10−11m2/W −5.518× 10−5mW−1 3.027× 10−8 632.8 nm

8HQ2C5Nd 7.23× 10−8 cm2/W 2.04× 10−4 cm 3.51× 10−10 532 nm

KDPe

Z-direction 5.27× 10−13 esu 8.34× 10−14 532 nm

X-direction 3.21× 10−13 esu 5.08× 10−14 532 nm

I-direction 3.10× 10−13 esu 4.90× 10−14 532 nm

II-direction 2.54× 10−13 esu 4.02× 10−14 532 nm

DKDPe

Z-direction 4.13× 10−13 esu 6.51× 10−14 532 nm

X-direction 4.09× 10−13 esu 6.46× 10−14 532 nm

I-direction 3.16× 10−13 esu 4.99× 10−14 532 nm

II-direction 2.35× 10−13 esu 3.71× 10−14 532 nm

TP4Nf

gUBA −2.687× 10−11m2/W5.6217 cm2/W −1.071× 10−4m /W8

.8347 cm W−1

4.334× 10−8

1.8045× 10−6

640 nm532 nm

(Presentwork)

a [70] (2E)−3-(5-bromo-2-thienyl)−1-(4-nitrophenyl)prop-2-en-1-one (5B2SNC).
b [71]Nicotinium tartrate (NT).
c [72]Potassium3,5-dinitrobenzoate (KDNB).
d [22] 8-hydroxyquinolinium 2-chloro-5-nitrobenzoate dihydrate (8HQ2C5N).
e [73]KDP andDKDPwith 70%deuteration (KDP&DKDP).
f [74]Triphenylphosphine oxide 4-nitrophenol (TP4N).
b[71]L-tartaric acid nicotinamide (LTN)
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on the sample across the focal region and 103 mm is the focal length of the lens. The sample wasmade to depart
fromnegative Z position to the positive Z position (−Z to+Z) along the axial directionwhich is the direction of
the propagation of the laser beam transmitted through the sample and is received through the photo detector.
The laser power through the aperture was determined by a digital powermeter connected to the photo detector.
The closed, open and ratio of CA toOA curve ofUBA crystal is given infigures 14(a), (b) and (c).

From the observedCA curve, the peak followed by valley reveals that theUBA crystal exhibits negative
nonlinear refractive index (means self-defocusing nature). The third order nonlinearityχ(3), n2 andβ of the
UBA compoundwere obtained using standard relation [68, 69]. Table 9 gives third order nonlinear optical
parameter values of theUBA crystal comparedwith otherNLOmaterials.

3.11.2. Pulsed laser
The open aperture Z-scan ofUBA crystal was recorded using pulsed laser (Nd:YAG laser 532 nm, 10 Hz, 9 ns).
Thefiltered spatial Gaussian beam from theQ-switched laser was irradiated on the sample whose focal point was
10 cm. The calculated Z0 (Rayleigh length) value of thematerial and the laser beamwaist (ω0), which is observed
from the experiment were found to be 1.69 mmand 16.9μmrespectively. Figure 15 depicts open aperture (OA)
Z-scan curve of theUBA crystal. From theOAplot, the recorded experimental data gets onwell with the
theoretical fit of the titlematerial. The relation used tofit the curve theoretically is as follows,

⎡⎣ ⎤⎦b
=

+ ´
+

T
L

1

1
27OA

eff
I

x1
0

2( ) ( )

TheOAZ-scan curve of theUBA compound obtained using pulsed laser shows reverse saturable absorption
(RSA) behavior. Nonlinear absorption can take place due to any of the phenomenon such as excited state
absorption (ESA), two and three photon absorption (2PA&3PA) and free carrier absorption [75]. The results
observed from theOA (open aperture) curve ofUBA shows thematerial behaves in RSA (reverse saturable
absorption) condition. The calculated third order nonlinear absorption values of theUBAmaterial as examined
by pulsed laser is tabulated in table 10.

Figure 16.Optical limiting curve ofUBA.

Table 10.ObservedNLOparameters from the pulsed laser.

NLOparameters Obtained values

Absorption coefficient (β) 1.0100× 10−10mW−1

Rayleigh length (Z0) 1.69 mm

Beamwaist (ω0) 16.9μm

Pulse width (ns) 9 ns

Linear aperture transmittance (S) 0.7500
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3.12.Optical limitingmeasurement
Optical limiting behavior of theUBA crystal was estimatedwith slightmodification in Z-scan setup.Q switched
Nd:YAG green laser (532 nm)with 9 ns pulsewidthwith the repetition rate of 10 Hzwas used [76]. There are
two essential parameters to obtain a powerful optical limiter, one is the nonlinear scattering and another one is
nonlinear absorption. The nonlinearity of theUBA crystal begins in a critical point tomodify the transmitted
output intensity which is determined via experiments of optical limiting (OL). To get a good optical limiting
device, limiting threshold and limiting amplitude plays a significant role. At high power laser intensity, theNLO
material behaves as opaque and transmits entirely at low input intensity [76]. For incident energy at lowest, the
UBAmaterial obeys Beer–Lambert’s law related to absorption and it starts to diverge from linearity at high laser
intensity [69]. The plot (input intensity versus normalized transmittance) of optical limiting response ofUBA
crystal is revealed infigure 16.

Optical limiters are devices designed to protect optical components or sensors fromdamage caused by high-
intense laser light (pulsed). From the plot, the observed result indicates that thematerial exhibits lowoptical
limiting threshold and hence has a better response over optical limiting (i.e. the crystalline transmittance values
declines with the increasing input intensity) [77].

4. Conclusion

Good qualityUBA crystals were successfully grownby themethod of slow evaporation solution growth. Single
crystal XRD analysis gives information about crystalline systemofUBA crystal. The existence of functional
groups is clarified by the FTIR analysis. TheUBA crystal remains transparent in thewhole visible region from
270 nm to 900 nmwith ‘λco’ (lower cut off wavelength) to be 270 nm. The band gap value ofUBA crystal was
found to be 4.50 eV, and thewavelength dependent ‘K’ and ‘n0’ values decrease with the change in ‘λ’. The band
gap from experiment is theoretically compared and the value is found to be 5.21 eV. The strong hyper-
conjugative interaction between the compounds ismore in donor and acceptor value is 49.49 kJ mol−1, which is
confirmed byNBO study. UBA crystal was stable by thermalmeans upto 184 °Cand the specific heat capacity
value ofUBA changes from1.21 J g−1K−1 to 1.58 J g−1K−1 at room temperature to 90 °C. Positive
photoconductivity nature of theUBA sample was confirmed by photoconductivity study. Surface damage
threshold ofUBA crystal is observed to be 0.97 GW/cm2. Themechanical stability of theUBA crystal is analyzed
and the crystal is classified under soft naturematerials. The low ‘tan δ’ value is due to high purity and good
quality with less defect nature ofUBA crystal. Z-scan technique infers about self-focusing nature ofUBA crystal
which is confirmed from transmitted peak followed by valley alongwith nonlinear index of refraction to be
negative. TheOL (optical limiting) behavior of theUBA crystal confirms its capability for optical switching and
sensing applications.

Acknowledgments

The authors acknowledge the support fromCouncil of Scientific and Industrial Research (CSIR), Government
of India, though the Project SanctionNo-03(1413)/17/EMR-II during the course of this work.

Data availability statement

All data that support thefindings of this study are includedwithin the article (and any supplementary files).

ORCID iDs

ROMU Jauhar https://orcid.org/0000-0001-6120-7564
TCSabari Girisun https://orcid.org/0000-0003-2208-0091
NManikandan https://orcid.org/0000-0002-0994-998X
GVinitha https://orcid.org/0000-0002-2745-2053

References

[1] Tutt LWandBoggess T F 1993A review of optical limitingmechanisms and devices using organics, fullerenes, semiconductors and
othermaterials Prog. QuantumElectron. 17 299–338

[2] Priya S S, BalakrishnanK, Surendran P, LakshmananA,Geetha P, Rameshkumar P,Hegde TA, VinithaG andRaj AA 2021
Investigations on structural,mechanical, optical, electrical, third-order nonlinear optical and antibacterial activity of 4-aminopyridine
monophthalate single crystal J. Electron.Mater. 50 291–302

20

Mater. Res. Express 11 (2024) 016203 A Suresh et al

https://orcid.org/0000-0001-6120-7564
https://orcid.org/0000-0001-6120-7564
https://orcid.org/0000-0001-6120-7564
https://orcid.org/0000-0001-6120-7564
https://orcid.org/0000-0003-2208-0091
https://orcid.org/0000-0003-2208-0091
https://orcid.org/0000-0003-2208-0091
https://orcid.org/0000-0003-2208-0091
https://orcid.org/0000-0002-0994-998X
https://orcid.org/0000-0002-0994-998X
https://orcid.org/0000-0002-0994-998X
https://orcid.org/0000-0002-0994-998X
https://orcid.org/0000-0002-2745-2053
https://orcid.org/0000-0002-2745-2053
https://orcid.org/0000-0002-2745-2053
https://orcid.org/0000-0002-2745-2053
https://doi.org/10.1016/0079-6727(93)90004-S
https://doi.org/10.1016/0079-6727(93)90004-S
https://doi.org/10.1016/0079-6727(93)90004-S
https://doi.org/10.1007/s11664-020-08497-w
https://doi.org/10.1007/s11664-020-08497-w
https://doi.org/10.1007/s11664-020-08497-w


[3] Moses SA, Tamilselvan S, Kumar SR,VinithaG,HegdeTA, SundarG S, VimalanMand Sivaraj S 2019Crystal structure,
spectroscopic, thermal,mechanical, linear optical, second order and third order nonlinear optical properties of semiorganic crystal:
l-threoniniumphosphate (LTP) J.Mater. Sci.,Mater. Electron. 30 9003–14

[4] Arivuoli D 2001 Fundamentals of nonlinear opticalmaterials Pramana 57 871–83
[5] Karthigha S andKrishnamoorthi C 2018 Synthesis, growth, crystal structure, optical and third order nonlinear optical properties of

quinoliniumderivative single crystal: PNQI J. Phys. Chem. Solids 114 133–40
[6] Ledoux I andZyss J 1994Nonlinear organicmolecules andmaterials for optoelectronic devices Int. J. NonlinearOpt. Phys. 3 287–316
[7] Antony P, Sundaram S J, Ramaclus J V, Inglebert S A, Raj AA,Dominique S,Hegde TA,VinithaG and Sagayaraj P 2019 Synthesis,

growth, crystal structure, thermal, linear and nonlinear opticalanalysis of new extendedπ-conjugated organicmaterial based onmethyl
pyridinium compound of 4-(4-(4-(dimethylamino) phenyl) buta−1, 3-dienyl)-1-methylpyridiniump-styrenesulfonate hydrate J.Mol.
Struct. 1196 699–706

[8] Priyadarshini KM,ChandramohanA andDevi TU 2013 Synthesis, growth, crystal structure and characterization of the o-toluidinium
picrate Journal of Crystallization Process and Technology 3 123–9

[9] KumarTR,Vijay R J, Jeyasekaran R, Selvakumar S, ArockiarajMA and Sagayaraj P 2011Growth, linear and nonlinear optical and,
laser damage threshold studies of organometallic crystal ofMnHg (SCN)4Opt.Mater. 33 1654–60

[10] SureshA,ManikandanN andVinithaG 2020Review on growth and characterization of urea and urea derivative single crystalsBraz. J.
Phys. 50 192–213

[11] PrasadAA,MuthuK, RajasekarM,Meenatchi V andMeenakshisundaram SP 2015 Synthesis, crystal growth, characterization and
theoretical studies of 4-aminobenzophenonium picrate Spectrochim. ActaA 135 46–54

[12] SilambarasanA, Rajesh P andRamasamy P 2014Crystal growth, optical and thermal studies of 4-nitroaniline 4-aminobenzoic acid: a
fluorescentmaterialChemical Science Review and Letters 2 521–5

[13] Saranraj A, Dhas S S, JoseM andDhas SA 2018Growth of bulk single crystals of urea for photonic applications Electron.Mater. Lett. 14
7–13

[14] BoltonW I 1963The crystal structure of anhydrous barbituric acidActa Crystallogr. 16 166–73
[15] Ramondo F, Pieretti A, Gontrani L andBencivenni L 2001Hydrogen bonding in barbituric and 2-thiobarbituric acids: a theoretical and

FT-IR studyChem. Phys. 271 293–308
[16] GolovnevNN,Maxim SM, Sterkhova IV and LesnikovMK2019Crystallographic, thermal and spectroscopic characterization of the

anhydrous thiourea− barbituric acid and thiourea− 2-thiobarbituric acid co-crystals J.Mol. Struct. 1176 865–70
[17] GrylM, KrawczukA and StadnickaK 2008 Polymorphismof urea–barbituric acid co-crystalsActa Crystallogr.B 64 623–32
[18] SureshA,ManikandanN andVinithaG 2018N-Methylurea Succinic Acid (NMUSA): an optically nonlinear organic crystal forNLO

device applicationMater. Res. Express 6 025102
[19] SilambarasanA,KumarMK,Thirunavukkarasu A, Zahid IM,KumarRMandUmarani P R 2015 Studies on the growth, spectral,

structural, electrical, optical andmechanical properties of Uronium3-carboxy-4-hydroxybenzenesulfonate single crystal for third-
order nonlinear optical applications Spectrochim. ActaA 142 101–9

[20] VijayalakshmiA, Vidyavathy B andVinithaG 2016Crystal structure, growth and nonlinear optical studies of isonicotinamide
p-nitrophenol: a neworganic crystal for optical limiting applications J. Cryst. Growth 448 82–8

[21] Singh BK, SinhaN, SinghN,KumarK,GuptaMKandKumar B 2010 Structural, dielectric, optical and ferroelectric property of urea
succinic acid crystals grown in aqueous solution containingmaleic acid J. Phys. Chem. Solids 71 1774–9

[22] BharathiMD,Ahila G,Mohana J, Chakkaravarthi G andAnbalaganG 2017 Synthesis, crystal structure, growth, optical and third order
nonlinear optical studies of 8HQ2C5N single crystal-An efficient third-order nonlinear opticalmaterialMater. Chem. Phys. 192 215–27

[23] SureshA,ManikandanN, Jauhar RM,Murugakoothan P andVinithaG 2018Growth and characterization of urea p-nitrophenol
crystal: an organic nonlinear opticalmaterial for optoelectronic device applicationAppl. Phys.A 124 419

[24] Gomathi R,Madeswaran S, BabuDR andAravindanG 2017Nonlinear optical, optical limiting and dielectric properties of organic
cyclohexylammonium acetate single crystalMater. Lett. 209 240–3

[25] GärdR and SunZX1995 ForslingW. FT-IR and FT-Raman studies of colloidal ZnS, 1. Identity of SH andZn-OHbonds at the ZnS/
water interface. J Colloid and Interface Science 169 393–9

[26] de Portilla VI S 1976The nature of hydrogen bonds andwater in legrandite by IR spectroscopyAm.Mineral 61 95–9
[27] Vinothkumar P, Rajeswari K, KumarRMandBhaskaranA 2015 Structural, optical, thermal andmechanical properties ofUrea tartaric

acid single crystals Spectrochim. ActaA 145 33–9
[28] ShanmugamG,KumarKR, Sridhar B andBrahadeeswaran S 2012 Synthesis, structure, growth and characterization of a novel organic

NLO single crystal:Morpholin-4-iump-aminobenzoateMater. Res. Bull. 47 2315–23
[29] Rekha P, PeramaiyanG,NizamMohideenM,Kumar RMandKanagadurai R 2015 Synthesis, growth, structural and optical studies of a

novel organic Piperazine (bis) p-toluenesulfonate single crystal Spectrochim. ActaA 139 302–6
[30] Jauhar ROMU,Kalainathan S andMurugakoothan P 2015Three-dimensional organic framework of 2-amino 4, 6

dimethoxypyrimidine p-toluenesulfonic acidmonohydrate: synthesis, single crystal growth and its properties J. Cryst. Growth 424 42–8
[31] Sornamurthy BM, PeramaiyanG, Rekha P, ArunkumarA, KumarRMandManivannanV2014 Studies on the growth, structural,

optical and laser damage threshold properties of 4-aminopyridiniump-aminobenzenesulfonate p-ammoniobenzenesulfonate
monohydrate crystalOptik 125 4837–40

[32] KumarA andYadavMP2017Computational studies of third-order nonlinear optical properties of pyridine derivative
2-aminopyridiniump-toluenesulphonate crystalPramana 89 7

[33] Bayannavar PK, SannaikarMS, Kumar SM, Inamdar SR, Shaikh SK,Nesaragi AR andKamble RR 2019 Synthesis, x-ray
characterization, DFT studies andHirshfeld surface analysis of neworganic single crystal: 2-(4-Methoxyphenyl)-4-{[2’-(1H-tetrazol-
5-yl) biphenyl-4-yl]methyl}−2, 4-dihydro-3H-1, 2, 4-triazol-3-one (MTBT) J.Mol. Struct. 1179 809–19

[34] Jauhar ROMU, Era P, ViswanathanV, Vivek P,VinithaG,VelmuruganD andMurugakoothan P 2018 Crystal structure,molecular
packing, FMO,NBO, nonlinear optical and optical limiting properties of an organic imidazoliumdiphenylacetate diphenylacetic acid
single crystalNew J. Chem. 42 2439–49

[35] ZhangX, Yang J,WuY andZhouX2018The urea-barbituric acid polymorphic co-crystal system: characterization, thermodynamics
and crystallization J. Cryst. Growth 502 45–53

[36] ThirumuruganR andAnithaK 2017Growth, structural, physical and computational perspectives of trans-4-hydroxy-l-proline: a
promising organic nonlinear opticalmaterial with large laser-induced damage thresholdMater. Res. Express 4 056202

[37] Devi S R, Suresh S, Kalaiyarasi S, NizammohideenMandKumarRM2018 Synthesis, growth, structural, thermal and third order
nonlinear optical properties of novel organic single crystal: 4-methylpyridinium 3-nitrophthalateMaterials Science-Poland 36 597–608

21

Mater. Res. Express 11 (2024) 016203 A Suresh et al

https://doi.org/10.1007/s10854-019-01229-9
https://doi.org/10.1007/s10854-019-01229-9
https://doi.org/10.1007/s10854-019-01229-9
https://doi.org/10.1007/s12043-001-0004-1
https://doi.org/10.1007/s12043-001-0004-1
https://doi.org/10.1007/s12043-001-0004-1
https://doi.org/10.1016/j.jpcs.2017.10.043
https://doi.org/10.1016/j.jpcs.2017.10.043
https://doi.org/10.1016/j.jpcs.2017.10.043
https://doi.org/10.1142/S0218199194000183
https://doi.org/10.1142/S0218199194000183
https://doi.org/10.1142/S0218199194000183
https://doi.org/10.1016/j.molstruc.2019.07.024
https://doi.org/10.1016/j.molstruc.2019.07.024
https://doi.org/10.1016/j.molstruc.2019.07.024
https://doi.org/10.4236/jcpt.2013.34020
https://doi.org/10.4236/jcpt.2013.34020
https://doi.org/10.4236/jcpt.2013.34020
https://doi.org/10.1016/j.optmat.2011.04.033
https://doi.org/10.1016/j.optmat.2011.04.033
https://doi.org/10.1016/j.optmat.2011.04.033
https://doi.org/10.1007/s13538-020-00734-1
https://doi.org/10.1007/s13538-020-00734-1
https://doi.org/10.1007/s13538-020-00734-1
https://doi.org/10.1016/j.saa.2014.06.154
https://doi.org/10.1016/j.saa.2014.06.154
https://doi.org/10.1016/j.saa.2014.06.154
https://doi.org/10.1007/s13391-017-7042-4
https://doi.org/10.1007/s13391-017-7042-4
https://doi.org/10.1007/s13391-017-7042-4
https://doi.org/10.1007/s13391-017-7042-4
https://doi.org/10.1107/S0365110X63000438
https://doi.org/10.1107/S0365110X63000438
https://doi.org/10.1107/S0365110X63000438
https://doi.org/10.1016/S0301-0104(01)00440-2
https://doi.org/10.1016/S0301-0104(01)00440-2
https://doi.org/10.1016/S0301-0104(01)00440-2
https://doi.org/10.1016/j.molstruc.2018.09.035
https://doi.org/10.1016/j.molstruc.2018.09.035
https://doi.org/10.1016/j.molstruc.2018.09.035
https://doi.org/10.1107/S0108768108026645
https://doi.org/10.1107/S0108768108026645
https://doi.org/10.1107/S0108768108026645
https://doi.org/10.1088/2053-1591/aaed4a
https://doi.org/10.1016/j.saa.2015.01.093
https://doi.org/10.1016/j.saa.2015.01.093
https://doi.org/10.1016/j.saa.2015.01.093
https://doi.org/10.1016/j.jcrysgro.2016.05.002
https://doi.org/10.1016/j.jcrysgro.2016.05.002
https://doi.org/10.1016/j.jcrysgro.2016.05.002
https://doi.org/10.1016/j.jpcs.2010.09.010
https://doi.org/10.1016/j.jpcs.2010.09.010
https://doi.org/10.1016/j.jpcs.2010.09.010
https://doi.org/10.1016/j.matchemphys.2017.01.087
https://doi.org/10.1016/j.matchemphys.2017.01.087
https://doi.org/10.1016/j.matchemphys.2017.01.087
https://doi.org/10.1007/s00339-018-1767-2
https://doi.org/10.1016/j.matlet.2017.08.016
https://doi.org/10.1016/j.matlet.2017.08.016
https://doi.org/10.1016/j.matlet.2017.08.016
https://doi.org/10.1006/jcis.1995.1048
https://doi.org/10.1006/jcis.1995.1048
https://doi.org/10.1006/jcis.1995.1048
https://doi.org/10.1016/j.saa.2015.02.063
https://doi.org/10.1016/j.saa.2015.02.063
https://doi.org/10.1016/j.saa.2015.02.063
https://doi.org/10.1016/j.materresbull.2012.05.037
https://doi.org/10.1016/j.materresbull.2012.05.037
https://doi.org/10.1016/j.materresbull.2012.05.037
https://doi.org/10.1016/j.saa.2014.12.069
https://doi.org/10.1016/j.saa.2014.12.069
https://doi.org/10.1016/j.saa.2014.12.069
https://doi.org/0.1016/j.jcrysgro.2015.05.003
https://doi.org/0.1016/j.jcrysgro.2015.05.003
https://doi.org/0.1016/j.jcrysgro.2015.05.003
https://doi.org/10.1016/j.ijleo.2014.04.046
https://doi.org/10.1016/j.ijleo.2014.04.046
https://doi.org/10.1016/j.ijleo.2014.04.046
https://doi.org/10.1007/s12043-017-1397-9
https://doi.org/10.1016/j.molstruc.2018.11.060
https://doi.org/10.1016/j.molstruc.2018.11.060
https://doi.org/10.1016/j.molstruc.2018.11.060
https://doi.org/10.1039/C7NJ03693K
https://doi.org/10.1039/C7NJ03693K
https://doi.org/10.1039/C7NJ03693K
https://doi.org/10.1016/j.jcrysgro.2018.07.001
https://doi.org/10.1016/j.jcrysgro.2018.07.001
https://doi.org/10.1016/j.jcrysgro.2018.07.001
https://doi.org/10.1088/2053-1591/aa6072
https://doi.org/10.2478/msp-2018-0082
https://doi.org/10.2478/msp-2018-0082
https://doi.org/10.2478/msp-2018-0082


[38] SivakumarN, Jayavel R, AnbalaganG andYadav RR 2018 Synthesis, growth, spectral, electrical,mechanical and thermal
characterization of a potential opticalmaterial: γ-glycine single crystalOpt.Mater. 80 177–85

[39] Kommandeur J 1961 Photoconductivity in organic single crystals J. Phys. Chem. Solids 22 339–49
[40] JayaprakashRNand Sundaramoorthi P 2015Growth and characterization of l-alanine admixtured urea single crystalOptik 126

3570–3
[41] Muthuraja A andKalainathan S 2017Growth, hardness and laser damage threshold studies on vertical Bridgman grown piperine

(PPN) single crystalMater. Res. Innovations 21 50–4
[42] Daniel D J andRamasamy P 2014 Studies on semi-organic nonlinear optical single crystal: lithium formatemonohydrate (HCO2Li⋅

H2O)Opt.Mater. 36 971–6
[43] Ignatius I C, Rajathi S, Kirubavathi K and SelvarajuK 2016 Enhancement of second harmonic generation efficiency, laser damage

threshold and optical properties of cobalt chloride dopedwith L-alanine single crystal Journal of NonlinearOptical Physics&Materials
25 1650017

[44] ManivannanM,Dhas SM, BalakrishnanMand JoseM2018 Study of optical and laser damage threshold in EDTA andDTPA-doped
DAST single crystalsAppl. Phys.B 124 166

[45] Karuppasamy P, KamaleshT, KumarC S, PandianMS, Ramasamy P, Verma S andRao SVG2019 structural, optical, thermal, laser
damage threshold and theoretical investigations of organic nonlinear optical 2-aminopyridinium4-nitrophenolate 4-nitrophenol
(2AP4N) single crystal J.Mater. Sci.,Mater. Electron. 30 1553–70

[46] Jauhar RM,Vivek P, Sudhakar K, Kalainathan S,NizamMohideenMandMurugakoothan P 2016 Self-assembled supramolecular
synthons of 2, 6 diaminopyridinium tosylate J. Therm. Anal. Calorim. 124 871–9

[47] Era P, Jauhar RM,VinithaG andMurugakoothan P 2018 Synthesis, growth, structuralmodeling and physio-chemical properties of a
charge transfermolecule: guanidinium tosylateOpt. Laser Technol. 101 127–37

[48] VijayanN, VijM, Thukral K, KhanN,HaranathD and JayalakshmyMS 2019 Investigation on the key aspects of l-arginine para
nitrobenzoatemonohydrate single crystal: a nonlinear opticalmaterialChin. J. Chem. Eng. 27 701–8

[49] Thukral K, VijayanN,KrishnaA, Singh B, Kant R, JayaramakrishnanV, JayalakshmyMS andKaurM2019 In-depth behavioral study
of l-prolinium trichloroacetate single crystal: an efficient candidate forNLOapplicationsArabian J. Chem. 12 4887–96

[50] MageshM,BhagavannarayanaG andRamasamyP 2015 Synthesis, crystal growth and characterization of an organicmaterial:
2-Aminopyridinium succinate succinic acid single crystal Spectrochim. ActaA 150 765–71

[51] Vijayakumar A andKala A 2018Thermal and dielectric studies on bis (thiourea)nickel chlorideNLO single crystalsMater. Today Proc.
5 8818–23

[52] TianY, XuB andZhaoZ 2012Microscopic theory of hardness and design of novel superhard crystals Int. J. Refract.Met. HardMater 33
93–106

[53] Onitsch EM1947Uber diemikroharte dermetalleMikroskopie. 2 131–94
[54] Vizhi R E andVijayalakshmiM2016Bulk growth and characterization of novel organic piperazinium (bis) hydrogen succinate single

crystals J. Cryst. Growth 452 204–12
[55] Vinothkumar P, KumarRM, Jayavel R andBhaskaranA 2016 Synthesis, growth, structural, optical, thermal andmechanical properties

of an organic ureamaleic acid single crystals for nonlinear optical applicationsOpt. Laser Technol. 81 145–52
[56] KumarMS, RajeshK, VijayaraghavanGV andKrishnan S 2018 Structural andmechanical properties of diglycine perchlorate single

crystalsMaterials Science-Poland 36 733–8
[57] RamachandranK, Raja A,MohankumarV, PandianMS andRamasamy P 2019Growth and characterization of 4-methyl-3-

nitrobenzoic acid (4M3N) single crystal by using vertical transparent Bridgman-Stockbargermethod forNLO applications PhysicaB
562 82–93

[58] Nandhini S, Sudhakar K,Muniyappan S andMurugakoothan P 2018 Systematic discussions on structural, optical,mechanical,
electrical and its application toNLOdevices of a novel semi-organic single crystal: Guanidinium tetrafluoroborate (GFB)Opt. Laser
Technol. 105 249–56

[59] PichanK,Muthu S P and PerumalsamyR 2017Crystal growth and characterization of third order nonlinear optical piperaziniumbis
(4-hydroxybenzenesulphonate) (P4HBS) single crystal J. Cryst. Growth 473 39–54

[60] Kumari CR,NageshwariM, Sudha S andCarolineML 2018Growth and characterization of an efficient semi organic single crystal:
Sodiumhydrogen oxalatemonohydrateChin. J. Phys. 56 2673–83

[61] MohamedMP, Sudha S, Jayaprakash P, VinithaG,NageshwariM, Sangeetha P, Kumari CR andCarolineML 2019Growth and
characterization of L-histidinium fumarate fumaric acidMonohydrate Single Crystal: a promising second and third order nonlinear
opticalmaterialChin. J. Phys. 60 581–97

[62] HegdeTA,Dutta A andVinithaG 2018χ(3)measurement and optical limiting behaviour of novel semi-organic cadmiummercury
thiocyanate crystal by Z-scan techniqueAppl. Phys.A 124 808

[63] Potheher I V, RajarajanK, Jeyasekaran R, VimalanM, YogamF and Sagayaraj P 2013Growth, optical, thermal, and conductivity
behavior of nonlinear optical single crystals of CdHg (SCN)4(CH3OC2H5O) J. Therm. Anal. Calorim. 111 1491–7

[64] Gnanaraj JM, PratheepaM I and LawrenceM2018 L-Lysine dopedOxalic acid single crystals–Apotential phasematchable organic
material for optical limiting applicationsOpt. Laser Technol. 107 478–83

[65] Yuvaraj S,ManikandanN andVinithaG 2018 Structural and nonlinear optical properties of nickel substitutedmanganese ferrite
nanoparticlesCeram. Int. 44 22592–600

[66] IttyachanR, George J, Cherian L, Joseph L, SajanD andVinithaG 2019 Experimental and theoretical studies on the bifurcated
hydrogen bondedNLOactivematerial of pure and crystal violet dye-doped L-argininiumbis dihydrogen phosphateOpt.Mater. 92
111–24

[67] Sathiya S, SenthilkumarMandRaja CR 2019Crystal growth,Hirshfeld surface analysis, DFT study and third orderNLO studies of
thiourea 4 dimethyl aminobenzaldehyde J.Mol. Struct. 1180 81–8

[68] Yuvaraj S,ManikandanN andVinithaG 2017 Investigation on the behavioral difference in third order nonlinearity and optical limiting
ofMn0.55Cu0.45Fe2O4 nanoparticles annealed at different temperaturesMater. Res. Express 4 115027

[69] SureshA, Jauhar RM,ManikandanN,Girisun T S andVinithaG 2020 Experimental and computational studies on third-order urea
salicylic acid single crystal for optoelectronic device applications J.Mater. Sci.,Mater. Electron. 31 17594–613

[70] Patil P S,Maidur SR, ShkirM,AlFaify S, GaneshV, KrishnakanthKN andRao SV 2018Crystal growth and characterization of second-
and third-order nonlinear optical chalcone derivative: (2E)-3-(5-bromo-2-thienyl)-1-(4-nitrophenyl) prop-2-en-1-one J. Appl.
Crystallogr. 51

[71] Alexandar A andRameshkumar P 2018Nucleation, growth, dielectric, polarizability, and Z-scan analysis of nicotinium tartrate&
L-tartaric acid nicotinamide single crystals for third orderNLO application: a comparative studyOptik 168 944–55

22

Mater. Res. Express 11 (2024) 016203 A Suresh et al

https://doi.org/10.1016/j.optmat.2018.04.051
https://doi.org/10.1016/j.optmat.2018.04.051
https://doi.org/10.1016/j.optmat.2018.04.051
https://doi.org/10.1016/0022-3697(61)90281-5
https://doi.org/10.1016/0022-3697(61)90281-5
https://doi.org/10.1016/0022-3697(61)90281-5
https://doi.org/10.1016/j.ijleo.2015.08.238
https://doi.org/10.1016/j.ijleo.2015.08.238
https://doi.org/10.1016/j.ijleo.2015.08.238
https://doi.org/10.1016/j.ijleo.2015.08.238
https://doi.org/10.1080/14328917.2016.1177310
https://doi.org/10.1080/14328917.2016.1177310
https://doi.org/10.1080/14328917.2016.1177310
https://doi.org/10.1016/j.optmat.2014.01.004
https://doi.org/10.1016/j.optmat.2014.01.004
https://doi.org/10.1016/j.optmat.2014.01.004
https://doi.org/10.1142/S021886351650017X
https://doi.org/10.1007/s00340-018-7036-4
https://doi.org/10.1007/s10854-018-0427-9
https://doi.org/10.1007/s10854-018-0427-9
https://doi.org/10.1007/s10854-018-0427-9
https://doi.org/10.1007/s10973-015-5182-z
https://doi.org/10.1007/s10973-015-5182-z
https://doi.org/10.1007/s10973-015-5182-z
https://doi.org/10.1016/j.optlastec.2017.11.005
https://doi.org/10.1016/j.optlastec.2017.11.005
https://doi.org/10.1016/j.optlastec.2017.11.005
https://doi.org/10.1016/j.cjche.2018.06.029
https://doi.org/10.1016/j.cjche.2018.06.029
https://doi.org/10.1016/j.cjche.2018.06.029
https://doi.org/10.1016/j.arabjc.2016.09.011
https://doi.org/10.1016/j.arabjc.2016.09.011
https://doi.org/10.1016/j.arabjc.2016.09.011
https://doi.org/10.1016/j.saa.2015.05.077
https://doi.org/10.1016/j.saa.2015.05.077
https://doi.org/10.1016/j.saa.2015.05.077
https://doi.org/10.1016/j.matpr.2017.12.312
https://doi.org/10.1016/j.matpr.2017.12.312
https://doi.org/10.1016/j.matpr.2017.12.312
https://doi.org/10.1016/j.ijrmhm.2012.02.021
https://doi.org/10.1016/j.ijrmhm.2012.02.021
https://doi.org/10.1016/j.ijrmhm.2012.02.021
https://doi.org/10.1016/j.ijrmhm.2012.02.021
https://doi.org/10.1016/j.jcrysgro.2016.04.060
https://doi.org/10.1016/j.jcrysgro.2016.04.060
https://doi.org/10.1016/j.jcrysgro.2016.04.060
https://doi.org/10.1016/j.optlastec.2016.02.004
https://doi.org/10.1016/j.optlastec.2016.02.004
https://doi.org/10.1016/j.optlastec.2016.02.004
https://doi.org/10.2478/msp-2018-0086
https://doi.org/10.2478/msp-2018-0086
https://doi.org/10.2478/msp-2018-0086
https://doi.org/10.1016/j.physb.2019.03.014
https://doi.org/10.1016/j.physb.2019.03.014
https://doi.org/10.1016/j.physb.2019.03.014
https://doi.org/10.1016/j.optlastec.2018.03.006
https://doi.org/10.1016/j.optlastec.2018.03.006
https://doi.org/10.1016/j.optlastec.2018.03.006
https://doi.org/10.1016/j.jcrysgro.2017.05.018
https://doi.org/10.1016/j.jcrysgro.2017.05.018
https://doi.org/10.1016/j.jcrysgro.2017.05.018
https://doi.org/10.1016/j.cjph.2018.09.038
https://doi.org/10.1016/j.cjph.2018.09.038
https://doi.org/10.1016/j.cjph.2018.09.038
https://doi.org/10.1016/j.cjph.2019.05.032
https://doi.org/10.1016/j.cjph.2019.05.032
https://doi.org/10.1016/j.cjph.2019.05.032
https://doi.org/10.1007/s00339-018-2235-8
https://doi.org//10.1007/s10973-012-2533-x
https://doi.org//10.1007/s10973-012-2533-x
https://doi.org//10.1007/s10973-012-2533-x
https://doi.org/10.1016/j.optlastec.2018.05.045
https://doi.org/10.1016/j.optlastec.2018.05.045
https://doi.org/10.1016/j.optlastec.2018.05.045
https://doi.org/10.1016/j.ceramint.2018.09.033
https://doi.org/10.1016/j.ceramint.2018.09.033
https://doi.org/10.1016/j.ceramint.2018.09.033
https://doi.org/10.1016/j.optmat.2019.04.019
https://doi.org/10.1016/j.optmat.2019.04.019
https://doi.org/10.1016/j.optmat.2019.04.019
https://doi.org/10.1016/j.optmat.2019.04.019
https://doi.org/10.1016/j.molstruc.2018.11.067
https://doi.org/10.1016/j.molstruc.2018.11.067
https://doi.org/10.1016/j.molstruc.2018.11.067
https://doi.org/10.1088/2053-1591/aa97eb
https://doi.org/10.1007/s10854-020-04315-5
https://doi.org/10.1007/s10854-020-04315-5
https://doi.org/10.1007/s10854-020-04315-5


[72] Karuppasamy P, Sivasubramani V, PandianMS andRamasamy P 2016Growth and characterization of semi-organic third order
nonlinear optical (NLO) potassium3, 5-dinitrobenzoate (KDNB) single crystalsRSCAdv. 6 109105–23

[73] WangD, Li T,Wang S,Wang J,Wang Z, XuX andZhang F 2016 Study onnonlinear refractive properties of KDP andDKDP crystals
RSCAdv. 6 14490–5

[74] Karuppasamy P, PandianMS, Ramasamy P andVerma S 2018Crystal growth, structural, optical, thermal,mechanical, laser damage
threshold and electrical properties of triphenylphosphine oxide 4-nitrophenol (TP4N) single crystals for nonlinear optical applications
Opt.Mater. 79 152–71

[75] HegdeTA,Dutta A,Girisun T S, AbithMandVinithaG 2019 Intensity tunable optical limiting behavior of an organometallic cesium
hydrogen tartrate single crystal J.Mater. Sci.,Mater. Electron. 30 18885–96

[76] DivyaR,ManikandanN andVinithaG 2019 Synthesis and characterization of nickel doped zinc selenide nanospheres for nonlinear
optical applications J. Alloys Compd. 791 601–12

[77] SaravananMandGirisunT S 2015Nonlinear optical absorption and optical limiting properties of cadmium ferriteMater. Chem. Phys.
160 413–9

[78] Arunkumar R, BennyAnburajD, Vivek P, Jauhar RM, Balachandar RK, Ananth S andMurugakoothan P 2018 Synthesis, growth,
frontiermolecular orbitals FractureMechanics AndNonlinearOptical Studies of L-SerineMethyl EsterHydrochloride Single Crystal 47
374–9

[79] Krishnan S, Raj C J, Priya SN, Robert R, Dinakaran S andDas S J 2008Optical and dielectric studies on succinic acid single crystals.
Crystal Research andTechnology Journal of Experimental and Industrial Crystallography 43 845–50

23

Mater. Res. Express 11 (2024) 016203 A Suresh et al

https://doi.org/10.1039/C6RA21590D
https://doi.org/10.1039/C6RA21590D
https://doi.org/10.1039/C6RA21590D
https://doi.org/10.1039/C5RA24761F
https://doi.org/10.1039/C5RA24761F
https://doi.org/10.1039/C5RA24761F
https://doi.org/10.1016/j.optmat.2018.03.041
https://doi.org/10.1016/j.optmat.2018.03.041
https://doi.org/10.1016/j.optmat.2018.03.041
https://doi.org/10.1007/s10854-019-02245-5
https://doi.org/10.1007/s10854-019-02245-5
https://doi.org/10.1007/s10854-019-02245-5
https://doi.org/10.1016/j.jallcom.2019.03.294
https://doi.org/10.1016/j.jallcom.2019.03.294
https://doi.org/10.1016/j.jallcom.2019.03.294
https://doi.org/10.1016/j.matchemphys.2015.05.009
https://doi.org/10.1016/j.matchemphys.2015.05.009
https://doi.org/10.1016/j.matchemphys.2015.05.009

	1. Introduction
	2. Experimental procedure
	2.1. Chemical synthesis
	2.2. Solubility study
	2.3. Crystal growth
	2.3.1. Growth from water
	2.3.2. Growth from methanol


	3. Experimental details
	3.1. Single crystal x-ray diffraction analysis
	3.2. Fourier transform infrared (FTIR) analysis
	3.3. Optical transmittance study
	3.4. Computational study
	3.4.1. FMO’s (Frontier molecular orbitals)
	3.4.2. NBO (Natural bonding orbitals)

	3.5. Thermal studies
	3.6. Specific heat capacity measurement
	3.7. Photoconductivity study
	3.8. Laser damage threshold (LDT) study
	3.9. Mechanical stability
	3.9.1. Elastic stiffness constant (C11)

	3.10. Dielectric study
	3.11. Third order NLO study
	3.11.1. CW laser
	3.11.2. Pulsed laser

	3.12. Optical limiting measurement

	4. Conclusion
	Acknowledgments
	Data availability statement
	References



