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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 growth method. Single-crystal XRD brought out the lattice
constant and the crystal system is observed to be monoclinic with space group P. Functional group of
UBA were determined by FT-IR. UBA crystal is entirely visible from 270 to 900 nm with linear optical
energy gap value to be 4.50 eV. The observed HOMO-LUMO energy gap was 5.21 eV. Thermally,
UBA crystal is found to be stable up to 184°°C. The C,, value of UBA increases from 1.21 to

1.58 ] g~ 'K~ ' with the temperature difference from 30 to 100°°C. UBA shows good photoconductive
nature and it found to be positive and Laser Damage Threshold (LDT) value of UBA crystal is

0.97 GW cm ™ *. Hardness testing confirms that UBA crystal belongs to soft nature category. Dielectric
properties of UBA crystal are studied as a function of frequency and temperature. Third order NLO
properties of the UBA crystal were studied under CW and pulsed lasers (ns) regimes using Z-scan
technique. Good Optical limiting (OL) response (2.2860 X 10'> W /m?) confirms the efficiency of UBA
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 oflight, the pre-
determination is the crucial tool for the manipulation. There are various methods opted to limit, switch,
modulate or amplify the amplitude of the optical signals which categories into two main groups, namely, passive
and dynamic methods. The dynamic system restricts the light intensity wherein a passive system helps to control
the functions like sensing, processing and actuating that are inherent. Smart materials or intelligent materials are
used as novel NLO materials [1]. Organic compounds have high delocalized conjugated system with strong
electron donors (—NR, —OR, etc) and strong electron acceptors (-NO,, —-CN, -COOH, -SO;H, etc) [2].
Organic crystals exhibit better third-order nonlinear optical (NLO) properties due to the presence of delocalized
m-bonded electron system [3]. In view of industrial application and information technology, the NLO material
plays a great impact on nonlinear optics. A good NLO material satisfies the technological requirement of
applications such as the materials having broader range of transparency, quick response and large damage
threshold [4]. Light passing through any NLO material gets altered which depends on its temperature,
orientation and wavelength of the light etc [5-7]. The organic materials with inclusion of aromatic ring are
highly suitable for y ® (second-order) and y @ (third-order) NLO applications since their high optical damage,
higher nonlinearity and ultrafast or electronic response [8]. There is a huge ultimatum, for novel NLO materials

© 2024 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Scheme of UBA compound.

with large NLO figures of merit that are widely used as they possess good stability, large laser damage threshold
with low mechanical 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 aromatic molecules which
arises out of electron transfer of complex of Lewis base to Lewis’s acid. Generally, visible region’s laser radiation
gets absorbed when there is an interaction between e- (electron) donor and e- acceptor molecules which further
leads to the origin of intensely colored charge transfer complexes [8, 11]. Organic NLO crystals are too difficult
to grow alarge crystal than inorganic crystals because of weak intermolecular binding energy [12]. Based on the
NLO applications point of view, we have chosen urea and barbituric acid for synthesizing. Urea ((NH,),CO) is
an excellent organic NLO material that exhibits tetragonal system with P421m space group. It is similar to KDP
and exhibits enhanced properties, higher birefringence and a larger optical damage threshold. The cell
parameter values are observed tobe asa=5.661 A,b=5.661 Aandc=4.712 A [13]. Barbituric acid (2,4,6-
trioxohexahydropyrimidine) is a heterocyclic compound which is a kind of pyrimidine complex that plays a
crucial role in biological and chemical systems [14]. Barbituric acid (BA) is a extensively explored molecular
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 in monoclinic system with P21/c space group and unit cell parameters are found to be
a=06.817,b=14.310,c=6.248 and 3= 118°[14].

The multifunctional 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 the C=0 group which is strong, with a weaker
acceptor, like the C=S group, in binary or ternary hydrogen-containing synthons. For instance, if the C=0O
group at 2-position of barbituric acid is changed into a C=S group. Barbituric acid is the useful compound in a
viewpoint of the intriguing relationship between molecular 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 (CsHgN,4O,) single crystal, abbreviated as UBA 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 capacity measurement,
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Figure 2. Solubility curve of UBA crystal.

(a) Harvested UBA crystal with water

b

(b) Morphology of UBA crystal in water

Figure 3. (a) Harvested UBA crystal with water, (b) Morphology of UBA crystal in water.
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(a) Harvested UBA crystal by a methanol solvent

(b) Morphology of UBA crystal by a methanol solvent

Figure 4. (a) Harvested UBA crystal by a methanol solvent, (b) Morphology of UBA crystal by a methanol solvent.

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 UBA has
been investigated and revealed for the first time.

2. Experimental procedure

2.1. Chemical synthesis

The precursor materials, urea and barbituric acid (UBA) were utilized for synthesis process without any
additional purification. The precursor materials were taken in 1:2 stoichiometric ratio. The formation scheme of
UBA material is depicted in figure 1.

2.2. Solubility study

The preference of solvent plays a vital role in crystal growth process. The UBA compound was analyzed for
solubility study through water and methanol as solvents and by varying the temperature between 30 °C and

50 °Cat 5 °C intervals. An invariant temperature water bath with an accuracy of & 0.01 °C along with an
immersible magnetic stirrer was employed for performing the solubility study. To check the solubility, initially
water was selected as a solvent at room temperature (30 °C). The well crushed UBA compound was taken in an
air-tight round bottom flask to study the solubility. Initially, the weight of UBA compound was measured. The
UBA compound was added slowly (pinch by pinch) to the selected solvent at 30 °C until the solute attains
saturation. Finally, the remaining amount of UBA sample was measured 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 in water was
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 water was measured to be 3.376 g. The same
procedure was followed for methanol, and the total amount of solute taken to dissolve in 100 ml of methanol
was found to be 4.7838 g. The solubility curves of UBA compound with the solvents, water and methanol are
depicted in figure 2, which shows the solubility level in water to be very low compared to methanol.
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Figure 5. The optimized geometrical structure of the UBA crystal.

Table 1. Observed cell parameters.

Experimental
S.no Parameters work Reported
a(A) 7.95 7.8857 (3)
b(A) 7.02 6.920(2)
cA) 14.58 14.4283 (6)
1. a(®) 90.00 90.00
B 98.08 98.07
~©) 90.00 90.00
V(A% 806 784.36 (5)
Crystal system Monoclinic, P Monoclinic, P2, /c

& space group

2.3. Crystal growth

2.3.1. Growth from water

The stoichiometric ratio (1:2) of urea and barbituric acid was considered and were diffused in distilled water
individually. Saturated solution of urea was added drop-wise to the barbituric acid solution. The solution was
mixed and stirred for about 8 h and the pH of the solution was kept at 3. After several hours of stirring, the
homogeneous solution was drained with Whatman filter paper. The drained UBA solution was closed with a
thin perforated sheet which is transparent in nature and kept in an undisturbed environment. After a period of
69 days, arhombohedral shaped UBA crystal was harvested. The harvested as-grown crystal is shown in

figure 3(a) and the morphology of UBA crystal is shown in figure 3(b).

2.3.2. Growth from methanol

Urea (AR-Merck at 98%) and barbituric acid (AR-SRL at 99%) were taken in 1:2 stoichiometric ratio. The same
procedure was followed as mentioned above, but instead of water, methanol was used as solvent. The saturated
solution was filtered and the pH was kept at 3. Finally, the filtered solution was closed with the thin transparent
sheet and it was allowed for slow evaporation without any mechanical disturbance. After a span of 45 days, the
benzene shaped morphological UBA crystal was harvested. The harvested as-grown UBA crystal is shown in
figure 4(a) and the morphology of the title compound is shown in figure 4(b), which was generated using
WinXMorph software.

3. Experimental details

3.1. Single crystal x-ray diffraction analysis

The single crystal x-ray diffraction study of the UBA compound was analyzed at room temperature (293 K) using
Bruker axs SMART APEX IT single crystal x-ray diffractometer. The observed lattice cell parameters agree well
with the literature [17]. The data from present work and that from literature are tabulated in table 1 for
comparison. The optimized geometry of the UBA crystal structure is depicted in figure 5.

5
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Figure 6. FTIR spectrum of UBA crystal.

Table 2. Observed fundamental FTIR vibrations of UBA crystal.

Wavenumbers (cm ™) Observed vibrations

3555 N—H stretching

3477 OH vibration

3185 NH stretching of primary amine

2878 CH stretching

2812 Aromatic C—H stretching vibration

2424 S—H stretching

2050 OH™ group

1716 C=0 asymmetric stretching

1618 NH, scissor superimposed with C=0
stretching

1526 NO, asymmetric stretching

1410 C—O—H bending

1352 Symmetric S=O stretching vibration

1287 CH stretching

1235 C—Osstretching

1193 C—O stretching

1027 C—Nistretching

942 C—Obending

773 NH, rocking

741 NH, rocking vibration

627 CH bending

584 Out of plan ring C—C bending vibration

496 Out-of-plan ring deformation

433 Out of plane ring C=C bending

3.2. Fourier transform infrared (FTIR) analysis

FTIR spectrum gives information about fundamental vibrations and was set down over the range of 400 cm™ " to
4000 cm ™' by using Thermo Scientific ™ Nicolet ™ iS10 FTIR spectrometer. Figure 6 depicts FTIR spectrum
of UBA crystal. The peaks obtained at 1618 cm ™', 1410 cm ™', 1193 cm ™', 773 cm™ ' and 627 cm ™' correspond
to NH, scissor superimposed with C=O0 stretching vibration, C—O—H bending vibration, C—O stretching, NH,
rocking and CH bending vibrations respectively [ 18]. The symmetric S=O stretching vibration, C—O stretching
and out of plane ring C—C bending vibrations is observed through peaks at 1352 cm ™', 1235 cm ™' and

584 cm ™ ' respectively [19]. The peaks observed at 3185 cm ™', 2812 cm™ ' and 496 cm ™! respectively belongs to
the NH stretching of primary amine, aromatic C—H stretching vibration and out-of-plane ring deformations
[20]. The peak at 3477 cm ™' corresponds to OH vibrations, while at 1027 cm ™' belongs to stretching vibrations
of C—N [21]. The sharp intense peaks at 3555 cm ™', 1526 cm™ !, 1287 cm™ " and 741 cm ™ correspond to N—H
stretching, NO, asymmetric stretching, CH stretching and NH, rocking vibration respectively [22, 23]. The

1
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Figure 7. (a) Optical transmittance spectrum of UBA crystal, (b) Optical energy gap of UBA crystal, (c) Plot of wavelength versus ‘K’

bands observed at 2878 cm ™', 2424 cm ™' and 2050 cm ™ vibrations are attributed to CH stretching, S—H
stretchingand OH ™ group vibrations respectively [24—26]. The asymmetric C=0 stretching and bending C—O
vibrations correspond to 1716 cm ™' and 942 cm ™' respectively [27]. The peak around 433 cm ™' corresponds to
out of plane ring C=C bending 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.
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Figure 8. Frontier molecular orbital (FMO) of UBA compound.

3.3. Optical transmittance study
The T-90 + Lab India UV—vis spectrophotometer was utilized to study about linear optical transmittance of the
grown UBA crystal over the wavelength range from 190 nm to 900 nm. The thickness of the sample was found to
be 1.09 mm. The spectrum infers the electron transitions of the w-conjugated molecular systems such as
chromophores. The increment of electrons in o and 7 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, the UBA crystal shows 90% of transmittance. The measured cut-off wavelength
atlowest was observed to be at 270 nm. The advancement of an electron from the ‘bonding’ 7-orbital to ‘anti-
bonding’ 7 *-orbital leads to absorption in the crystal.

A sharp decline in transmittance percentage was found at a wavelength of 308 nm, which is since the
occurrence of chromophore in the UBA 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 (n,)
and linear absorption coefficient («v) using the standard relations as follows,

o= 2.3026 log(l) )
t T

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

(ahv) = A(hv — Ep)'/? )

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

aA
K= 22
o (3
exp(—at) + \/exp(—oat) T — exp(—3a) T + exp(—2at) T?
R= 4
exp(—at) + exp(—2at) T
ne -+ +2 YR (5)

R -1

The optical band gap of the UBA crystal is observed to be 4.50 eV and the linear refractive index (n,) value of
the UBA compound is calculated to be 1.16. The plot of energy of photon versus (ahv)” is depicted in figure 7(b).
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Table 3. The energy values of global reactivity descriptors.

FMO parameters Calculated value (eV)
Chemical hardness (7)) 2.605
Electronegativity () 4.165
Chemical potential (1) —4.165
Chemical softness (s) 0.1919
Global electrophilicity index (w) 3.3296

Higher value of linear optical band gap indicated the UBA crystal to possess higher dielectric performance,
inducing the polarization when the influential radiation strikes the material. Figure 7(c) depicts change in linear
refractive index (ny) and extinction coefficient (K) as function of wavelength. From figure 7(¢), it is clearly
noticed that the refractive index and extinction coefficient decreases with a rise in wavelength confirming the
interaction between photons and electrons.

3.4. Computational study

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

3.4.1. EMO’s (Frontier molecular orbitals)

FMO study plays an efficient role in achieving the basic parameters like optical, electrical and chemical
properties of the compound. HOMO (Highest occupied molecular 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 (E,) can be obtained from orbital energy gap between HOMO-LUMO.
Energy gap shows the kind of reactions that occur, when the charge is transferred within a molecule. 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 is moved from HOMO (highest occupied molecular orbital) to LUMO
(lowest unoccupied molecular orbital). The estimated energy band gap between the HOMO-LUMO is 5.21 eV.
If the energy gap is greater, the expected compound will have enhanced stability and significantly reactivity is less
and vice-versa. Higher the value of bandgap indicates that the title material possesses high stability [33]. The
calculated theoretical bandgap of the titular material is depicted in figure 8.

The other related essential parameters of the FMO energies such as 77 (chemical hardness), x
(electronegativity), p (electronic chemical potential) and w (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.

_ Erumo — Enomo )
2
_ —(Erumo — Eromo) @)
2
E — E
— Buwmo — Bromo _ _ ®)
2
2
w= )
2n
s = N (10)
2n

3.4.2. NBO (Natural bonding orbitals)

Intra and intermolecular interactions can be well understood by utilizing NBO analysis, which also yields
information about charge density modifications in donating and accepting proton in different orbitals. Donor—
acceptor inter reactions in the NBO basis were determined by analyzing second-order perturbation theory of
Fock matrix [33]. The stabilization energy E® related with the delocalization donor (i)— acceptor (j) can be
obtained using the relation,
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Table 4. The selected second-order perturbation theory analysis of fock matrix in NBO basis.

Donor NBO (i) Acceptor NBO (j) E® (kJ mol *)* E()-EG) (a.u.)” F(, j) a.u.)
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
* E@ is the energy difference of hyper-conjugative interactions (stabilization energy in kj /mol),
® E(J)-E(i) is the energy difference between the donor (i) and acceptor (j) for NBO orbitals and
¢ F(i, j) is the Fock matrix element between the i and j of NBO orbitals.
AV
E(Z) = AEi’]‘ = qlM (11)
(E; — E))

where F is the off-diagonal NBO Fock matrix element, g; refers to the occupancy donor orbital and E;,—E; refers

)

to the diagonal elements (orbital energies). Higher E® value indicates fervent interaction between donors and
acceptors of electron [34]. The observed results from the NBO analysis indicate the stabilization interactions to
be alarge in UBA 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 k] mol . Further notable stabilization
interaction between LP(1) N(3) and BD*(1) O(1)~C(2) has a value around 49.46 kJ mol . Second-order
perturbation theory of NBO’s values given in table 4 gives the interaction of donor and acceptor between the

stabilization energy of UBA molecules exchange.

3.5. Thermal studies

TG/DTA (thermogravimetric & differential thermal) analysis gives information about the behavior of the
compound by thermal means. The UBA sample was weighed to be 2.554 mg at the time of measurement. The
recorded thermogram was analyzed in nitrogen atmosphere in the temperature range from 40 °C to 800 °C by
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Figure 10. Plot of temperature responds specific heat capacity of UBA.

SIITG/DTA7200 EXSTAR experimental setup at a rate of heating at 10 °C per minute. The recorded curve of
TG/DTA of the UBA compound is depicted in figure 9.

The TG-curve reveals the three major weight loss patterns were observed. The first stage indicates a weight
loss of about 14.54% originating from 184 °C to 202 °C, which confirms the decomposition stage of urea. The
second stage shows a weight loss of about 56.61%, which is confirmed by the second endothermic peakina
range between 220 °C at 325 °C which confirmed the degradation stage (255 °C) of barbituric acid [35]. The
endothermic peak at 454 °C which is small, is since the final weight loss of the UBA material, is about 14.13%.
The melting point of the UBA crystal was obtained to be 184 °C, which clearly proves that the UBA crystal is
thermally stable up to 184 °C and it can be relevant for applications below 184 °C.

3.6. Specific heat capacity measurement

The specific heat measurements were conducted out by utilizing NETZSCH STA 449F3 over the temperature
range from 30 °C to 90 °C and the rate of heating was maintained at 10 °C/min. A well crushed UBA crystalline
powder weighing 7.48 mg was 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 incident monochromatic light. Thermal gradient was developed when incident
laser energy is converted into thermal energy [36]. The specific heat value impacts the laser damage threshold of
amaterial [37]. A material 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. Ior/C (which means the input energy of the threshold intensity (I) is proportional directly to
the square root of the specific heat capacity of the material) [37]:

I o(l =V) JTKCp
SeE. 201-R) 7,
where p, R, Kand 7, correspond to density, reflectivity, thermal conductivity and pulse duration of the material
respectively. The incoming conflict laser energy is changed into heat energy and this leads to the thermal gradient

in the UBA crystal. The temperature variation in the crystal is associated with change in thermal energy of the
UBA crystal. The specific heat capacity of the UBA crystal can be expressed as

AE = C,AT (13)

(12)

where AT and C, are the temperature difference changes, which arise due to absorption of heat through the
crystal and materialistic specific heat respectively. The temperature-dependent specific heat (C,,) capacity of the
UBA crystal is shown in figure 10. As shown in the figure, the C,, value of the material gradually increases with a
rise in temperature. Further, it confirms that the UBA crystals show no phase transition.

3.7. Photoconductivity study

Photoconductivity study plays a major role in organic materials. In particular, in compounds having or
encompassing -electrons with conjugated double (or) triple bonds (or) some aromatic ring systems,
photoconductivity has been found to occur [39]. Photoconductivity of the UBA crystal was performed out at
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Table 5. The present LDT value of the title
compound is compared with some NLO material.

Name of the compound LDT value (GW/cm?)

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

room temperature by using the Keithley 6512 electrometer [40]. Silver paste was coated on both sides of UBA
crystal and copper wire which is thinner was placed on opposite sides and linked in series with an electrometer.
The input voltage from a DC power supply was applied to the crystal in increasing order from 100 to 500 V.cm ™'
in steps of 50 V//cm. The UBA crystal was irradiated with a 100 W halogen lamp and the photocurrent was
recorded as a function of applied voltage. Figure 11 shows the photo current and the dark current of the UBA
crystal. The results observed from the graph indicate that the photo current is higher compared to dark current,
resulting in the photoconductivity of the UBA crystal to be positive. The positive photoconductivity correlates to
the generation of mobile charge carriers as a result of absorption of photons.

3.8. Laser damage threshold (LDT) study

LDT study of the as-grown UBA crystal was performed using 1064 nm, 10 ns Nd:YAG laser with the repetition
rate of 10 Hz. Various mechanisms cause Laser-induced breakdown of materials. In transparent materials, the
damage is associated with multiphoton 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]. The NLO
crystal is heavily influenced by its surface quality which is more than that of optical (linear and nonlinear)
properties, since it decides the ability of the crystal to resist against the damage even when 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 longitudinal mode structures, the density of effects, thermal
conductivity and diffusivity, quality of the crystal surface, optical absorption and specific heat (C,) etc [43, 44].
One crucial criterion for an NLO crystal 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 LDT of NLO elements depends on
chemical and physical imperfections in particularly on dislocation of crystal growth. If the crystals result from
low LDT, then the materials contain more dislocations; these dislocations reduce the material’s interatomic
bond strength [45]. The thermal properties of the material play an effective role in LDT which includes melting
and degradation since the laser of high intense. Thermal diffusivity of the crystal carries the temperature of the
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Table 6. Comparative study of LDT, Hardness and thermal property of some organic single crystal.

Hardness
values Thermal prop-
Name of the crystal LDT Values (GW/cm?) (Kg/ mm?) erty (°C) Reference
Urea p-nitrophenol (UPN) 0.38 P(g) H, 120 [23]
10 24
25 36
45 48
50 56
100 22
L-serine methyl ester hydrochloride (SMEH) 0.23 P(g) H, NIL [78]
10 6.81
20 9.42
30 13.80
40 18.63
50 21.3
Imidazolium diphenylacetate diphenylacetic 0.2645 P(g) H, 201 [34]
acid (IDA)
5 21.84
10 32.73
20 47.64
30 52.73
40 60.62
50 61.65

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 from damages since the heat [44]. A well-polished as-
grown UBA crystal was subjected to LDT study with sample thickness of 1 mm. The well-polished selected (1 0
0) crystal plane was fixed before the convex lens of focal length 30 cm. In order to measure each shot of the laser
pulse energy, phototube and oscilloscope combination was used. The surface damage threshold value of the
UBA compound was determined through the expression;

Power density (Py) = E/Trr? (14)

where 7, E & r are the pulse width (ns), input energy (m]) 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 inorganic materials 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

SHIMADZU HMV G20S hardness tester with a diamond pyramidal indenter was used to understand the
stability of the UBA crystal mechanically [51]. The detailed information about the crystal parameters like
molecular binding, strength of the yield, elastic stiffness constant, hardness number (H,) values are collected by
microhardness indentation. The indentation was carried out on (1 0 0) plane of the UBA crystal. The immovable
(constant) indentation was applied on the surface of the UBA crystal by differing the load from 10 gto 60 g with
indentation time of 10 s. The variation of different applied loads as a function of hardness value of the UBA
crystal is depicted in figure 12(a). The hardness value of the grown crystal was estimated from the relation.

1.8544P ( kg )

d? mm?

Hardness number (H,) = (15)
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 the H,, value rises linearly with the applied load (P) and this effect is
called as reverse indentation size effect (RISE) [25]. The hardness of a material 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 is mechanically stable up to 50 g. When the applied load was
raised to 60 g, the crystal gets slightly damaged which can be corelated to the expulsion of internal stress since the
occurrence of indentation.

Meyer’s relation was applied to calculate the hardness coefficient of the UBA crystal,

P = kd" (16) where kand n are the material constant and Meyer’s index respectively. The calculated work
hardening coefficient value of the grown crystal was estimated to be 1.74 from the graph oflog d versus log p
(figure 12(b)).
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Figure 12. (a) Applied load (P) versus hardness number (H,), (b) Plot oflog d versus log P.

If the value of ‘n’ lies above 1.6, the material corresponds to soft category while the ‘n’ value lying between 1
and 1.6 indicates the hard category [53]. The UBA 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 (Cy,).
The Cy; value can be estimated from the Wooster’s empirical relation [54],

Cy=H,/* (17)

Theyield strength (o) of the UBA crystal was calculated using the standard relation [55],

The reason for increasing the elastic stiffness constant (C; ;) value of the UBA crystal is due to the binding
forces between the atoms and ions of urea barbituric (UBA) which are quite strong. Furthermore, the yield
strength (o) values represent the maximum stress a material may experience without causing plastic
deformation or shape variation [56]. Table 7 lists the current mechanical properties compared to a few nonlinear
optical (NLO) crystals (inorganic, semi-organic, and organic).
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Figure 13. (a) Log frequency versus dielectric constant (¢,), (b) Log frequency versus dielectric loss (tan ), (c) Plot of ac conductivity
versus log frequency, (d) Plot of dc conductivity versus log frequency.

3.10. Dielectric study

Dielectric behavior of the UBA compound is estimated using PSM 1735 LCR meter impedance analyzer.
Dielectric analysis is one of the noteworthy phenomena to observe about nature of the atoms, ions and bonding
polarization mechanism of the grown crystal. The as- grown UBA crystal was analyzed in the frequency range
over 1 Hzto 1 MHz. The well crushed UBA compound was pelletized by using hydraulic press with the sample
thickness of 1.11 mm and 13 mm diameter. In order to get proper electrical conductivity, application of silver
paste on both sides of the UBA sample. The dielectric constant, dielectric loss, AC and DC conductivity of UBA
sample were measured 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
from which the dielectric constant (¢,), loss (tan ) 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 in figures 13(a) and (b).

As seen from this figure, it is clearly observed that both the dielectric parameter (¢, and tan ¢) values decline
with increasing frequency which is a characteristic property for polar dielectric materials. Higher dielectric
constant (¢,) at lower frequency is attributed to the existence of all four (space charge, orientation, ionic and
electronic) polarizations. Changing the dielectric constant from higher 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 ¢ curve, it is observed that the dissipation of energy is naturally greater at lower frequency region
since mostly 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
of UBA crystal is depicted in figures 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 from D.C curve, the D.C

15



10P Publishing

Mater. Res. Express 11 (2024) 016203

Table 7. The comparative table for hardness parameters compared with
some other organic and semi-organic NLO crystal with UBA.

4-methyl-3-nitrobenzoic acid (4dM3N) [57]

Load P H, oy Cpyx 10
G Kg/mm? GN/m? (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
Piperazinium bis(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
Sodium Hydrogen Oxalate Monohydrate (SHOM) [60]
25 22.45 7.483 2.315
50 32.05 10.683 4.317
100 43.9 14.633 7.487
L-histidinium Fumarate Fumaric acid Monohydrate (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 (“Present Work)
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

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

Dielectric
Organic NLO crystals constant Reference
Cadmium mercury thiocya- 42 [62]
nate (CMTC)

Urea p-nitrophenol (UPN) 240 [23]

Succinic acid (SA) 0.18 [79]

Urea succinic acid 160 [18]

Urea barbituric acid (UBA) 318 *Present work

3.11. Third order NLO study
Third order nonlinearity of the UBA crystal has been studied using both CW and pulsed lasers.

ASuresh etal

conductivity value is greater in lower frequency region and while the frequency is increased from lower region to
higher frequency region, the dc conductivity value decreases in higher frequency region [62]. Atlow
temperatures, the UBA crystal exhibits conduction to be minimum which may be since the least of Gibb’s free
energy. A section of ions leave the regular lattice when the Gibb’s free energy is minimum [63]. The present
dielectric constant value as compared with few other organic NLO crystals (same class) are tabulated in table 8.
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Figure 14. (a) Closed aperture (CA) curve of UBA crystal, (b) Open aperture (OA) curve of UBA crystal, (c) Ratio of CA to OA curve.

3.11.1. CW laser

Z-scan being a simple and highly sensitive technique gives information about the sign and magnitude of
nonlinear refractive index (n,) and nonlinear absorption coefficient (3) directly. The third order ‘n,’ (nonlinear
refractive index) is proportional directly to the real part of the susceptibility [Re x '] whereas 3 (nonlinear
absorption coefficient) is proportional to the third order imaginary part of susceptibility [Im x '] [64, 65]. The
third-order nonlinear susceptibility (x ®’) of UBA crystal was estimated by using Z-scan setup with 532 nm
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Table 9. The present UBA crystalline NLO parameters compared with some other NLO material.

Name of the crystal n, B x® (esu) Laser used
5B2SNC* —3.93 x 10 " em?/W 1.85x 10 cmW ™! 3.52x 10712 800 nm
NT® 4368 x 1072 m?*/W 1.7084 x 10 *mW™! 6.312x 1077 632.8 nm
LTN® 1.726 x 10-11 cm2/W 286.537 x 10 ¥ mW ™! 9.379 x 107® 632.8 nm
KDNB*® —1.502 x 10~ "' m?*/W —5518x 10> mW ! 3.027 x 1078 632.8 nm
8HQ2C5N 7.23 x 10~ cm?/W 2.04x 10 *cm 351 %1071 532 nm
KDP*
Z-direction 527 x 10" P esu 8.34x 10 532 nm
X-direction 321 x 10" Pesu 5.08 x 10714 532 nm
I-direction 3.10 x 10 Pesu 490 x 10714 532 nm
II-direction 254 x 10 Pesu 4.02x107 " 532 nm
DKDP*
Z-direction 413 x 10 Pesu 6.51 x 107 532 nm
X-direction 4.09 x 10 P esu 6.46 x 107 532 nm
I-direction 3.16 x 10”2 esu 499 x 107 532 nm
II-direction 2.35x 10 Pesu 3.71x 1074 532 nm
TP4N'
SUBA —2.687 x 107" m?/W 5.6217 cm?/W —1.071 x10™*m /W8 4334%x107° 640 nm 532 nm
8347 cm W ! 1.8045 x 10~° (Present work)

* [70] (2E)—3-(5-bromo-2-thienyl)—1-(4-nitrophenyl)prop-2-en-1-one (5B2SNC).
® [71] Nicotinium tartrate (NT).

¢ [72] Potassium 3,5-dinitrobenzoate (KDNB).

4 [22] 8-hydroxyquinolinium 2-chloro-5-nitrobenzoate dihydrate (SHQ2C5N).

¢ [73] KDP and DKDP with 70% deuteration (KDP & DKDP).

f [74] Triphenylphosphine oxide 4-nitrophenol (TP4N).

b[71] L-tartaric acid nicotinamide (LTN)

continuous wave (CW) laser. To evaluate the nonlinear absorption coefficient (3), Z-scan experiment was done
in two modes 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 (n,) was calculated from CA-OA ratio [66, 67]. CW laser beam was made to illuminate
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Table 10. Observed NLO parameters from the pulsed laser.

NLO parameters Obtained values
Absorption coefficient (3) 1.0100 x 107 mwW™*
Rayleigh length (Z) 1.69 mm

Beam waist (wy) 16.9 um

Pulse width (ns) 9 ns

Linear aperture transmittance (S) 0.7500

on the sample across the focal region and 103 mm is the focal length of the lens. The sample was made to depart
from negative Z position to the positive Z position (—Z to 4 Z) along the axial direction which 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 power meter connected to the photo detector.
The closed, open and ratio of CA to OA curve of UBA crystal is given in figures 14(a), (b) and (¢).

From the observed CA curve, the peak followed by valley reveals that the UBA crystal exhibits negative
nonlinear refractive index (means self-defocusing nature). The third order nonlinearity x®,n,and Bof the
UBA compound were obtained using standard relation [68, 69]. Table 9 gives third order nonlinear optical
parameter values of the UBA crystal compared with other NLO materials.

3.11.2. Pulsed laser

The open aperture Z-scan of UBA crystal was recorded using pulsed laser (Nd:YAG laser 532 nm, 10 Hz, 9 ns).
The filtered spatial Gaussian beam from the Q-switched laser was irradiated on the sample whose focal point was
10 cm. The calculated Z, (Rayleigh length) value of the material and the laser beam waist (wy), which is observed
from the experiment were found to be 1.69 mm and 16.9 um respectively. Figure 15 depicts open aperture (OA)
Z-scan curve of the UBA crystal. From the OA plot, the recorded experimental data gets on well with the
theoretical fit of the title material. The relation used to fit the curve theoretically is as follows,

1
1+ (ﬂ x Leﬁ[lfxz])

Toa = (27)

The OA Z-scan curve of the UBA 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 the OA (open aperture) curve of UBA shows the material behaves in RSA (reverse saturable
absorption) condition. The calculated third order nonlinear absorption values of the UBA material as examined
by pulsed laser is tabulated in table 10.
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3.12. Optical limiting measurement

Optical limiting behavior of the UBA crystal was estimated with slight modification in Z-scan setup. Q switched
Nd:YAG green laser (532 nm) with 9 ns pulse width with the repetition rate of 10 Hz was 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 the UBA crystal begins in a critical point to modify 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, the NLO
material behaves as opaque and transmits entirely at low input intensity [76]. For incident energy at lowest, the
UBA material 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 of UBA
crystal is revealed in figure 16.

Optical limiters are devices designed to protect optical components or sensors from damage caused by high-
intense laser light (pulsed). From the plot, the observed result indicates that the material exhibits low optical
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 quality UBA crystals were successfully grown by the method of slow evaporation solution growth. Single
crystal XRD analysis gives information about crystalline system of UBA crystal. The existence of functional
groups is clarified by the FTIR analysis. The UBA crystal remains transparent in the whole visible region from
270 nm to 900 nm with ‘A’ (lower cut off wavelength) to be 270 nm. The band gap value of UBA crystal was
found to be 4.50 eV, and the wavelength dependent ‘K’ and ‘ny’ values decrease with the change in ‘X’. 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 is more in donor and acceptor value is 49.49 k] mol ', which is
confirmed by NBO study. UBA crystal was stable by thermal means upto 184 °C and the specific heat capacity
value of UBA changes from 1.21 J g 'K ' t0o 1.58 J g~ 'K~ ' at room temperature to 90 °C. Positive
photoconductivity nature of the UBA sample was confirmed by photoconductivity study. Surface damage
threshold of UBA crystal is observed to be 0.97 GW/cm?. The mechanical stability of the UBA crystal is analyzed
and the crystal is classified under soft nature materials. The low ‘tan § value is due to high purity and good
quality with less defect nature of UBA crystal. Z-scan technique infers about self-focusing nature of UBA crystal
which is confirmed from transmitted peak followed by valley along with nonlinear index of refraction to be
negative. The OL (optical limiting) behavior of the UBA crystal confirms its capability for optical switching and
sensing applications.
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