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Abstract
Urea p-nitrophenol, an organic nonlinear optical crystal was synthesized and grown adopting slow evaporation and seed 
rotation method. Single crystal X-ray diffraction study confirmed the formation of the desired crystal. High resolution X-ray 
diffraction study showed the defect nature of the crystal. The presence of functional groups in the material was confirmed 
by FTIR analysis. UV-Vis-NIR study indicates that the grown crystal has a wider transparency region with the lower cutoff 
wavelength at 423 nm. The grown crystal is thermally stable up to 120 °C as assessed by TG-DTA analysis. The optical 
homogeneity of the grown crystal was confirmed by birefringence study. The 1064 nm Nd-YAG laser was used to obtain 
laser induced surface damage threshold which was found to be 0.38, 0.25 and 0.33 GW/cm2 for (0 1 0), (1 1 − 1) and (0 1 
1) planes, respectively. The dielectric study was performed to find the charge distribution inside the crystal. The hardness 
property of the titular material has been found using Vicker’s microhardness study. The optical nonlinearity obtained from 
third order nonlinear optical measurements carried out using Z-scan technique showed that these samples could be exploited 
for optical limiting studies.

1 Introduction

Organic nonlinear optical (NLO) materials have attracted 
much interest due to their properties that has led to wide-
spread applications such as optical switching, optical lim-
iting, optical communication, optical data storage device 
applications, frequency mixing, laser frequency conversion, 
optical computing, etc. [1–4]. Organic NLO materials have 
large second order nonlinearities compared to their counter-
parts [5]. Organic compounds which possess large π-electron 
delocalization play a significant function in the area of non-
linear optics. For optical switching and sensor protection 
applications, the materials which exhibit third-order non-
linear optical (NLO) properties such as nonlinear refraction 
(NLR) and nonlinear absorption (NLA) are considered to be 
the ideal candidates [6–8]. In the past few decades, research 
in identifying new organic NLO materials has gained 
importance. To understand second order nonlinear optical 

property, several trials have been done through hydrogen 
bonding interactions for the formation of acentric crystal 
structures. Crystals which possess inversion centers with 
an additional intermolecular dipole–dipole interaction with 
close packing, favors third order nonlinear optical limiting 
and three dimensional fluorescence microscopy applications 
[9, 10]. Consequently, urea which is a promising organic 
material exhibiting large nonlinear optical coefficient, high 
degree of birefringence and relatively high laser damage 
threshold has been chosen for the present study [11–15]. 
In literature, even though there are reports on nitrophenol 
been synthesized with urea to the best of the knowledge of 
authors, there is no report on its crystalline perfection, frac-
ture mechanics, anisotropic laser damage threshold study, 
birefringence along with optoelectronic device realization of 
non-linear optical property of the urea p-nitrophenol (UPN) 
single crystals as optical limiter. Hence, the present work 
focuses on the above mentioned properties and optical limit-
ing application of urea p-nitrophenol single crystal grown by 
low temperature slow evaporation method. * G. Vinitha 
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2  Experimental

2.1  Material synthesis

Urea and p-nitrophenol have been used as precursors for 
the synthesis of UPN crystal. Methanol, used as solvent 
resulted in a definite morphology as compared to other 
solvents as reported in literature [14, 15]. The solution was 
stirred for 4 h to attain homogeneity. The resulting solution 
was filtered using whattman filter paper and perforated 
polythene sheet was used to cover the solution in beaker 
to hinder abundant evaporation. The filtered solution was 
allowed to evaporate at room temperature. After a span of 
15 days, small seed crystals were found in the solution. 
The reaction scheme of UPN is shown in Fig. 1.

The obtained seed crystals were collected, ground and 
used for solubility study. The solubility study was per-
formed with concentration as a function of temperature in 
5 °C intervals from 35 to 50 °C using a constant temperature 
water bath with temperature accuracy of ± 0.01 °C by gravi-
metric method. The positive solubility gradient of UPN in 
methanol solvent is obtained from the solubility curve and 
is depicted in Fig. 2. At 40 °C, the solubility limit of UPN 
is estimated as 62.7 g/100 mL. The constant temperature 
water bath was maintained at 40 °C and the prepared UPN 
solution was placed inside it based on the solubility data. 
Bulk crystal of UPN was obtained after a period of 20 days 
with dimensions 25 × 7 × 8 mm3 and is shown in Fig. 3.

3  Results and discussion

3.1  Single crystal X‑ray diffraction and morphology 
studies

Bruker axs SMART APEXII single crystal X-ray diffrac-
tometer equipped with graphite monochromatic MoKα 
(λ = 0.71073 Å) radiation and CCD detector was used to 

collect X-ray diffraction intensity data at room temperature 
(293 K). A crystal of dimensions 0.30 × 0.25 × 0.15 mm3 
was fixed on a glass fiber using cyanoacrylate adhesive. 
The method of difference vectors was used to determine 

Fig. 1  Reaction scheme of UPN crystal
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Fig. 2  Solubility curve of UPN in methanol solvent

Fig. 3  Photograph of UPN crystal
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the unit cell parameters from 36 frames measured (0.5° 
phi-scan) from three different crystallographic zones.

The geometrical positions of the N- and C-bound H atoms 
are (N–H = 0.86 Å, C–H = 0.93–0.97 Å) which were allowed 
to ride on their parent atoms, with Uiso(H) = 1.2Ueq(N,C).

The UPN crystal belongs to triclinic crystal system with 
space group P 1 . The observed lattice parameter values are 
a = 3.7461(3) Å, b = 10.1888(9) Å and c = 11.7575(9) Å, 
α = 98.67°, β = 92.41°, γ = 99.34° and volume V = 436.73 
(6)  Å3. In the crystal structure of the title compound, 
 C6H5N1O3.  C1H6N2O1, the dihedral angle between the ben-
zene ring and urea mean plane (N2/C7/O4/N3) is 34.08 
(16)°. The nitrophenol moiety is essentially planar with 
maximum deviation of − 0.0040 Å for the N1 atom. In the 
crystal, molecules are linked via N–H···O and O–H···O, 
bifurcated hydrogen bonds forming inversion dimers with 
R2

2(8) and R2
1(6) ring motif in a two dimensional network 

lying parallel to (010). The crystal packing is further sta-
bilized by π–π stacking interactions. The crystal packing 
of UPN crystal is shown in Fig. 4. The morphology of the 
UPN crystal was generated using WINXMORPH software 
and is shown in Fig. 5.

3.2  High resolution X‑ray diffraction study

Multicrystal X-ray diffractometer with MoKα1 radiation 
was used to perform the High resolution X-ray diffrac-
tion technique [16]. The (0 1 0) lattice plane was selected 
for HRXRD, the UPN crystal was chemically etched in a 

non-preferential etchant of acetone before recording the dif-
fraction curve, the recorded diffraction curve is shown in 
Fig. 6. Notably a single peak in the diffraction curve clearly 
shows that there are no structural grain boundaries observed 
in the UPN crystal. This indicates that the possibility of 
impurities at macroscopic level is very less. For an ideally 
perfect crystal, the plane wave theory of dynamical x-ray dif-
fraction [17] is used to calculate the full width at half maxi-
mum (FWHM). The FWHM of the UPN crystal is found to 
be 13 arc s, which is higher than that of the expected value.

Fig. 4  Packing diagram of UPN crystal

Fig. 5  Morphology of UPN crystal
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3.3  FTIR analysis

The Fourier Transform Infrared (FTIR) spectrum of UPN 
crystal was carried out using KBr pellet technique ranging 
from 400 to 4000 cm−1. The recorded spectrum is shown 
in Fig. 7. From the spectrum, C=C asymmetric stretching 
vibration is observed around 1639 cm−1,the asymmetric 
stretching vibrations at 1580 cm−1 is attributed towards the 
presence of aromatic  NO2 of the p-nitrophenol [14],  NH3

+ 
bending vibration at 1488 cm−1, C–H in plane and out-of-
plane bending vibrations at 1337 and 846 cm−1, respec-
tively, in-plane-bending having sharp and strong intensity 
bands at 1337 cm−1, CH wagging at 1154 cm−1, C–C–N 
asymmetric bending vibrations at the region of 1108 cm−1 
and  COO− bending vibration at the region of 609 cm−1 [11]. 

The spectrum of C≡H symmetrical band was observed at 
3390 cm−1 and also the absorption peak was confirmed 
to be  COO− stretching vibration. The wave number of 
697 cm−1 observed as sharp intense peak is confirmed to 
be C=O bending vibration of the urea group [5]. The C–H 
asymmetric stretching vibration corresponds to the peak 
at 2852 cm−1 [18]. The peaks at 3495 and 1291 cm−1are 
assigned to be symmetric  NH2 stretching vibration and CH 
stretching vibration, respectively [19]. The  NO2 scissoring 
occurred at 530 cm−1 [3]. The peaks at 3449 and 2924 cm−1 
correspond to the asymmetric stretching vibrations of  NH2 
and C–H superimposed upon O–H stretching vibrations 
[20]. Around the region of 754 cm−1,  NH2 rocking vibra-
tions takes place. All the observations clearly indicate the 
presence of urea p-nitrophenol in the crystal lattice [21]. 
The peak assignments for various functional groups are 
given in Table 1.

3.4  Optical transmittance study

Optical transmittance study was performed in the range of 
200–900 nm using Thermoscientific-Evolution 300 UV-Vis-
NIR Spectrophotometer. Figure 8 depicts the UV-Vis-NIR 
spectrum of UPN crystal. As seen from the figure, the trans-
parency of the UPN crystal is good in the visible and IR 
region with lower cut-off wavelength at 423 nm. The region 
between 450 and 800 nm shows that there is no absorption 
which indicates that the UPN crystal would be a potential 
candidate for optical applications.
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Fig. 6  HRXRD curve of UPN crystal
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Fig. 7  FTIR spectrum of UPN crystal

Table 1  Vibrational assignments of UPN crystal

Wavenumber  (cm−1) Assignments

3495 NH2 symmetric stretching
3449 Asymmetric stretching of  NH2

3390 C≡H symmetrical band stretching
2924 C–H stretching superimposed upon

O–H stretching
2852 C–H asymmetric stretching
1639 C=C asymmetric stretching
1580 COO− asymmetric stretching
1488 NH3

+ bending
1337 CH in-plane bending
1291 CH stretching vibration
1154 CH wagging
1108 C–C–N asymmetric bending
846 C–H out-of-plane bending
754 NH2 rocking
697 C=O stretching
609 COO− bending
530 NO2 scissoring
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The optical absorption coefficient (α) is evaluated using 
the relation.

where ‘T’ the transmittance and ‘t’, the sample thickness.
The transmission spectrum was used to calculate the band 

gap and the absorption edge was used to evaluate the optical 
absorption coefficient (α) using the relation [18].

where Eg is the optical band gap of the crystal and A is a 
constant. A plot between the variation of (αhν)2 with (hν) in 
the fundamental absorption region [11] is depicted in Fig. 9. 
By extrapolating the linear part of the graph, the band gap 
of the crystal was found to be 2.55 eV.

(1)� =
2.3026

t
log (1∕T),

(2)(�h�)2 = A
(

Eg − h�
)

,

3.5  Thermal study

The TG-DTA analysis of UPN material was carried out by SII 
TG/DTA7200, EXSTAR in the temperature range 30–650 °C 
under nitrogen atmosphere. The sample weighing 3.2 mg was 
taken for the analysis and the thermogram obtained is shown 
in Fig. 10. The TG curve clearly shows that the UPN crystal 
is stable till 120 °C and free from moisture. The TG curve 
shows that as the material was heated from 30 to 650 °C, there 
are two levels of weight loss pattern. A major weight loss of 
the title compound was observed in the temperature range 
120–500 °C which is about 65%. In the temperature range 
between 501 and 600 °C, there is a second stage of weight loss 
which is about 33%. The melting point of the UPN crystal was 
cross checked using a homemade melting point apparatus. The 
removal of materials into gaseous products takes place when 
the decomposition occurs around 650 °C [22]. Thus, it was 
concluded from TG-DTA curve that below 120 °C the UPN 
crystal could be exploited for applications.

3.6  Birefringence study

The birefringence study was carried out on a well-polished 
UPN crystal having thickness of 1.94 mm using a channel 
spectrum. Light from a 1000 W tungsten halogen lamp was 
allowed to fall on the UPN crystal provided the crystal is 
placed in between analyzer and polarizer. When the trans-
mitted light passes through the analyzer, it produces a fringe 
pattern. The birefringence values can be calculated using the 
formula.

where, k is the fringe order, t is thickness of the crystal and λ 
is the wavelength of the source. A graph between wavelength 
and birefringence is shown in Fig. 11. The graph clearly 

(3)Δn =
k�
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,
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Fig. 8  Optical transmittance of UPN crystal
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shows that there is a decrease in the value of birefringence 
when the wavelength increases. From this measurement, it is 
observed that the UPN crystal possesses good birefringence 
values in the visible wavelength region between 0.196 and 
0.160 in the wavelength region ranging between 450 and 
650 nm. The low birefringence value [17] in the said wave-
length region indicates that the UPN crystal is an ideal can-
didate for nonlinear optical applications. The birefringence 
values of the grown crystal as compared with some other 
NLO crystals are tabulated in Table 2.

3.7  Laser damage threshold study

Laser induced surface damage threshold (LDT) study is 
one of the most important parameters for materials to 
be employed in NLO applications. A number of laser 
parameters which include the location of the beam, beam 
size, longitudinal and transverse mode structures, pulse 

duration, energy, wavelength, etc determine the laser dam-
age threshold [18]. A Q-switched Nd:YAG laser in  TEM00 
mode was operated with wavelength 532 nm and a pulse 
width of 30 ns. A repetition rate of 5 Hz was used as the 
source for determining the LDT value of the UPN crystal. 
The rate of thermal condition controls the laser induced 
damage threshold along with the atomic lattice in the long 
range pulse at (τ > 100 ps) and the optical breakdown with 
the nonlinear ionization mechanism becomes a short range 
pulse at (τ < 100 ps). Plano convex lens of focal length 
30 cm was used to focus the laser beam of 1 mm diameter 
on the UPN crystal. The energy of the laser pulses with 
a half wave plate of the polarizer was used to vary the 
attenuator. The pulse energy of each shot was measured 
using a phototube along with an oscilloscope. The surface 
damage threshold can be evaluated using the relation.

where r is the radius of the spot (mm), τ is the pulse width 
(ns), and E is the energy (mJ). The laser induced damage 
threshold of the UPN crystal was found to be 0.38, 0.25 
and 0.33 GW/cm2 for planes (0 1 0), (1 1 − 1) and (0 1 1), 
respectively. A slightly higher LDT value along (0 1 0) plane 
compared with other two planes indicates the defect density 
along (0 1 0) plane to be lower. This implies that LDT of a 
sample is much more influenced by its defect state. The LDT 
value of UPN crystal is compared with well-known crystals 
and has been tabulated in Table 3.

3.8  Dielectric analysis

Dielectric behavior of the grown UPN crystal was stud-
ied using PSM 1735 LCR meter impedance analyzer. 
Dielectric study is an important phenomenon to study the 
detailed information about the nature of the atoms, ions 
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Fig. 11  Plot of wavelength versus birefringence of UPN crystal

Table 2  Comparative study of birefringence value of UPN crystal 
with some other NLO crystals

a Ref. [23]
b Ref. [24]
c Ref. [25]
d Ref. [18]
e* Present work

Crystal Birefringence value

Sodium sulfanilate dehydrate 0.0260a

Benzophenone 0.0235b

l-Arginine acetate 0.04325c

Urea tartaric acid 0.0736d

Urea p-nitrophenol (UPN) 0.0535e*

Table 3  Comparative study of laser damage threshold value of UPN 
crystals with some organic and inorganic NLO crystals

a Ref. [26]
b* Present work

Crystal Laser damage 
threshold (GW/
cm2)

Potassium dihydrogen phosphate (KDP) 0.20a

Urea 1.50a

Benzimidazole 1.71a

Beta-barium borate (BBO) 5.0a

l-arginine phosphate (LAP) 10.0a

Urea p-nitrophenol (UPN)
 (0 1 0) 0.38b*

 (1 1 − 1) 0.25b*

 (0 1 1) 0.33b*
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and the bonding polarization mechanism of the grown 
crystals [27]. The grown UPN crystal with thickness 1 mm 
was coated with silver paste on both sides of the crystal 
as like a parallel plate capacitor to ensure good electrical 
conductivity. The dielectric constant of the grown crystal 
is obtained from the following relation.

where �o is the permittivity of the free space, A is the area 
of the crystal, d is the thickness of the grown crystal and C 
is the capacitance. The dielectric loss value of the grown 
crystal was calculated using the relation.

where D is the dissipation factor. The dielectric constant 
and dielectric loss of the grown UPN crystal are shown in 
Figs. 12 and 13, respectively. As seen in the figures, dielec-
tric constant (εr) and dielectric loss (D) gradually decrease 
when frequency increases. This may be due to the presence 
of all four polarizations namely, orientation, space charge, 
electronic and ionic polarization. The low dielectric loss in 
the high frequency range suggests that the UPN crystal pos-
sesses enhanced optical quality with lesser defects.

3.9  Microhardness study

Vicker’s microhardness study was performed to find the 
mechanical properties of UPN crystal with different loads 
ranging from 25 to 100 g for varying indentations. The 
time of indentation was kept uniformly at 10 s for differ-
ent loads using Economet microhardness tester fitted with a 
diamond pyramidal indenter fixed to an optical microscope. 

(5)�r =
Cd

�oA
,

(6)�
�� = �rD

��,

The difference in the value of microhardness (Hv) for cor-
responding loads (P) is shown in Fig. 14. The hardness num-
ber (Hv) was evaluated using the relation.

where Hv is the Vicker’s hardness number, d is the applied 
load in kg and P is the diagonal length of the impression in 
mm. From the figure, it is noted that as there is an increase 
in applied load there is an increase in the hardness number. 
This effect is known as the reverse indentation size effect 
(RISE) [28]. It clearly indicates that under the condition 
that if n > 2, as the value of P increases, there is an increase 
in the value of Hv and when n < 2, the value of P decreases 
with increase of load. This condition matches well with the 
experimental data and thereby it confirms the reverse inden-
tation size effect. It was found that for hard materials, the 

(7)Hv = 1.8544 P∕d2
(
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)

,
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work hardening coefficient (n) lies between 1 and 1.6 and 
for soft materials, the work hardening coefficient (n) lies 
above 1.6 [29].

The hardness coefficient of the UPN crystal was found 
by applying the Mayer’s relation,

where ‘n’ is the Mayer’s index and k is the materials con-
stant. The work hardening coefficient (n) depicted in Fig. 15, 
is obtained from the slope of log d versus log P and the value 
is found to be 2.12. Thus, the UPN crystal belongs to the 
soft-material category.

The yield strength (σy) of the title compound was deter-
mined using the relation,

The Wooster’s empirical formula  C11 = H7/4 was used 
to calculate the elastic stiffness constant  (C11) for varying 
loads, to get a clear idea regarding the tightness of bonding 
between neighboring atoms. The load dependent param-
eters such as Hv, n, yield strength (σy), and elastic stiffness 
constant  (C11) are presented in Table 4.

(8)P = kd
n,

(9)�y =
(

Hv∕3
)

.

3.10  Z‑scan study

To determine nonlinear absorption coefficient, β and non-
linear index of refraction, n2 the Z-scan technique was used 
[30]. Nonlinear refractive index is proportional to the real 
part of the third-order susceptibility, [Reχ(3)] and the non-
linear absorption coefficient is proportional to the imaginary 
part of the third order susceptibility, [Imχ(3)].

A 532 nm diode pumped CW Nd:YAG Laser (Coher-
ent  CompassTM215M-50) was used to perform the Z-scan 
experiments. A 3.5 cm focal length lens was used to focus 
the laser. The laser beam waist at the point of focus is cal-
culated to be 15.84 µm and the Rayleigh length is found to 
be 1.48 mm.

2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4
0.6

0.8

1.0

1.2

1.4

1.6

1.8

log P
 linear fit of log P

lo
g 

P

log d

Fig. 15  log d versus log P of UPN crystal

Table 4  The Vicker’s hardness (Hv), yield strength (σy) and elastic 
stiffness constant  (C11) for different loads of UPN crystal

P (g) Hv σy (kg/mm2) C11 × 1014 (Pa)

10 24 8 2.60237
25 36 12 5.29089
45 48 16 8.75330
50 56 18.6 11.46381
100 22 7.33 2.33480
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The UPN crystal was translated across the focal region 
along the direction of the propagation laser beam i.e, the 
axial direction. The aperture which is kept at a far field with 
the help of the photodetector connected to the digital power 
meter (Field master GS-coherent) was used to measure the 
transmission beam coming out of the sample. For an open 
aperture Z-scan, the entire laser beam transmitted through 
the sample was collected by means of a lens which replaces 
the aperture.

The graph for closed, open and ratio of the closed-to-
open normalized Z-scan UPN crystal is depicted in Figs. 16, 
17 and 18. The closed aperture Z-scan shows that a peak 
followed by a valley-normalized transmittance is obtained 

which shows the sign of nonlinear refraction to be negative, 
i.e., self-defocusing. Local variations in the refractive index 
with respect to temperature lead to self-defocusing [31]. 
The calculations were carried out using standard equations 
[32] and the nonlinear parameters of UPN as tabulated in 
Table 5.The Comparison of nonlinear refractive index (n2) 
nonlinear absorption coefficient (β) and third order nonlinear 
optical susceptibility [χ(3)] with parent material are tabulated 
in Table 6.

3.11  Optical limiting study

The nonlinearity exhibited by the UPN crystal has been 
exploited for devising optical limiter. The experimental setup 
for optical limiting is very similar to the standard Z-scan. To 
vary the input power, an additional polarizer–analyzer com-
bination (PA) was used. With the incident input intensity 
at very low values, the transmitted output intensity varies 
linearly and reaches a plateau and gets saturated when there 
is an increase in the input power, at a point defined as the 
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Fig. 18  Ratio of closed to open aperture curve of UPN crystal

Table 5  Observed nonlinear optical parameter for grown UPN crystal

n2 × 10−8 
 (cm2/W)

β × 10−4 
(cm/W)

Re χ(3) × 10−6 
(esu)

Im 
χ(3) × 10−6 
(esu)

χ(3) × 10−6 
(esu)

7.85 0.35 3.95 2.17 4.51

Table 6  Comparison of nonlinear refractive index (n2), nonlinear absorption coefficient (β) and third order nonlinear optical susceptibility [χ(3)] 
with parent materials and some other organic crystals

Name of the crystal n2  (cm2/W) β (cm/W) χ(3) (esu) References

Isonicotinamide p-nitrophenol (ICPNP) 8.11 × 10−8 0.09 × 10−4 5.03 × 10−6 [33]
Tri-nitrophenol methyl p-hydroxybenzoate (TNMPHB) − 3.45 × 10−8 − 2.05 × 10−4 1.546 × 10−6 [34]
2-Amino-4-picolinium toluene sulfonate (2A4PTS) − 6.8 × 10−8 − 7.7 × 10−4 3.38 × 10−6 [35]
Cyclohexylammonium acetate (CYHAC) − 4.920 × 10−8 0.080 × 10−4 2.394 × 10−6 [36]
8-Hydroxyquinolinium 2-chloro-5-nitrobenzoate dihydrate 

(8HQ2C5N)
7.23 × 10−8 2.04 × 10−4 3.51 × 10−10 [37]

Urea p-nitrophenol (UPN) 7.85 × 10−8 0.35 × 10−4 4.51 × 10−6 Present work
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Fig. 19  Optical limiting curve of UPN crystal
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limiting amplitude [38]. Figure 19 illustrates the optical lim-
iting curve of UPN crystal.

4  Conclusions

UPN, an organic single crystal was grown by the low temper-
ature slow evaporation technique. The crystalline perfection 
of UPN was investigated by high resolution X-ray diffraction 
analysis. From the analysis it is evident that no structural 
grain boundaries have been found in the grown crystal. The 
UPN crystal is transparent in the whole of visible region 
which is confirmed from the UV–Vis spectral studies. Mate-
rial is found to be stable up to 120 °C as observed from 
the TG-DTA curve. The laser damage threshold study con-
firms the anisotropic nature of the grown UPN crystal. The 
dielectric studies reveal that the UPN crystal exhibits nor-
mal dielectric behavior. The UPN crystal belongs to the soft 
material category as found from the microhardness studies. 
The UPN material has defocusing nature with a negative 
nonlinear absorption coefficient which was found out from 
Z-scan technique. Nonlinear characteristics and optical limit-
ing studies show UPN crystal to be potential candidate for 
optoelectronic device fabrication.
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