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Organic nonlinear optical single crystal of 1-(3-Nitrophenyl)-5-phenylpenta-2,4-dien-1-one (Ci3NC) with
dimensions 25�15�10 mm3 was successfully grown for the first time by the slow evaporation solution
growth technique (SEST). The structural perfection of the grown crystals has been analyzed by high-
resolution X-ray diffraction (HRXRD) rocking curve measurements, and it was found that the crystalline
perfection is reasonably good having very low angle (tilt angle r1′) internal structural grain boundary.
Thermo-gravimetric analysis (TGA) and differential thermal analysis (DTA) were used to study its ther-
mal properties. Powder test with Nd:YAG laser radiation shows second harmonic generation which is
about 7 times that of urea. The optical transmittance window and the lower cutoff wavelength of the
Ci3NC have been identified by UV–vis–NIR studies. Third-order nonlinear optical (NLO) response of
Ci3NC has been examined using Z-scan technique with femtosecond (fs), MHz pulses at wavelengths of
870 nm and 900 nm. Various NLO coefficients such as two-photon absorption (2PA) coefficient (β), three
photon absorption (3PA) coefficient (γ), and nonlinear refractive index (η2) were evaluated.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The current optoelectronics industry is highly motivated to
discover new nonlinear optical (NLO) materials since they are vital
for advanced display technologies, telecommunications and the
laser industry [1]. Specifically, NLO materials are key sources of
red, green and blue light for RGB displays and laser application, on
account of their ability to act as wavelength converter. Different
types of molecular and bulk materials have been examined for
nonlinear optical properties [2]. Organic nonlinear materials are
attracting a great deal of attention, as they have large optical
susceptibilities, inherent ultrafast response times, and high optical
thresholds for laser power as compared with inorganic materials
[2,3]. Organic molecules with significant nonlinear optical activity
generally consist of a π-electron conjugated structure. The con-
jugated π-electron moiety provides a pathway for the entire
length of conjugation under the perturbation of an external elec-
tric field. Fictionalization of both ends of the π-bond systems with
appropriate electron donor and acceptor group can increase the
asymmetric electronic distribution in either or both the ground
il).
and excited states, thus leading to an increased optical non-
linearity [4–7].

In view of the importance of organic nonlinear materials and
also as a part of our ongoing work [8–10], the investigation of
growth and characterization of 1-(3-Nitrophenyl)-5-phenylpenta-
2,4-dien-1-one (Ci3NC) is undertaken. We have already reported
synthesis and single crystal structure of Ci3NC [11]. Ci3NC
(C17H13NO3, Mr¼279.28) crystallizes in the orthorhombic space
group P212121 with lattice parameters a¼7.0167 (1) Å, b¼12.1953
(2) Å, c¼16.1081 (3) Å and there are four molecules per unit cell
[11]. As a part of extensive characterization, we present in this
article, the investigation of the crystal growth, transmission cutoff,
the SHG efficiency, nonlinear absorption and refraction, thermal
expansion and HRXRD of this material.
2. Experimental procedure

2.1. Material synthesis

The general synthetic strategy employed to prepare 1-(3-
Nitrophenyl)-5-phenylpenta-2,4-dien-1-one was based on Clai-
sen–Schmidt condensation, which has been previously reported
[11]. The chemical structure of Ci3NC and the schematic repre-
sentation of the reaction is given in Scheme 1.
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Scheme 1. Chemical structure (3) and synthesis scheme of 1-(3-Nitrophenyl)-5-
phenylpenta-2,4-dien-1-one.

Fig. 1. Photograph of as grown Ci3NC crystals.

Fig. 2. Schematic line diagram of the multi-crystal X-ray diffractometer.

Fig. 3. Diffraction curve recorded for Ci3NC single crystal for (122) diffracting
planes by employing the multi-crystal X-ray diffractometer with MoKα1 radiation.
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2.2. Crystal growth

Large sized good quality single crystals are essential to evaluate
their physical properties reliably. Selection of suitable solvent and
optimization of growth conditions are crucial for this purpose. It
was found that Ci3NC was insoluble in water, moderately soluble
in acetone and highly soluble in dimethylformamide (DMF). The
solution of the growth material was prepared in DMF. After fil-
tration by using Whatman filter paper, the solution was trans-
ferred into a crystal growth vessel. Next, it was kept for crystal-
lization by slow evaporation at room temperature (30 °C). At the
period of super saturation, tiny crystals were nucleated. They were
allowed to grow to maximum possible dimensions and then har-
vested. Transparent thick needles like crystals appeared in the
growth vessels within 15 days of solution evaporation. Fig. 1 shows
the photograph of as grown crystals. The crystals obtained are
nonhygroscopic, stable at room temperature and exhibit a needle
like shape. The needle-like structure of the crystal is considered to
play an active role in the second harmonic process [12].

2.3. Characterization

To reveal the crystalline perfection of the grown crystals, a
multi-crystal X-ray diffractometer (MCD) developed at NPL [13]
has been used to record high-resolution diffraction curves (DCs).
Fig. 2 shows the schematic diagram of the multi-crystal X-ray
diffractometer. In this system a fine focus (0.4�8 mm2; 2 kW Mo)
X-ray source energized by a well-stabilized Philips X-ray generator
(PW 1743) was employed. The well-collimated and monochro-
matic MoKα1 beam obtained from the three monochromator (111)
Si crystals set in dispersive (þ ,� ,�) configuration has been used
as the exploring X-ray beam. This arrangement improves the
spectral purity (Δλ/λ⪡10�5) of the MoKα1 beam. The divergence
of the exploring beam in the horizontal plane (plane of diffraction)
was estimated to be ⪡3′′. The specimen crystal is aligned in the
(þ ,� ,� ,þ) configuration. Due to dispersive configuration, though
the lattice constant of the monochromator crystal(s) and the
specimen are different, the unwanted dispersion broadening in the
diffraction curve of the specimen crystal is insignificant. The spe-
cimen can be rotated about a vertical axis, which is perpendicular
to the plane of diffraction, with minimum angular interval of 0.5′′.
The diffracted intensity is measured by using an in-house devel-
oped scintillation counter. To provide two-theta (2θB) angular
rotation to the detector (scintillation counter) corresponding to
the Bragg diffraction angle (θB), it is coupled to the radial arm of
the goniometer of the specimen stage. The rocking or diffraction
curves were recorded by changing the glancing angle (angle
between the incident X-ray beam and the surface of the specimen)
around the Bragg diffraction peak position θB starting from a
suitable arbitrary glancing angle. The detector was kept at the
same angular position 2θB with wide opening for its slit, the so-
called ω scan.

For the optical transmission study, the UV–vis NIR spectra were
recorded in the range of 300–1100 nm using Shimadzu UV-1061
UV–vis spectrophotometer. The spectra were recorded for DMF
solution of Ci3NC in a quartz cell of 10 mm length. Differential
thermal analysis (DTA) and thermogravimetric analysis (TGA) of
the Ci3NC crystals were carried out using the Shimadzu DT-40
simultaneous DTA/TGA analyzer with a heating rate of 10 °C/min.



Fig. 4. TGA and DTA curves of Ci3NC.

Fig. 5. UV–vis NIR absorption spectra of Ci3NC.
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A preliminary study of the powder SHG conversion efficiency
was carried according to a method developed by Kurtz and Perry
[14]. A Q-switched Nd:YAG laser beam (of wavelength 1064 nm
with an input power of 8 mJ, and a pulse width of 8 ns with a
repetition rate of 10 Hz) was incident normally on the sample
capillary tube and the output from the sample was passed through
a monochromator to collect the intensity of 532 nm component.
The generation of second harmonic was confirmed by the emis-
sion of green light. The fundamental wave was eliminated by
passing the beam through filter consisting of CuSO4 solution,
which absorbed the 1064 nm light. Another filter BG-38 also
removed any residual 1064 nm light. Second harmonic radiation
generated by the randomly oriented micro-crystals (of particle size
less than 60 mm) was focused by a lens. The amplitude of the SHG
output voltage was measured using photomultiplier and digita-
lizing oscilloscope assembly. The second harmonic (SH) signal was
converted into electrical signal using a photomultiplier tube and
was finally displayed on a digital storage oscilloscope. Similar
procedure was employed to measure the amplitude of reference
material urea, which was powdered to the identical particle size
and taken in a capillary.

Third-order NLO characterization was accomplished using the
standard Z-scan technique [15,19–21]. In the fs regime, fs pulses
were delivered by a Ti:sapphire oscillator (repetition rate
�80 MHz, pulse duration �150 fs, total average power of �4 W).
The Z-scan experiments were performed with typically 20–30 mW
input power with corresponding pulse energy being �50 nJ. The
pulses were tunable in the wavelength region of 680–1060 nm.
The sample was scanned along the Z-direction through the focus
of the beam passed through a 100 mm focal length lens. The input
beam was spatially filtered to attain a pure Gaussian profile in the
far field. The sample was placed on a 10 μm resolution translation
stage and data was collected manually using a power meter
detector (Field-Max). The transmitted intensity was recorded as a
function of the sample position. The beam waist (ωo) estimated at
the focus was �25 μm with a corresponding Rayleigh range of
�2.26 mm. Initially closed aperture scans were performed at
intensities where the contribution from the higher order nonlinear
effects is negligible (the value ofΔϕ estimated in all the cases was
found to be oπ). In addition, nonlinear refraction and absorption
measurements were also performed for two different chopper
frequencies 1 kHz and 500 Hz by placing an optical chopper in the
experimental setup. The experiments were performed at two
wavelengths of 870 nm and 900 nm.
3. Results and discussion

3.1. Multi-crystal X-ray diffractometer

Fig. 3 shows the high-resolution diffraction curve (DC) recorded
for Ci3NC specimen crystal using (122) diffracting planes in sym-
metrical Bragg geometry by employing the multi-crystal X-ray
diffractometer described above with MoKα1 radiation. As seen in
the figure, the curve is not having a single diffraction peak. The
solid line, which follows well with the experimental points (filled
circles), is the convoluted curve of two peaks using the Lorentzian
fit. The additional peak depicts an internal structural low angle



Fig.6. The recorded open aperture and closed aperture Z-scan traces of Ci3NC at 80 MHz.(a) and (b) represent 900 nm Z-scan data. (c) and (d) represent 870 nm Z-scan data.
The circles are the experimental data and solid lines are the corresponding theoretical fits.

Fig.7. The recorded open aperture and closed aperture Z-scan traces of Ci3NC using a chopper. (a) and (b) represent 900 nm Z-scan data at 1 kHz. (c) and (d) represent
900 nm Z-scan data at 500 Hz. The circles are the experimental data and solid lines are the corresponding theoretical fits.
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(tilt angle 41′ but less than an arc degree) boundary [16] whose
tilt angle (misorientation angle between the two crystalline
regions on both sides of the structural grain boundary) is 107′′
from its adjoining region. The full width at half maximum (FWHM)
of the main peak and the very low angle boundary are respectively
80′′ and 96′′. Though the specimen contains a low angle boundary,
the relatively low angular spread of around 400′′ of the diffraction
curve and the low FWHM values show that the crystalline per-
fection is reasonably good. The entrapment of impurities or sol-
vent molecules could be responsible for the formation of these



Table 1
Measured 2PA coefficient (β), 3PA coefficient (γ), and nonlinear refractive index (n2) for Ci3NC in DMF solutions with a concentration of 5 mM at wavelengths of 870 nm and
900 nm.

Wavelength (λ) (nm) Rep. rate β (cm W�1) γ (cm3 W�2) n2 (cm2 W�1) Re χ(3) e.s.u. Im χ(3) e.s.u. χ(3) e.s.u.

900 500 Hz 2.0�10�9 – �11.4�10�14 0.89�10�11 0.11�10�11 0.90�10�11

900 1 kHz 1.15�10�8 – �87.4�10�15 0.68�10�11 0.64�10�11 0.93�10�11

870 80 MHz – 5.5�10�16 �16.5�10�14 1.29�10�11 – –

900 80 MHz – 9.8�10�16 �20.1�10�14 1.56�10�11 – –
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grain boundaries which may be segregated at the boundaries
during the growth process. It may be mentioned here that such a
low angle boundary could be detected with well-resolved peak in
the diffraction curve only because of the high-resolution of the
multi-crystal X-ray diffractometer used in the present studies. The
influence of such minute defects on the NLO properties is very
insignificant. However, a quantitative analysis of such unavoidable
defects is of great importance, particularly in the case of phase
matching applications.

3.2. Thermal studies

The results of TG/DTA analysis are shown in Fig. 4. The DTA
curve implies that the material undergoes an irreversible endo-
thermic peak at temperature 138.31 °C, corresponding to the
melting point of Ci3NC crystal. It is clear from the DTA curve that
there is no phase transition before melting. The sharpness of the
peak demonstrated good crystallinity and purity of the sample,
which is in tune with the results obtained from HRXRD. The TG
curve of this sample indicates that the sample was stable up to
220 °C. The exothermic peak of the DTA at 286.00 °C, corre-
sponding to the weight loss in the TG curve, indicated that the
weight loss was due to the degradation and evaporation of the
sample. Melting point of Ci3NC was determined by the open
capillary method and was uncorrected. It has a quite high melting
point of 138.3 °C, which was the same as measured by thermal
analysis.

3.3. UV–vis–NIR absorption spectrum

The UV–vis–NIR spectrum of the crystal is depicted in Fig. 5.
The cutoff wavelength for this crystal was found to be 424 nm.
Above this range no absorption peaks were present until the IR
spectral region. The maximum absorption was assigned for the n–
πn transition and may be attributed to the excitation of C¼O
group. Only n–πn electronic transition is possible since the C¼O
group of Ci3NC absorbs UV light and promotes excitation of
electrons from one of the unshared pair n (from non-bonding
orbital) to anti-bonding πn orbital in the molecules [17,18]. The
wide transparency range will be helpful for these crystals to be
used for NLO applications.

3.4. Second harmonic generation (SHG) efficiency

The second harmonic generation efficiency for Ci3NC was
found to be 7 times that of urea crystals of identical particle size.
The SHG signal provides a highly sensitive and definitive test for
the absence of a center of symmetry in the compound. The Ci3NC
crystal can be considered as a donor–π–acceptor–π–acceptor
system, where charge transfer takes place from donor to acceptor
group.The presence of donor–acceptor groups, charge transfer
axis, parallel head to tail arrangement in crystal packing, and the
number of intermolecular bonding enabled Ci3NC to have higher
SHG efficiency than urea [11].
3.5. Nonlinear optical studies

The NLO studies were performed for the sample Ci3NC (in
solution form) with linear transmittance of �90% at 870 nm and
900 nm. We measured NLO coefficients using an optical chopper
with frequency range from 100 Hz to 4 kHz. We recorded the data
by placing the chopper in front of the lens at 500 Hz and 1 kHz with
the beam diameter of 3 mm at the wavelength of 900 nm. Fig. 6
(a) and (b) shows the closed aperture and open aperture data of
Ci3NC at 80 MHz at 900 nm. From the closed aperture data (recor-
ded with a peak intensity of ∼0.034 GW/cm2) the value of n2 was
obtained as �10�14 cm2 W�1. From the open aperture data we
obtained 3PA coefficient (γ) of �10�15 cm3 W�2 with a peak
intensity of ∼0.20 GW/cm2. Fig. 6(c) and (d) depicts the Z-scan data
obtained for the sample at 870 nm. The values of γ and n2 obtained
from the fits were �10�15 cm3 W�2 and �10�13 cm2 W�1,
respectively. Fig. 7(a) and (b) shows the closed aperture and open
aperture data of Ci3NC obtained using a 1 kHz chopper at 900 nm. In
this case, we attained 2PA coefficient of β of �10�8 cmW�1 for
data recorded with a peak intensity of ∼0.32 GW/cm2 at 1 kHz. The
values of n2 were �10�14 cm2 W�1 obtained from the fit to the data
recorded with peak intensity of ∼0.034 GW/cm2. Fig. 7(c) and
(d) illustrates the Z-scan data (500 Hz) obtained at 870 nm. We
obtained 2PA coefficient of β with a magnitude of 10�9 cmW�1 for
data recorded with a peak intensity of ∼0.33 GW/cm2. The values of
n2 were �10�13 cm2 W�1 obtained from the fit to the data recorded
with peak intensity of ∼0.034 GW/cm2. All NLO coefficients were
estimated with 15% uncertainty arising from errors in beam waist
measurements and calibration of neutral density filters. Since the
experiments were performed with high repetition rate pulses we
expect strong thermal contribution (through heating of the sample)
to the observed large NLO nonlinear coefficients. With 80 MHz
excitation there could possibly be contribution from other excited
states leading to 3PA. Even though the pulses were chopped with
1 kHz and 500 Hz frequency, the obtained pulses are not truly kHz
pulses since we get bunches of pulses at kHz repetition rate. Further
experiments are required to identify the reasons for observing 2PA
at lower repetition rates. However, the NLO coefficients obtained
represent one of the largest reported in recent literature [22–25].
The contribution from solvent to the measured NLO coefficients was
found to be negligible.

The results in Table 1 exhibit that Ci3NC possesses large third-
order NLO properties, which can be explained from its molecular
structure. Ci3NC is designed based on the scheme donor–accep-
tor–acceptor group [22]. The large third-order NLO properties
arise in Ci3NC due to the strong delocalization of π-electrons.
Generally, in π-conjugated molecules, the charge cloud formed by
conjugated π-electrons has the capability of being strongly
deformed under the effect of an external optical field. The nitro
group attached to phenyl ring on one side of the carbonyl group
acts as an acceptor due to inductive effect [23]. At the center, the
presence of oxygen in the carbonyl group (C¼O) is more electro-
negative. Hence, it acts as an acceptor. On the other side of the
carbonyl group, the phenyl ring acts as a donor. Thus, the charge
transfer takes place from one end to the center and the other end
of the molecule leading to the large nonlinearity. Our future
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studies will incorporate NLO measurements using truly 1 kHz, fs
pulses to estimate the electronic contribution to the nonlinearity.
4. Conclusions

Single crystals of Ci3NC exhibit both second and third order
nonlinear optical properties. The powder SHG value of the crystal
is 7 times that of urea. The crystal is transparent for the funda-
mental and SHG of Nd:YAG laser (λ¼1064 nm) and is stable up to
220 °C without any phase transition. The diffraction curve of the
high resolution XRD results confirms that the crystalline perfec-
tion is reasonably good. We observed 3PA as dominant nonlinear
absorption process with 80 MHz excitation while 2PA was
observed when the data was collected with a chopper with lower
repetition rate (1 kHz and 500 Hz data).
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