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We report on the growth, spectral, optical, laser damage and Terahertz (THz) wave generation studies
and Hirshfeld analysis of the pyrrolidine-based, configurationally locked, polyene single crystals 2-(3-(4-
hydroxystyryl)-5,5-dimethylcyclohex-2-enylidene) malononitrile (OH1), a potential organic material for
THz generation. The laboratory synthesized OH1 was verified for its composition and crystalline phase
using Carbon-Hydrogen-Nitrogen (CHN) analysis and powder X-ray diffraction method respectively. The
functional groups of OH1 were confirmed through Fourier transformed infrared analysis whereas its band
gap energy was calculated using the UV-Vis spectrum recorded on (100) plate of thickness of about
1 mm. The laser damage studies performed by employing Q-switched Nd:YAG laser revealed that the
OH1 crystals could withstand laser fluences of the order of about 2.21 GW/ cm?.Further, the OH1 sin-
gle crystals were effectively used for the generation of intense THz waves using indigenously developed
setup which comprises of a Ti: Sapphire laser (with 140 fs pulses) and detection using a pyroelectric sen-
sor. Furthermore, 3D Hirshfeld surfaces and 2D finger print plots of OH1 were supportive in decoding the
intermolecular interaction behaviour and the packing structure of the crystals.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

methylstilbazoliumtosylate (DAST) [11,12], N-benzyl-2-methyl-4-
nitroaniline (BNA) [3], 4-dimethylamino-N-methyl-4-stilbazolium-

In recent years there has been progressive growth in the
field of generation and detection of Terahertz (THz) waves
as they possess interesting features such as low energy, non-
ionizing and non-invasive [1-7] which make them suitable
for applications in the areas of homeland security, biologi-
cal imaging, non-destructive evaluation, etc. [8-10]. Nonlin-
ear optical (NLO) methods such as optical rectification (OR)
and difference frequency generation (DFG) are being routinely
employed to generate the THz waves using potentially NLO
active organic materials such as 4-N,N-dimethylamino-4’-N’-
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p-chlorobenzenesulfonate (DASC) [13], N,N-dimethylamino-4’-
N’-methylstilbazolium 2,4,6-trimethylbenzenesulfonate (DSTMS)
[14], 2-(3-(4-hydroxystyryl)—5,5-dimethylcyclohex-2-enylidene)
malononitrile ~ (OH1)  [15], (2-(5-methyl-3-(4-(pyrrolidin-1-
yl)styryl)cyclohex-2-enylidene) malononitrile) (MH2) [16] as
they possess relatively low dielectric constant and large non-
linear optical susceptibilities as compared to those of inorganic
materials [17-19]. However, device fabrication with such organic
THz crystals is still hindered by problems such as difficulties in
growing reproducibly large size crystals, stability in normal am-
bient, incorporation of foreign particles and/or solvent inclusions
in the crystals and less robust against strong optical pumping etc.
and are required to be optimized [20,21]. amongst the crystals
mentioned above, the OH1, a configurationally locked, organic
phenolic polyene and non-ionic organic compound, whose crystal
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structure was reported by T. Kolev et alin the year 2001 [22], was
identified as a potential THz emitter (almost a decade later) due
to its excellent NLO properties [23-25]|. Further, the OH1 cannot
be dissolved in water and hence its hydrated form [26], which
could hinder its THz generation efficiency, is naturally avoided.
In the present manuscript we report our results on synthesis,
compositional analysis, transmission properties, laser damage
resistance, THz generation and Hirshfeld Surface studies of OH1.
It is presented that the laser damage resistance of this material is
comparable to other organic NLO and THz materials and that the
OH1 molecules interact with each other predominantly through
H-H interactions followed by H-N/N-H interactions.

2. Experimental procedure
2.1. Materials synthesis, microanalysis and growth of OH1

The OH1 was synthesized by means of Knoevenagel conden-
sation of reacting isophorone (0.66 g, Sigma) and malononitrile
(1328 g, Sigma) using N, N, dimethylformamide as a solvent
and piperidine acetate as a catalyst at room temperature. Sub-
sequently, the obtained 3,5,5-trimethyl(cyclohex-2-enylidene) mal-
ononitrile precipitate was recrystallized using ethanol and reacted
with equimolar ratio of 4-hydroxybenzaldehyde where chloroform
was used as a solvent and piperidine acetate as a catalyst. The
synthesis procedure and reaction scheme of OH1 is shown in
Scheme. 1. The final product which appeared orange-red in colour
was recrystallized several times using chloroform and purified
by column chromatography on silica gel. The Carbon-Hydrogen-
Nitrogen (CHN) test was performed for the purified OH1 pow-
der sample using CHN (Vario EL III) elemental analyser. The re-
sults of microanalysis of the purifiedOH1 compound revealed that,
there was a good agreement with the theoretically computed val-
ues (Table 1). The OH1 single crystals were grown by methanol,
which has been already reported as a suitable solvent, by employ-
ing isothermal solvent evaporation solution growth technique. By
this method, single crystals of OH1 (shown in Fig. 1) with typical

Table 1
Microanalysis of OH1 molecule (C;9HgN,0).

Elements Calculated (%) Experimental (%)
Carbon 78.59 78.62

Hydrogen 6.25 6.22

Nitrogen 9.65 9.69

Oxygen 5.51

dimensions of 5 x 3 x 1 mm3 were harvested in about 24 days
duration. From the figure it could be seen that the OH1 crystals
were platy in nature and that the growth takes place predomi-
nantly along [100] direction; this is due to the fact that the OH1
molecule is nearly planar with an exception of C(CH3), group [22].
Further, it has already been shown by us that the rate at which
the desolvation of solute molecules takes place near the growing
crystal-solution interface plays crucial role in deciding the devel-
opment of crystal planes [3]. These aspects facilitate the growth
of OH1 crystals with well-developed and smooth {100} planes and
the as-grown crystals could be directly used (thereby avoiding the
tedious post-processing (such as polishing)) for the generation of
THz waves [27].

3. Results and discussion
3.1. X-ray diffraction (XRD) analysis

The as grown OH1 single crystal was used to analyse the
lattice constants by Enraf- Nonius CAD-4/MACH 3 Diffractome-
ter, with Mo Ko radiation (k = 0.71073 A). It was con-
firmed that, OH1 molecules crystallized with orthorhombic space
group Pna2;andwas in good agreement with the reported val-
ues (Table 2). Subsequently, the polycrystalline powder pulverized
from selected small single crystals was subjected to powder X-ray
diffraction analysis using XPERT-PRO powder X-ray diffractometer
(Cu-Ka radiation, 40 kV, 30 mA) to confirm the phase formation
of OH1.Further, crystallographic Information File (CIF) data of OH]1,
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Scheme 1. Synthesis and reaction scheme of OH1.
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Fig. 2. (a) Optimized molecular structure (c) The molecular packing in a unit cell and (d) its extended network of OH1 molecule.

Table 2
Lattice parameter values of OH1 single crystal.

Parameters Present work Reported [22]
a(A) 15.440 15.4413 (3)
b(A) 10.994 10.9988 (3)
c(A) 9.568 9.5699 (2)

o 90° 90°

B 90° 90°

y 90° 90°

Volume (A3) 1624.14 1625.31 (6)

obtained from Cambridge Crystallographic Data Centre (CCDC)and
MERCURY program, [28]|was used to plot the simulated XRD pat-
tern and various planes were also indexed and compared with ex-
perimental one (Fig. 4).From the figure it could be seen that both
the XRD data agreed well with each other. Moreover, the BFDH
morphology of OH1 single crystal was elucidated and is shown in
Fig. 3. From the figure it could be understood that the {100} planes
were the prominent crystallographic planes and there was a good
agreement with the experimentally observed results. The molecu-
lar structure along with the numbering scheme of atoms is shown
in Fig. 2a whereas the molecular packing in a unit cell of OH1 and
its extended network were shown in Fig. 2b and c respectively.

3.2. FTIR spectra of OH1

FTIR spectrum of OH1 was recorded by employing Fourier
transformed infrared spectrometer (JASCO-FTIR 6300; wavelength
range 400-4000 cm~!) using the KBr pellet technique with a reso-
lution of 4.0 cm~!. The recorded FTIR spectrum of OH1 was shown

(200)
(1-10)

(-110)
(-200)

Fig. 3. BFDH morphology of OH1 single crystal.

in Fig. 5. The strong absorption peaks occurred at 3363 cm~!and
2950 cm~! could be attributed to the OH stretching vibrations. The
very sharp band seen at2216 cm~!was assigned to the stretching of
C=N in malononitrile. Following this, the peaks seen at 1602 and
1553 cm~! in FTIR spectrum were due to the stretching of C = C
in aromatic ring. Similarly, the peak at 1367 and 1268 cm~! could
also be attributed to the C-H-stretching in aromatic ring whereas
peaks at 958 and 842 cm~! were assigned to the deformation of
C-H out of plane bending. The IR band at 641 cm~! was due to the
stretching of C-H bond. The FTIR spectrum revealed that it con-
tained nearly all the peaks expected for OH1.
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Fig. 4. Powder XRD pattern of OH1.
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Fig. 5. FTIR Spectrum of OH1.

3.3. Transmission spectrum

The transmission spectrum of polished OH1 single crystal ((100)
plane) of thickness 0.92 mm was recorded using JASCO V-650
spectrophotometer at room temperature with a wavelength accu-
racy of + 0.2 nm (shown in Fig. 6a). The transmission spectrum
showed that OH1 single crystal possessed a good transparency and
that the maximum transparency was around 86% in the wave-
length range 560-800 nm. The lower cutoff wavelength of the OH1
single crystal was found to be about 504 nm and this could be at-
tributed to the strong electronic transitions from the ground state
to excited state. From the inset Fig. 6b., (tauc’s plot [29]), it could
be seen that the band gap energy (Eg) of OH1 crystal was found to
be about 2.34 eV, which is slightly higher than the reported value
[18].

3.4. Laser damage threshold measurements

Prior knowledge on the ability of the crystals to withstand
higher optical power densities i.e. their laser damage threshold val-
ues is of crucial importance when they are used for THz wave
applications and to ensure their photochemical stability [30]. Al-
though it is a destructive method, the threshold values would pro-
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Fig. 6. (a)UV-Vis Transmittance spectrum of OH1 single crystal and (b) Band gap
calculation using Tauc’s plot.

Fig. 7. Micrograph of laser damage threshold measurement.
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Fig. 9. Temporal profile of the electric field.

vide decisive upper limit for device fabrication. In the present
investigation, the OH1 crystal was subjected to single shot laser
damage threshold measurements using Q- switched Nd:YAG laser
(wavelength 1064 nm; pulse width 10 ns and repetition rate
10 Hz). Initially, the as-grown OH1 single crystal was mounted on
the goniometer in such a way that the laser radiation will impinge
on (100) plane. The crystal was translated along X-Y plane of stage
while increasing the incident power until the crystal got damaged.
The power metre was used to record the energy density at which

the crystal got damaged. The micrograph of the damaged location
in OHlcrystal is shown in Fig. 7. From the recorded micrograph
of damage pattern, it could be seen that, the cracks were devel-
oped and the surface was uneven, which could be attributed to
the melting and re-solidification of OH1. Further, it could be ob-
served that, there were some greenish blobs around the damaged
portion which also could be attributed to the re-solidification of
OH1 species. The laser induced damage threshold value of OH1
was calculated using the formula I = E/tzr? [31] where I is the
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Table 3

Comparison of laser damage threshold of few known organic NLO and THz crystals.

Laser damage threshold

Organic NLO Crystals value GW/cm? References
4-Dimethylamino-N-methyl-4-stilbazolium tosylate (DAST) 2.80 [32]
4-Dimethylaminopyridinium-3,5-dicarboxybenzoate trihydrate (DMAPB) 1.06 [33]
Guanidinium 4-nitrobenzoate (GuNB) and 2.55 [34]
Dimethyl amino pyridinium 4-nitrophenolate 4-nitrophenol (DMAPNP) 2.24 [35]
4-Bromo4-Nitrostilbene (BONS) 0.25 [36]
2-Amino pyridinium-4-hydroxy benzoate (2AP4HB) 2.13 [37]
2-Aminopyridine-4-nitrophenol-4-nitrophenolate (2AP4N) 2.12 [38]
2-Amino-6-methylpyridine-4-nitrophenol-4-nitrophenolate (2,6 MAP4N) 1.34 [38]
2,6-Diaminopyridine-4-nitrophenol-4-nitrophenolate (2,6DAP4N) 2.94 [38]

2-(3-(4-Hydroxystyryl)—5,5-dimethylcyclohex-2-enylidene) malononitrile (OH1)

2.21 Present work
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Fig. 10. Amplitude spectra of generated THz waves from OH1 single crystal.

energy in which the crystal gets damaged, E is input beam energy
(mJ), * T’ is the pulse width (ns) and ‘r’ is the radius of the beam
(mm).The evaluated single shot laser damage threshold power den-
sity of OH1 was about 2.21 GW/ cm?. It is interesting to note that
the laser damage value of OH1 was earlier reported to be 0.62 GW/
cm? for the same pulse width (10 ns) from the Nd:YAG laser [18].
However, it has not been stated in the earlier report whether the
OH1 crystal was subjected to single shot or multiple shot laser
fluences. In general, the single shot laser damage values will be
higher than that for the multiple shot laser damage under identi-
cal experimental conditions. The laser damage threshold results of
OH1 single crystal could be compared with other known organic
NLO crystals (Table 3). From the table, it could be observed that
the laser damage threshold of OH1 is comparable to other organic
NLO and THz crystals listed [32-38].

3.5. THz generation

The THz generation efficiency of as-grown OH1 single crystal
was studied by employing the experimental set up as shown in
Fig. 8. The Ti: Sapphire femto-oscillator (Coherent Chameleon Ul-
tra II) was used as a laser source which delivers laser pulses of
~140 fs and a repetition rate of 80 MHz. The output average power
was attenuated by using Eskpla variable attenuator. The attenuated
laser pulses with relatively lower power than the laser damage
threshold (to prevent crystal from damage) was allowed to inci-
dent on (100) plane of the high quality as grown OH1 single crys-
tal of thickness 0.72 mm. The crystal was housed in a Teflon holder
that was kept in an optical rotator for the generation of THz waves.
The pump and probe beam powers were ~ 200 mW, and ~170 mW
for emission and detection of THz radiation, respectively. Teflon
sheet was used to filter out the unconverted pump beam from the
OH1crystal. The thus generated THz frequencies were detected by
dipole photoconductive antennas (gap ~5 pm, length ~20 pm) us-
ing photoconductive sampling technique. The antenna output was
connected to preamplifier which was fed to the Lock-in Amplifier
(Model no.SR830). The S/N ratio was enhanced using mechanical
chopper operating at 1.569 kHz frequency. The probe beam path
length was varied to measure temporal profile of THz radiation.
The terahertz temporal field and the results of THz generation ob-
tained from OH1 crystals are shown in Figs. 9 and 10 respectively.
From the Fig. 10 it could be seen that the OH1 single crystals are
capable of generating THz waves in the range of 0.1 to 3 THz (in
the lower range). It has already been reported by Jazbinsek et al.
that the OH1 is the material with highest THz efficiency as com-
pared to many organic crystals at low frequencies, especially be-
low 3 THz [30]. This low frequency range, which is nearly similar
to another non-ionic Terahertz crystal BNA as reported by us re-
cently for the frequency range 0.1 to 2.0 THz [39], will be very use-
ful in detecting biomolecules and explosives as they exhibit their

Fig. 11. 3D Hirshfeld surfaces mapped with (a) Normalized contact distance (dnorm) (b) Shape index (c) Curvedness of OH1 molecule.
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Fig. 13. 2D Finger print plots of various intermolecular interactions showing the percentages of contacts.

characteristic finger prints in this range [40,41] and many materi-
als which are opaque in the visible range are transparent at these
lower frequencies [42].The dips observed in the THz spectrum be-
tween 0.1 and 3 THz for the OH1 crystals explored could be at-
tributed to the molecular phonon and lattice phonon modes and
the latter could arise from intermolecular interactions in the crys-
tal.

3.6. Hirshfeld surface analysis

In order to gain more insight into the extraction of molec-
ular properties from X-Ray diffraction data, schemes such as
Wigner-Seitz (WS), Bader’s Quantum Theory of Atoms in Molecules

(QTAM), Hirshfeld partitioning (H) and Hirshfeld’s partitioning
with a surface (HS) have been proposed [43-45]. amongst them,
in as early as 1977, the scheme H [43] provided a concept of di-
viding the electron density of a molecule into continuous atomic
fragments so that a molecular weight function w(r) could be de-
fined by extracting overlapping, continuous molecular fragments
from experimental electron densities in crystals as follows [44]:

Z PA (1’)/ Z LA (T) = ppromolecule(r)/pprocrystal (T')

Aemolecule Aecrystal

w(r) =

where pa(r) is a spherically averaged atomic electron density func-
tion centred on Nucleus A, and the promolecule and procrystal
are formed by summing the overlapping constituent ground-state
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(non-interacting) atoms. It is further suggested that the w(r)
lies between 0 and 1 and that the integration over the product
w(r)p(r), the weighted electron density, provides molecular prop-
erties. In this approach every constituent atom contributes to the
molecular electron density depending upon its own charge density
in a way much similar to partners in the stockholders’ corpora-
tion [43]. Later, in 1997, the Hirshfeld partitioning with a surface
(HS) scheme was suggested by Spackman by defining a molecu-
lar electron density in the weighted region of w(r) > 0.5 (instead
of weighting the electron density of crystal by w(r)) so that the
contribution of promolecule exceeds that from all the neighbour-
ing molecules. This approach provided convenient means of pre-
venting the overlapping with the neighbouring molecules and still
providing maximum proximity amongst them and thereby creat-
ing intermolecular voids [45]. For the present investigation, the
three-dimensional (3D) Hirshfeld surface analysis and the two-
dimensional (2D) intermolecular interactions of the OH1 molecule
were carried out using Crystal Explorer 3.1 software package [46].
The mapping of normalized contact distance (d norm), Shape index
and curvedness (shown in Fig. 11a, b & c respectively) have been
performed by feeding its crystallographic data. From the figure it
could be seen that the three characteristic colors such as red, blue
and white appeared in the d ;o scheme belongs to the closer
contacts with negative d norm value, longer contacts with positive
d norm value and contacts equal to the Van der Waals separation
(d norm = 0) respectively. Further, d. represents the distance from
the Hirshfeld surface to the nearest nucleus external to the surface
and d; is nearest nucleus internal to the surface. The close contacts
of the molecules are shown in Fig. 12 along with distances that
combine both de and d;, each normalised by the van der Walls
radius. From the figure, the red-white-blue colouring scheme is
used to distinguish it from the red-green-blue schemes, contacts
shorter than van der Walls separations show up as red spots on
a largely blue surface. The two shorter N- -H—O contacts of each
distance 1.981 A were characterized from two red spots, one at the
left of the OH1 molecule and one at the right. The other contact is
associated with C—H- -O of distance 2.472 A. Fig. 13 shows the
2D Finger print plots of various intermolecular interactions show-
ing the percentages of contacts. From the fingerprint histogram, it
could be observed that the HeeH bondings play predominant role
in the intermolecular interactions with a contribution of 42.2% of
the total Hirshfeld surface area whereas the HeeN/NeeH interac-
tions, appeared as two distinct spikes in the 2D fingerprint plots,
had 23.6% of the total Hirshfeld surface as a result of hydrogen
bonding connections. The remaining contributions were from HeeC
(15.5%), CeeC (8.8%) and other contacts. It is interesting to note that
another non-ionic THz crystal BNA also exhibited similar behaviour
for the HeeH interactions (49.5%) [47] between the molecules fol-
lowed, however, by nearly equal contributions (~20%) from OeeH
and CeeH bondings, unlike the HeeN/NeeH interactions in OH1
crystal.

4. Conclusions

In conclusion, the OH1 material was successfully synthesized
in the laboratory and optical quality single crystals were grown
from methanol solvent. The chemical composition of the purified
OH1 was found to be identical with that of theoretically calcu-
lated values. The lattice parameters were analysed using single
crystal X-ray diffraction analyses whereas the crystalline phase of
the OH1wasconfirmed through powder X-ray diffraction analysis.
The functional groups present in the OH1 compound were assigned
through FTIR measurement. Further, higher transmission spectrum
of about 85% was achieved from the polished OH1 single crystal
owing to the purity of the staring material and optical quality of
the grown crystal. Single shot laser damage threshold value was

found to be 2.21 GW/ cm2. The THz measurements made with this
as grown OH1 single crystals revealed that, it could be a suitable
candidate to realize their THz applications such as homeland secu-
rity, communication, pharmaceutics, medicine and the detection of
chemicals or explosives which exhibit fingerprints in between 0.1
to 3 THz range. The Hirshfeld surface analysis yielded the details
regarding the 3D surfaces and 2D finger print patterns for a single
molecule based on promolecule concept and the bonding contribu-
tions responsible for intermolecular interactions. Thus, by consid-
ering the above factors such as better optical transmission, large
laser damage threshold value, efficient THz generation and surface
analysis, it could be stated that OH1 single crystal could be a suit-
able candidate for THz generation and related applications.
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