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HIGHLIGHTS

® Organic nonlinear optical Triphenylamine single crystal has been grown from Bridgman - Stockbarger method.
® The excellent optical transmittance of TPA single crystal has been observed in the near infrared region (82%).

® Thermal stability of TPA single crystal has been observed upto 140 °C.
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Optically transparent Triphenylamine (TPA) single crystal has been grown by Bridgman-Stockbarger method.
Phase confirmation of TPA crystal was investigated using SXRD and PXRD analyses. Hirshfeld Surface was
performed on TPA. The chemical bonding structure of TPA has been obtained from the FTIR spectral study.
Optical transmittance properties of the grown crystal were obtained from the UV-Visible NIR spectrum analysis.
Thermal properties of the TPA single crystal were identified using TG-DTA analyser. Q-switched Nd:YAG laser
(A = 1064 nm) has been used for the LDT measurement. Second harmonic generation of organic TPA crystal was

analysed by Kurtz- Perry powder technique.

1. Introduction

The organic materials are used for several technological applica-
tions such as, optical telecommunication, optical data storage, laser
frequency conversion, color displays and etc [1-6]. The organic mate-
rials exhibit ultrafast nonlinear optical response, large optical suscept-
ibility, large hyperpolarizability and high laser damage threshold
compared to inorganic materials. The good performance of nonlinear
optical materials need several conditions such as, the large nonlinear
optical coefficient, phase matchability, good optical transmittance, high
laser damage threshold, high thermal conductivity, machinability and
moderate birefringence [7-10]. Especially, the nonlinear optical single
crystals are having good optical transmittance in the visible to near
infrared region and superior second harmonic generation (SHG) effi-
ciency. New organic materials suitable for optoelectronic and photonic
device applications are being explored [11].
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In general, Triphenylamine (TPA) is a well known organic material
and its derivatives were frequently used for numerous applications such
as, organic light emitting diodes, solar cells and photoconductors [12]
as well as second order nonlinear optical applications. Further, the TPA
group of materials possess electron donating character, because they
have electron rich nitrogen atom interconnected with three phenyl
groups [13]. The synthesis of triphenylamine molecule was obtained
from the different kind of methods and the physical and chemical
properties of the synthesized TPA material were carried out using dif-
ferent characterization techniques [14]. The crystal structure and car-
rier transport properties of Triphenylamine derivative single crystals
were reported by several authors [15-16]. Triphenylamine single
crystal with excellent photoconducting property was grown in helium
atmosphere using Bridgman method [17]. Experimental and theoretical
Fourier transform infrared (FTIR) spectrum and molecular structure of
the present molecule were reported by Reva et al.
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However, in the present work, the bulk size, good quality and op-
tically transparent organic TPA single crystal has been grown using
Bridgman -Stockbarger method under vacuum. The grown TPA single
crystals were subjected to structural (SXRD, PXRD and FTIR) Optical
(UV-Visible, Photoluminescence (PL), Birefringence and SHG), laser
damage threshold (LDT) and thermal (TG-DTA) characterizations.

2. Experimental method

High purity (99.9%) triphenylamine compound was obtained from
Alfa Aesar. The details about the growth ampoule design were discussed
in the previously reported article [2]. The title material was loaded in
borosilicate growth ampoule. The growth ampoule was evacuated upto
the range of 2 x 107° milli bar using Hind High Vacuum (HHV)
system. The growth ampoule was placed in the maximum temperature
of the homemade single zone transparent Bridgman-Stockbarger fur-
nace. The temperature was gradually increased from room temperature
to the melting point of triphenylamine compound (M.P - 129 °C) and
further, the temperature was raised in excess of melting point by 3 °C.
The optimized growth condition was observed at 0.75 mm / hour and it
is translated using nano stepper motor. Finally, the optically trans-
parent and defect free TPA single crystal was grown using Bridgman —
Stockbarger method. The grown single crystal was carefully removed
from the growth ampoule using diamond wheel cutter. Fig. 1(a) shows
the optically transparent as grown TPA single crystal and Fig. 1(b)
displays the cut and polished TPA crystal wafers.

3. Material characterization

Crystal structure and lattice parameters of TPA single crystal were
investigated via the Bruker AXS Kappa APEX II single crystal X-ray
diffractometer and MoKa (A. = 0.710 ;\) is used as a monochromator
source for X-ray radiation. Crystalline nature of TPA single crystal was
explored using PANalytical Empyrean X-ray diffractometer with CuKa
(A = 1.5406 A) and it was scanned (26 degree) ranging from 5° to 50°.
The crystal bonding structure was investigated using Fourier transform
infrared (FTIR) spectrum with KBr Pellet technique. FTIR spectral wa-
velength range was obtained from 4000 — 500 cm ™. Optical trans-
mittance and cut off wavelength of TPA crystal were analysed by
Perkin-Elmer lambda 35 spectrophotometer. UV-Visible spectrum was
taken for the range 200-1100 nm and the sample of TPA was of
thickness — 1.5 mm. The photoluminescence properties of TPA material
were investigated using Jobin Yvon Fluorolog - FI3-11 spectro-
flurometer with Xenon lamp source at 450 W. The resolution of specific
wavelengths was observed at 0.2 nm. Thermal properties were mea-
sured for TPA crystal by the TG-DTA measurement (Perkin—-Elmer
Diomand TG/DTA analyser). The laser damage threshold measurement
of TPA single crystal was carried out using Q-switched Nd:YAG nano-
second laser, INNOLAS Spit Light, 1.2 J @ 1064 nm. The nonlinear
optical property was investigated using Kurtz -Perry powder technique.
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Table 1
The lattice parameters of the TPA single crystal.

Cell Parameters Reported [18] Present Work
a 15.49 A 15.74 A

b 15.63 A 15.97 &

c 22.06 A 22.49 A

a 90° 90°

B 90.95° 91°

v 90° 90°

Volume (V) 5340 A3 5653 A®
Crystal System Monoclinic Monoclinic
Space group Cc Cc

4. Results and discussion
4.1. Structural properties

4.1.1. Single crystal X-ray diffraction study

Crystal structure, space group, bond length, bond angle, atom po-
sition and lattice parameters of the grown TPA single crystal were
measured using single crystal X-ray diffraction (SXRD) study. The
grown TPA single crystal possesses monoclinic crystal system with non-
centrosymmetric space group of Cc, which is obtained from the lattice
parameter values and the results are compared with the earlier results
reported in literature [18]. These values are in close agreement and the
details are given in Table 1 and three dimensional molecular packing
structure of TPA crystal viewed through ‘b’ axis is shown in Fig. S1.

4.1.2. Powder X-ray diffraction study

Phase purity and lattice parameters of TPA were investigated using
powder X-ray diffraction (PXRD) analysis. Powder X-ray diffraction
study reveals the good crystalline nature and lattice parameters of the
TPA crystal. The obtained hkl values are (11 0), (11 1), (020), (220),
(130),(22-3),(31-3),(400),(006),(421),(31-6),(153)and
(2 2 9). Theoretical X-ray diffraction peaks were obtained from the
standard crystallographic information file (CIF Number — 660 790)
using Mercury 3.8 software. Fig. 2 divulges the powder X-ray diffrac-
tion of TPA crystal. These diffraction peaks were compared with ex-
perimental X-ray diffraction results. Subsequently, these diffraction
peaks of TPA molecule closely matched with theoretical values and the
lattice parameter values are obtained from the following expression,

1 _ 1 (r N k?sin? 3 + 1> 2hlcosp
d? " sin?B\a? b? c? ac

(€]
The lattice parameter values are a = 15.49 A, b = 15.69 10\,

¢ = 22.37 A and these values agree with the previously reported values
in literature [18].

4.1.3. Hirshfeld surface plot
The intermolecular interactions / contacts (Hirshfeld surfaces and
2D fingerprint plots) of TPA molecule were investigated from the

Fig. 1. (a) As grown and (b) cut and polished TPA crystals.
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Fig. 2. Powder X-ray diffraction of TPA crystal.

Fig. 3. Hirshfeld surface of (a) dporm (-0.068 to 1.243), (b) curvedness (-4.000
to 0.400) and (c) shape index (-1.000 to 1.000).

Crystal Explorer 3.1 software and it is interpreted by the single crystal
X-ray diffraction studies (CIF Number: 660790). Fig. 3 shows the
Hirshfeld surface of TPA molecule and this molecule was generated
using the crystal explorer and it displays (a) d,orm (—0.068 to 1.243),
(b) curvedness (—4.000 to 0.400) and (c) shape index (—1.000 to
1.000). The d,orm value is negative, which represents the shorter con-
tacts and the d,on, value is positive, which represents the inter-
molecular contacts of the present molecule is longer. The red color
indicates the shorter contacts for negative, the blue color indicates the
longer contacts for positive and the white color indicates that the d,om
value is exactly zero. The shape index is more sensitive and slight
changes have been observed in the surface shape of TPA crystal. The
value of the curvedness is calculated from the flat surface area of the
molecule which corresponds to low values of curvedness. High values of
the curvedness are related to sharp curvature areas of the molecule and
the corners sepearate the surface into areas indicating the interactions
between the neighbouring molecules [19-21].

The 2D fingerprint plots were translated for 1.0 — 2.8 A, d. and d; are
distance scales of the graph axes. Fig. S2 (i-vii) shows the two-dimen-
sional fingerprint plot of the TPA molecule and it exhibits that the over
all contribution, C---C, C---H, H---H, H---N, N---H and H---C and all these
intermolecular contacts are highlighted separately in 2D fingerprint
plots. From the fingerprint analysis, the total molecular interaction was
observed at 100%. From the crystal structure, the major contribution of
H---H (68.1%) bonding interactions is high compared to other inter-
molecular interactions of C---C (0.5%), C---H (16.7%), H---N (0.1%)
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Fig. 4. FTIR spectrum of TPA.

N---H (0.1%) and H---C (14.6%). From the results, it can be concluded
that the strongest intermolecular interaction of the present molecule
was found to be H---H (68.1%), which is obtained from the crystal
explorer.

4.2. Vibrational analysis

The infrared light passes through the materials and it gives the in-
formation about the fundamental vibration, bond strength, bond type
and molecular structure [22]. The chemical bonding structure was in-
vestigated using KBr pellet technique within the wavenumber ranges
from 500 to 4000 cm™'. The obtained vibrational spectrum of TPA
material is shown in Fig. 4. The aromatic C—H stretching peaks were
observed at 3058 and 3031 cm™' [23]. The strongest phenyl ring
(C=C) appeared at 1583 and 1491 cm ™Y, which could contribute to
monosubstituted benzene derivatives [12]. The strongest peaks ap-
peared at 1328 and 1274 cm™!, which can be attributed to C—N
stretching vibrations [24]. The low intensity peaks were observed at
1171, 1074 and 1020 cm ™7, due to the presence of aromatic C—H in-
plane bending vibrations [12,24]. The fundamental vibration peaks
were observed at 695 and 749 cm™'. It could be attributed to the
aromatic C—H out of plane bending vibrations [22,25].

4.3. UV-Visible NIR spectrum analysis

Organic single crystals should possess good optical transmittance
and little absorption in the visible to near infrared region [26-27]. The
extinction coefficient, refractive index and optical absorption coeffi-
cient of organic single crystal were determined using optical study and
these results were used for the optical applications [22]. The obtained
optical transmittance spectrum of TPA crystal is shown in Fig. 5. Fig. 5
shows the good optical transmittance at 82% in the infrared region. The
optical cut-off wavelength is observed at 368 nm and the excellent
optical transmittance was got in the range of 368 nm to 1100 nm, which
is more than 60% optical transmittance in the visible to infrared region.
Before cut off wavelength of TPA single crystal (368 nm), the optical
transmittance suddenly decreased, due to the presence of m-n* and
n-nt* electronic transition [7]. The optical bandgap energy was calcu-
lated using the following expression,

Ae (2)

where 4 is the cut-off wavelength, h is the Plancks constant and c is the
velocity of light.

The optical absorption coefficient can be calculated from the optical
transmittance and the crystal thickness of TPA crystal and it was
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Fig. 5. Optical transmittance of TPA single crystal.

determined by the following relation [5],

2.303 100
a= Tlogm —

T 3

where a is an optical absorption coefficient, T is optical transmittance
and t is the crystal thickness. The optical transmittance and optical
absorption coefficient values of TPA crystal can be used to calculate the
optical bandgap energy and it is evaluated from the following expres-
sion,

ahv = A(hv — Eg)" 4

where v is the frequency of the incident photons, Eg is the optical
bandgap, A is optical constant and m values are 1/2 and 2 for direct and
indirect transtitions, respectively. The optical bandgap energy value is
calculated using the photon energy (hv) versus (ahv)? and it is shown in
Fig. S3. The direct optical bandgap energy value was obtained by ex-
trapolating the linear part of the y-axis to the energy axis. The obtained
tauc plot graph and theoretically calculated optical bandgap energy
value is same and the value was found to be 3.35 eV.

4.4. Photoluminescence study

Photoluminescence is used to study the several properties such as,
surface defects, oxygen vacancies, charge carrier separation, re-
combination mechanism and color centre of the material [28]. At room
temperature, the excitation and emission properties of TPA molecule
were examined via PL analysis. The TPA material was excited at 323 nm
and the corresponding emission was recorded in the range of 340 nm to
620 nm. The photoluminescence of TPA crystal is shown in Fig. 6. The
corresponding broad centre emission peak was observed at 377 nm,
which is attributed to n — st* transition state [29].

4.5. Thermal properties

Thermogravimetric and differential thermal analysis (TG-DTA) re-
veals the thermal stability and melting point of the materials. The TPA
sample was taken in the alumina crucible and the sample weight of
6.117 mg was used. Heating rate of the sample is 5 °C per minute. The
nitrogen (N,) atmosphere was used for this experiment. The crystal
sample was heated from room temperature (RT) to 270 °C. The thermal
property of TPA single crystal is shown in Fig. 7. It clearly shows that
the thermal stability of TPA crystal was observed upto 140 °C. Fur-
thermore, the temperature was increased upto 270 °C. Single stage
weight loss is observed after 140 °C upto 236 °C. From the DTA graph,
the sharp endothermic peak was observed at 129 °C, which confirms the
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Fig. 7. Thermal stability of TPA.

melting point of the TPA material.

4.6. Birefringence study

Optical homogeneity of the grown TPA single crystal has been de-
termined from the Birefringence interferometry. The birefringence
value is the difference between the two refractive indices of ordinary
(o-ray) and extraordinary (e-ray) [30]. Most of the birefringence single
crystals can be attractive for optical applications such as, calculators,
beamsplitter and polarisers etc [31]. The birefringence experiment was
already reported by several authors [32,33]. The cut and polished
smooth surface (crystal thickness — 1 mm) of the TPA crystal and He-Ne
laser (5 mW) of wavelength 632.8 nm were used for this experiment.
Two fringes were observed at birefringence interferogram. The bi-
refringence value was calculated using the following relation [30],

KA

vr=T ®)
where K is the order of fringes, 4 is the wavelength of laser light and t is
the thickness of crystal. In this present work, the calculated bi-
refringence value is 0.001265. The crystal optic axis and crystal phase
matching angle of the present crystal were determined from the Bi-
refringence interferometer. The obtained birefringence value of the TPA
is compared with the other organic/inorganic materials [30 —35] and
the values are tabulated in Table S1.
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4.7. Laser damage threshold

Surface laser damage threshold of organic / inorganic and semior-
ganic single crystals have been more attractive in the several processes
like electron avalanche, multi-photon absorption, thermal absorption,
photochemical dissociation, electrostrictive fracture and etc [36]. The
LDT experiment was assessed by the two way process. (i) single shot
mode and (ii) multiple shot mode. In present investigation, the pulse
width of the laser was 7 ns. The pulse repetition rate was fixed at 10 Hz
and also the input laser beam diameter is measured as 8 mm. The good
quality and circular shape of cut and polished TPA single crystal of
thickness 4 mm was selected for LDT measurement. In single shot mode
(wavelength of laser = 532 nm in operating mode), the incident energy
(in millijoule) applied into TPA single crystal was measured using at-
tenuator. The focal length of plano-convex lens is observed at 10 cm
and it could be attached at the translation stage of sample holder. The
translation stage (X-Y plane) was adjusted using ESP 300 controller.
The surface laser damage threshold was obtained from the power meter
and it can be calculated from the following expression [37],

_ E (GW
Power density (B) = m (W) (6)

where E is the input energy of laser beam (mJ), t is the pulse width of
laser (ns) and w, is the radius of the laser beam. The radius of the laser
beam (w,) was calculated using the following relation,

i Z 2

Wy wo\/l + (—)
Zx )
(8

w= (%)(5) ©

where A, the laser wavelength, is 532 nm and d is the laser beam dia-
meter 8 mm. The experimental (w,) value was calculated at 10 x 107°
m using the knife edge measurement. The Rayleigh length (Zz) was
measured as 590 um. Finally, radius of the laser beam (w,) was eval-
uated from the above Eq. (7) and it can be measured at 85.3 um. The
single shot laser energy (2 mJ) was applied into the grown organic
single crystal, which resulted in small dot appearing on the crystal
surface. The LDT value was found to be 1.25 GW/cm? (2 mJ). Fig. S4
shows the optical microscope image of damage pattern in TPA crystal.
The laser damage threshold of TPA value is compared with other
standard single crystals [2,5,37-40]. However, comparing these values
is not accurate because the testing conditions are different (pulse width,
wavelength of laser and spot size etc) and it is tabulated in Table S2.
The grown organic TPA single crystal can be used for high tech laser
and it also can be used for NLO applications like mode locking, pho-
tonics, optical limiting, data processing and SHG devices [38].

4.8. Nonlinear optical study

The nonlinear optical property of the TPA crystal was investigated
using the Kurtz-Perry powder technique and it is an impotant technique
to evaluate the second harmonic conversion efficiency of nonlinear
single crystals. The crushed TPA powder material (Homogeneous par-
ticle size) was tightly packed in microcapillary tube of 1 mm diameter.
A Q-switched Nd:YAG laser source at the fundamental wavelength of
1064 nm and the output energy of the emitted green wavelength of
532 nm was used. The pulse width and pulse repetition rate were 10 ns
and 10 Hz, respectively. The focal length of the plano-convex lens is
20 cm [41]. A Q-switched Nd:YAG laser light (input energy 1.2 mJ/
pulse) was passed through the randomly oriented organic TPA crystals
and it was focused by the focal length of the plano-convex lens before

Chemical Physics Letters 742 (2020) 137128

sample holder. The output voltage signals of second harmonic genera-
tion light were detected using photomultiplier tube (PMT) which is
interconnected with digital storage oscilloscope. Finally, the SHG
output signal voltage was measured from the digital storage oscillo-
scope. The second harmonic was generated and it was confirmed
through the emission of bright green light. In this work, the potassium
dihydrogen phosphate (KDP) material (80 mV) was used as a standard
reference material having homogeneous particle size. Second harmonic
generation of output signal voltage is found to be 16 mV. Hence, the
organic crystal is moderately useful for nonlinear optical applications.

5. Conclusion

Good quality and optically transparent Triphenylamine single
crystal (TPA) was grown by Bridgman - Stockbarger method. Crystal
structure and lattice parameters of TPA single crystal were confirmed
through X-ray diffraction analysis. Hirshfeld surface and Finger print
plot were obtained from the crystal explorer software. The aromatic
C—H in plane and out of plane bending vibrations were analysed
through the FTIR spectrum. Optical transmittance and cut-off wave-
length of the grown organic TPA single crystal were analysed. Thermal
stability of TPA material is observed upto 140 °C. Melting point of the
TPA crystal is obtained at 129 °C. The excitation and emission property
of TPA material was studied using photoluminescence spectrum.
Birefringence value of the present crystal has been compared with
standard crystals. Surface laser damage threshold is observed at 1.25
GW/cm?. SHG output signal voltage of organic TPA single crystal was
found to be 16 mV.
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