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Abstract

Organic 2,4-dinitroaniline single crystals were successfully grown by slow evaporation solution growth technique. Single-
crystal and powder X-ray diffraction studies were used to confirm the crystal structure. Fourier transform infrared (FTIR)
and FT-Raman spectral analyses confirmed the presence of various functional groups in the grown crystal. The UV-Vis-NIR
studies show that the cut-off wavelength is around 447 nm. The optical parameters such as optical band gap, Urbach energy,
steepness parameter and electron-phonon interaction were calculated. The photoluminescence studies show green light emis-
sion. The thermogravimetric and differential thermal analyses expose the melting and decomposition points of the grown
2.4-dinitroaniline single crystal. The kinetic parameters such as the activation energy, frequency factor, entropy, enthalpy and
Gibbs free energy were calculated by Coats Redfern and Horowitz-Mertzger methods. The dielectric studies were analyzed
by the parallel plate capacitor method using the Agilent LCR meter. The electrical parameters such as plasma energy, Penn
gap and Fermi energy of the grown single crystal were calculated. The third-order nonlinear optical properties of 2,4-dini-
troaniline were measured using the Z-scan technique, with a 532-nm diode-pumped continuous wave (CW) Nd: YAG laser.
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Introduction 2707

2 265+ -
Organic molecular materials have attracted increased 5 1 /
interest because of the unique prospects for fundamental § 2'60'_
research and practical applications. In recent years, the 2:‘? 2554
material industries have been searching for novel nonlin- 2 I
ear optical materials. Organic nonlinear optical (NLO) e 2'50-_
materials are used in laser technologies, light-emitting E 2454
diodes, transistors, conductors, electronic materials, opti- S., ) 40_'
cal circuits, optical communication, optical data storage 5 J
technologies, optical signal processing, color displays, fre- g 2354
quency doubling, integrated optics, photonic applications, § 2304
electro-optic modulators and electro-optic switches.!™ 3 ;

225 —— T ——1——7

Organic materials have good optical nonlinearity, chemical
flexibility, thermal stability and excellent transmittance in
the UV-visible regions. The optical properties of materials
must be studied to determine their suitability for opto-
electronic, photovoltaic applications and devices.’ Mainly,
the organic materials are soft, susceptible to breakage and
budget-friendly. Organic aniline and its structures are
highly studied because of their worth in many pharma-
ceuticals, electro-optical and other social applications.
Aniline is an important raw material for producing dyes,
oil paints, rubber and plastics. It is also widely used in
electrical conduction, electroluminescence, rechargeable
batteries and anticorrosion applications.®™® The nitro-
substituted anilines have both donor (NH,) and acceptor
group (NO,) hydrogen-bonding interactions. They are used
in the design of supramolecular structures. The origin of
their NLO responses was established to connect a large
hyperpolarizability of the molecular 7 electron clouds.’
Electronic absorption and emission spectra of nitroani-
lines depend on the closeness of the lowest-energy excited
state and triplet states of character n—z* and 7—z*.'" The
2,4-dinitroaniline is a non-hygroscopic organic compound,
and its molecular formula is C(H;N;O,. In the present
work, organic 2,4-dinitroaniline single crystals were suc-
cessfully grown by slow evaporation solution growth tech-
nique. The grown 2,4-dinitroaniline crystals were charac-
terized by single-crystal XRD, powder XRD, FTIR and
FT-Raman spectroscopy, optical, thermal, dielectric and
third-order nonlinear optical analyses.

Experimental

The organic material 2,4-dinitroaniline was commer-
cially purchased from Sigma Aldrich with 99% purity.
The 2,4-dinitroaniline single crystal was grown by slow
evaporation solution growth technique. The solubility was
analyzed by the gravimetric method. Organic solvents,
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g.1 Solubility curve of the 2,4-dinitroaniline single crystal.
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Fig.2 Photograph of the 2,4-dinitroaniline single crystal.

methanol, ethanol and acetone, were used to analyze the
solubility. Finally, acetone was chosen as the best solvent
to grow the 2,4-dinitroaniline single crystal. The solubil-
ity was analyzed in the temperature range from 30°C to
45°C as shown in Fig. 1. The figure reveals that as the
temperature increases, solubility also increases. To obtain
a homogeneous position, the solution was continuously
stirred for 6 h. The solution was filtered and covered
tightly with a perforated polyethylene cover to avoid dust
particles in the environment and monitored constantly for
nucleation events. Fine good-quality 2,4-dinitroaniline
single crystals were harvested. The quality of the crystals
was improved by successive recrystallization processes.
The photograph of the grown 2,4-dinitroaniline single
crystal is shown in Fig. 2.
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Results and Discussion
X-ray Diffraction Studies

The crystallographic parameters of the grown 2,4-dinitroani-
line were analyzed using a Bruker APEX II single-crystal
X-ray diffractometer with MoK, (A =0.717073 A) radiation.
The result shows that the grown 2,4-dinitroaniline single
crystal belongs to the monoclinic crystal system with the
centrosymmetric space group P2,/m. The observed values
are shown in Table I. The obtained values are well in agree-
ment with the literature values.'!

The powder X-ray diffraction studies of the grown
2,4-dinitroaniline crystal are analyzed by using an XPERT
PRO diffractometer with Cuk, (1.54060 A) radiation with
sample scanning speed of 1° min~! and scanning angle rang-
ing from 10° to 80°. The recorded powder XRD pattern of
the 2,4-dinitroaniline single crystal is shown in Fig. 3. High-
intensity sharp peaks are obtained and indicate the good
crystalline nature of the grown crystal. The corresponding
hkl values are indexed. The observed (4 k ) values were in
good agreement with the JCPDS file.'?

FTIR and FT-Raman Spectral Studies

FTIR and FT-Raman spectral studies are used to identify
the functional groups of the grown crystal. The FTIR spec-
trum was analyzed by using a PEIR SUBTECH SPEC-
TRUM ASCII PEDS 4.00 spectrophotometer. The FTIR
spectrum was recorded in the range of 4000-400 cm™'. The
obtained FTIR spectrum of the 2,4-dinitroaniline single
crystal is shown in Fig. 4. The FT-Raman spectrum was
analyzed using a BRUKER-RFS 27 FT-Raman spectrom-
eter. The FT-Raman spectrum was recorded within the
range of 3500-50 cm™!. The obtained FT-Raman spectrum
of the 2,4-dinitroaniline single crystal is shown in Fig. 5.
The peaks observed at 3335 cm™ and 3449 cm™ are associ-
ated with symmetric and asymmetric stretching modes of

Table | Single crystal XRD data for grown 2,4-dinitroaniline single
crystal

Parameters Literature Present study
a(A) 8.46 8.07

b (A) 12.50 12.79

c(A) 7.4 7.52

a(®) 90 90

VAQ) 101.54 108.30

r(®) 90 90

System Monoclinic Monoclinic
Space group P2,/m P2,/m

the free NH, group in the FTIR spectrum. The absorption
peak at 3330 cm™ in the FT-Raman spectrum is attributed
to symmetric stretching modes of the free NH, group. The
peaks observed at 1425 cm™ in FTIR and 1431 cm! in FT-
Raman spectra are assigned to N-O asymmetric stretching.
The peaks observed at 3063 cm™ in FTIR and 3085 cm™! in
FT-Raman spectra are assigned as C-H stretching. The peaks
observed at 1540 cm™! in FTIR and 1520 cm™! in FT-Raman
spectra are assigned as C-C stretching. The peaks observed
at 1629 cm™! in the FTIR spectrum and the peak observed
at 1619 cm™ in the FT-Raman spectrum are attributed to
NH, scissoring. The peak observed at 1259 cm™! in the
FTIR spectrum and 1249 cm™! in the FT-Raman spectrum
are attributed to the C-N stretching. The peak observed at
1374 cm’! in the FTIR spectrum, and the peak observed at

[
60000 o
)
50000 -
. 40000
3
s
> 30000 ~
)
o
L
£ 200004
| o~
4 - o
10000 P N
o @ N
N o
0 |
—T—T——— T — 1 —— 1
10 20 30 40 50 60 70 80

Diffraction angle 26 (°)

Fig.3 Powder x-ray diffraction pattern of the 2,4-dinitroaniline single
crystal.
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Fig.4 FTIR spectrum of the 2,4-dinitroaniline single crystal.
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where & is Planck's constant, v is the frequency of incident
064 g photons, A is a constant, E, is the energy band gap and m is
- the index, which can have different values (2, 3, 1/2 and 3/2)
05 corresponding to indirect allowed, indirect forbidden, direct
£ allowed and direct forbidden transitions, respectively'®!”
T 044 Taking the logarithm on both sides and differentiating the
@ above band gap equation can also be written as'®
L 034
c
é In(ahv) =In(A) + mln(hv - Eg)
E o024 S
g . ol
s @ d[In (ahv)] m
i - N~ =
1o e < e 8 o d[hv] hv - E,
Q8 5 <= & S 2
© Q © ~
@ c:l N C‘bh l(i)u",lhh . L
0.0 r—— T 1 A hhy The type of optical transition curve was formulated
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4 between ———= and hv demonstrated a discontinuity at a
Wavenumber(cm ') dlhv]

Fig.5 FT-Raman spectrum of the 2,4-dinitroaniline single crystal.

1393 cm! in the FT-Raman spectrum are assigned as NO,
symmetric stretching.

UV-Vis-NIR Studies

Studying the optical properties of materials is essential
to evaluate the application of this material in optical data
storage, optical devices, optoelectronics and photovolta-
ics.!® Organic nonlinear optical single crystals are primar-
ily used in optical applications where optical transmission
range, transparency and cut-off wavelength are essential
considerations.'#!> The linear optical studies of the grown
2,4-dinitroaniline single crystal have been carried out by
UV-Vis-NIR measurements in the range of 200-1100 nm
using a Perkin—Elmer Lamda 35 spectrometer. The recorded
transmittance spectrum of the 2,4-dinitroaniline single crys-
tal is shown in Fig. 6a. The result reveals that the cut-off
wavelength is around 447 nm and the grown 2,4-dinitroani-
line single crystal has good transmittance in the visible and
near-IR regions.

The absorption coefficient («) has been calculated from
the measured transmittance (7) using the formula

2.3026 log (;)

a=
t

where 7 is the thickness of the sample.
Tauc's plot is used to measure the optical band gap (E,)
by the formula

(ahv) = A(hv — E)"
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particular value of hv=E,. This discontinuity in a specific
energy value gives a single transition and indicates the E,
value.'”?° A graph was plotted for In(ahv) versus In(hv-E,),
which is shown in Fig. 6b. The value of m = Y2 was obtained
from the slope of the curve. The optical transition of the
2,4-dinitroaniline single crystal has a direct allowed band
gap nature. In a direct allowed transition, without a change
in momentum (wave vector), the electron is simply relocated
vertically from the top of the valence band to the bottom of
the conduction band. Thus, to calculate the optical band gap,
we can plot (ahv)* versus hv and extrapolate the linear por-
tion of the curves until they intercept the photon energy axis.
The optical band gap value of the grown 2,4-dinitroaniline
single crystal is 2.59 eV obtained from Fig. 6c.
The extinction coefficient (K) is calculated as>!

_Aa

T4z

K

The extinction coefficient versus wavelength of the
2,4-dinitroaniline single crystal is shown in Fig. 6d. The
transmittance (7)) is calculated by22

_ (1=R)exp(-ar)
" 1 —R2exp(=2ar)

The reflectance (R) in terms of the absorption coefficient
is calculated by

_exp(—an+ Vexp (—at)T — exp (=3at)T + exp (—2a)T?
a exp (—at) + exp (—2a0)T

R

The refractive index (n) is calculated by using the
equation

_ —(R+ D +2vVR
"STTR-D)
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Fig.6 (a) UV-Vis-NIR spectrum of the 2,4-dinitroaniline single
crystal. (b) Plot of In(ahv) versus ln(hv—Eg) for the 2,4-dinitroani-
line single crystal. (c) Tauc's plot of (ahv)? versus photon energy for
the 2,4-dinitroaniline single crystal. (d) Extinction coefficient versus
wavelength of the 2,4-dinitroaniline single crystal. (e) Plot of refrac-

Wavelength (nm)

tive index versus wavelength for the 2,4-dinitroaniline single crystal.
(f) Optical conductivity versus wavelength of the 2,4-dinitroaniline
single crystal. (g) Skin depth versus wavelength of the 2,4-dinitroani-
line single crystal. (h) Plot of In (@) versus photon energy of the
2,4-dinitroaniline single crystal.
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Fig.6 (continued)

The refractive index versus wavelength of the 2,4-dini-
troaniline crystal is shown in Fig. 6e. The optical conductivity
is calculated by using the formula

_anc
op = 4

where c is the velocity of light. The graph plotted for the
optical conductivity versus wavelength is shown in Fig. 6f.
The skin depth (8) is numerically defined as

5=1
a

The graph drawn for the skin depth versus wavelength for
the 2,4-dinitroaniline single crystal is shown in Fig. 6g. The
figure reveals that the skin depth is decreasing while moving
towards high wavelength regions.

The Urbach energy (E})) associated with the width of the
Urbach tail obeys the exponential equation’

a=aq exp<hv>
= a, —
Ey

where a is the optical absorption coefficient and «, is a con-
stant, hv denotes the photon energy and E; is the Urbach
energy. The graph drawn for In(a) versus ho is shown in
Fig. 6h. From the figure, the Urbach energy is calculated
from the inverse slope. The calculated Urbach energy (E))
of the 2,4-dinitroaniline single crystal is 0.0879 eV, which
indicates less disorder and high crystallinity of the grown
crystal.

The steepness parameter (o) can be evaluated using the
formula

@ Springer

Photon energy (eV)

Table Il Linear optical parameters of the 2,4-dinitroaniline single
crystal

Parameters Calculated values
Optical band gap (E,) 2.77eV
Constant (a,) —27.0115m™!
Urbach energy (E;)) 0.0879 eV
Steepness parameter (o) 0.2675
Electron-Phonon interaction (Ee_p) 2.491

where kg is the Boltzmann constant in eV/K and T is the
absolute temperature. The value of ¢ was found to be 0.2675.
Electron-phonon interaction (E,_) is calculated by using the
relation®*%>

The strength of the electron-phonon interaction (E,_,)
is calculated as 2.491. The optical band gap energy (E,),
Urbach energy (E;), steepness parameter (¢) and the elec-
tron-phonon interaction energy (E,_,) are shown in Table IL.

Photoluminescence Studies

The photoluminescence studies of the grown 2,4-dinitroani-
line single crystal were recorded by using a spectrofluorom-
eter with a 450 W high-pressure Xenon lamp as an excita-
tion source. The grown 2,4-dinitroaniline single crystal is
excited at 466 nm. The obtained emission spectrum is shown
in Fig. 7. The high-intensity peak observed at 532 nm is
attributed to the n—z* transition. The result indicates that
the grown 2,4-dinitroaniline single crystal exhibits green-
light emission, which may be useful for new green colour
emitting material.
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Fig.7 Photoluminescence spectrum of the 2,4-dinitroaniline single
crystal.

Thermal Analysis

The thermal properties of the grown 2,4-dinitroaniline single
crystal were determined by thermogravimetric (TG) and the
differential thermal analyses (DTA) using a Perkin Elmer
Diamond TG/DTA analyzer with a heating rate of 10°C/
min in a nitrogen atmosphere. The TG/DTA curve of the
2,4-dinitroaniline single crystal is shown in Fig. 8a. In the
DTA analysis, the peak observed around 180°C is assigned
as the melting point of the grown 2,4-dinitroaniline single
crystal. In DTA analysis, the peak observed around 345°C
may be assigned as the decomposition point of the 2,4-dini-
troaniline single crystal. In this stage, heavy weight loss
in TGA has been noted. In TGA analysis, the single-stage
weight loss curve occurs and it was stable up to 200°C. The
kinetic parameters were calculated using Coats—Redfern and
Horowitz-Metzger methods.?®?” The order of reaction (n =
1) is used in the present investigation. For the determination
of activation energy, Coats—Redfern derived the equation

—in(l-a)| _ ZR 2RT E
n | 52 = (55) (- 30| -

where o is the fractional mass loss, 7 is the absolute tem-
perature, Z is the pre-exponential factor, R is the gas constant
(R = 8.317 Jmol'' K1), f is the heating rate and E is the
activation energy. The value of a is equal to the total mass
loss up to a particular temperature divided by total mass loss
in the step involved.
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Fig.8 (a) TG/DTA curves of the 2.4-dinitroaniline single crystal.
(b) Coats-Redfern plot for the 2,4-dinitroaniline single crystal. (c)
Horowitz-Metzger plot for the 2,4-dinitroaniline single crystal.

where W, is the initial weight, W is the actual weight at any
degradation time, W, is the final weight at the end of the

thermal degradation process. In the Coats-Redfern equation,
—In(1-a)

|

versus 1000/7, and it is shown in Fig. 8b. From the slope,

the activation energy is calculated from plot of ln[

@ Springer



1646

S.Prince et al.

the value of activation energy is calculated. Horowitz and
Metzger derived an equation for extracting pyrolysis param-
eters by using TGA. The first-order reaction developed the
following equation.?’~°

EO

ln[—ln(l —a)] = ﬁ

0=T-T

m

where T, is the temperature of maximum reaction rate and T
is the temperature in Kelvin at any instant. According to this
method, a plot of In[—In(1—a)] versus temperature gives the
activation energy of degradation. The plot of In[—In(1—a)]
versus 0 give the best linear fit and is shown in Fig. 8c. The
slope, intercept, E and Z values are calculated from Fig. 8b
and ¢ and the mechanisms are evaluated. The enthalpy of
activation, AH*, is evaluated from the equation

AH* = E—RT

Gibbs free energy AG* is calculated from the equation
AG* = AH* — TAS

The entropy of activation AS* in (JK'mol™) is evalu-
ated from the equation

kT, AS*
Z= <T> exp R )
where h is Planck's constant, k is the Boltzmann constant.
The calculated enthalpy value is positive. The positive value
of enthalpy indicates that the process was endothermic.*'~°
The activation entropy has negative values, which shows
that the decomposition reactions proceed with a lower
rate than normal ones. The negative value of entropy also
shows the more ordered structure of the 2,4-dinitroaniline
single crystal than the reactants. The entropy of activation
increases with the increase of activation energy. The posi-
tive value of AG* shows that the reaction involved in the
decomposition of the 2,4-dinitroaniline single crystal is not

Table lll Kinetic parameters for the 2,4-dinitroaniline single crystal

Kinetic parameters Coats—Redfern Horowitz-Metzger

Activation energy, E (kJ mol™) 89.67672 78.25073
Frequency factor, Z (s) 8.94E+06 2.35E+07
Entropy, AS* (J K mol™) —12.70 —108.16
Enthalpy, AH* (kJ mol™) 85.49 74.07
Gibbs free energy, AG* (kJ 91.90 128.47

mol ™)

@ Springer

spontaneous. The calculated kinetic parameter values are
shown in Table III.

Dielectric Studies

The dielectric properties of the grown 2,4-dinitroaniline sin-
gle crystal was analyzed by an Agilent 4284A LCR Meter
using the conventional parallel plate capacitor method.***?
The capacitance (Cerys) and dielectric loss (tan §) were meas-
ured at several temperatures ranging from 313 K to 383 K
with a frequency range of 1 kHz to 1 MHz. The cut and pol-
ished transparent single crystals are used inside the parallel
plates of the condenser for dielectric measurements. The
dielectric constant of the grown crystal was calculated using

the following relation

r

A("'}\'S
_ <Aair > Ccrys - Cair<l - m)

A C

crys air

where A,;, is the area of electrode, A, is the area of crys-

tal, Cy is the capacitance of the crystal and Cy, is the air
capacitance. The AC conductivity (o,.) was found using the

relation
O, = EpE,wtand

The temperature dependence of the dielectric constant
(¢g,), dielectric loss (tan 0) and AC conductivity (o,.) at dif-
ferent frequencies are shown in Fig. 9a, b and c. From the
figure, the dielectric constant, the dielectric loss and the AC
conductivity increase with the increase in temperature. The
dielectric constant and dielectric loss values decrease with
increased frequency, but the AC conductivity value increases
with increased frequency. The results show that the grown
2,4-dinitroaniline single crystal has normal dielectric behav-
iour. The low dielectric loss with high frequency shows that
the grown 2,4-dinitroaniline crystal maintains good optical
quality with fewer defects. In dielectric material, the activa-
tion energy (E,) is also measured at room temperature and
it obeys the Arrhenius law*’

o = 0 exp (—E,/kT)

where o, is the pre-exponent factor, E, is the activation
energy, k is the Boltzmann constant and 7 is the absolute
temperature. The Arrhenius plot drawn as Inc,, versus
1000/T is shown in Fig. 9d. The activation energy of the
2,4-dinitroaniline single crystal is calculated at various
frequencies (1 kHz, 10 kHz, 100 kHz and 1 MHz) and
the obtained values are 0.3263 eV, 0.2932 eV, 0.1745 eV
and 0.0819 eV. The above results show that when the fre-
quency increases, the activation energy decreases, which
may be attributed to an increase in field frequency, which
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Fig.9 (a) Dielectric constants observed for the 2,4-dinitroaniline
single crystal. (b) Dielectric loss observed for the 2,4-dinitroani-
line single crystal. (c) AC electrical conductivities observed for the

is responsible for electronic jumps between the localized
states. The dielectric measurement is a practical tool to
evaluate the electronic polarizability of the grown 2,4-dini-
troaniline single crystal. According to the Penn model, the
average Penn gap (E,) and Fermi energy (Ej) were evaluated
by subsequent equations.** To calculate the valence electron
plasma energy hw,, the following equation is used®

1/2
z
hep = 28.8<—p>
M

where Z = (6XZ) + (5XZy) + (3XZy) + (4XZ,) is the total
number of valence electrons. The molecular weight (M) of
the 2,4-dinitroaniline single crystal is 183.123 g/mol.

The density of the 2,4-dinitroaniline single crystal was
evaluated by the formula

2 ,4-dinitroaniline single crystal. (d) Plot of Ing,, versus 1000/T for
the 2,4-dinitroaniline single crystal.

Mz
N,V

)

where M is the molecular weight of the 2,4-dinitroaniline
single crystal (M = 183.123 g/mol), Z is the molecular unit
cell (Z=4), N, is Avogadro’s number (N, = 6.023x10%),
V is the volume of the unit cell (V = 737 /0\3). The obtained
density value of the 2,4-dinitroaniline single crystal is 1.65
gm™. The Penn gap is calculated by using the following
relation

hop

E =———""——
(8r— 1)]/2

P

Fermi energy is calculated by the following formula
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4/3 1.15
E, = 0.2948(ha)P) | (a) Closed aperture
u
where Ej is the Penn gap, E is the Fermi energy in eV, 1.10 4 /'l
hw, is the valence electron plasma energy and ¢, is the die- g / \
lectric constant of the material at the frequency (1 kHz). £ 105 o |
The electronic polarizability («) of the grown crystal is cal- § _v-" ll
Culated by the formula% E 1.00 IIIIIIIII..-... l\ pENEESgEENENN
3 "
2 N | | |
hw S, T L]
a= # x M 0,396 x 102 cm’ E oss- ‘; /’
(hwp)™Sy + 3E2 p 2 \
. . L 0.90 i
where S, is a constant for a particular material is given by "
E E.\2 20 10 0 10 20
so=1-(_P>+l<—P ()
AE, 3\ 4Eg
1.01 Open aperture
The Clausius-Mossotti relation is as follows | (b) -
n
IM e —1 1.00 l-.--.....llll..../ | .III.-.......
a= r o L
4zNp ) \ €, +2 e | o
£ 099 _/
where N, is the Avogadro number (N, = 6.023 x10%) 5 L
The following empirical relationship is used to calculate 2 008 | /'
a ks | |
E, . = n
a=(1-32) x L %0396 102’ where E,isthe ., |
optical band gap (eV). The calculated electronic properties 2 l
of plasma energy, Penn gap, Fermi energy and electronic 0.96 .
polarizability for the 2,4-dinitroaniline single crystal values
T T T T T T J
are shown in Table IV. -20 -10 0 10 20
Z (mm)
Nonlinear Studies
Ratio
C
The third-order nonlinear optical properties of the grown 1.10 4 © Tl
2,4-dinitroaniline were analyzed using Z-scan measure- /‘|
ments. The grown sample is translated in the Z-direction in 8 i
this method along the axis of the focused Gaussian beam é % -
from a continuous-wave 532-nm diode-pumped Nd:YAG a s ‘|
laser beam spectrometer and the far-field intensity is S 1004 T ..
g { gUNEEENEEggESEEN
N | u
T P/
g /
Table IV Electronic parameters for 2, 4-dinitroaniline single crystal E 0.95 ‘ll //'
Parameter Calculated values l\ /".
u
Plasma energy (hwp) 22.2683 eV 0.90 r . T ; . r - r
Penn gap (Ep) 7.072 eV -20 10 0 10 0
Fermi energy (Ey) 16.654 eV Z (mm)

Electronic polarizability («)
Fig. 10 (a) Closed-aperture Z-scan for the grown 2,4-dinitroaniline

. 23 .3

From Penn ?maly SIS ) ) 3.368 10_23 cmg single crystal. (b) Open-aperture Z-scan for the grown 2,4-dinitroani-
From Clausius Mossotti equation 3.462 X 107 cnr line single crystal. (c) Ratio of closed-to-open-aperture Z-scan for the
From optical band gap 2.681 x 10 cm® grown 2,4-dinitroaniline single crystal.
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measured as a function of the sample position. Two aper-
tures (closed and open aperture) are used for the meas-
urements of nonlinear refractive index (n,) and nonlinear
absorption coefficient ().*” The nonlinear optical coef-
ficients n,, # and X(3) were calculated using the standard
equations.*® Figure 10 (a—c) shows the closed and open
scans, the ratio of the closed-to-open normalized Z-scan
of the 2,4-dinitroaniline single crystal. The peak followed
by a valley normalized transmittance acquired from the
closed-aperture curve illustrates the self-defocusing
effect.*>0 In general, the nonlinear absorption was cat-
egorized into two properties. The sample transmittance
increases with an increase in the optical intensity, which
is termed saturation absorption (SA). The samples trans-
mittance decreases while increasing the optical intensity
is termed as reverse saturation absorption (RSA). The
two-photon and multi-photon absorptions are arising due
to the reverse saturation absorption.’®>! The difference
between the peak and valley transmission (AT),_,) is writ-
ten in terms of the on-axis phase shift at the focus as

AT, , = 0.406(1 — $)"* Ado

where A®o is the axis phase shift at the focus and it is given
by
AT,_,

AD) = — PV
07 0.406(1 — §)°F

S is the linear transmittance aperture. It can be calculated
using the relation

—ng
S=1—-exp >
)

where 7 is the aperture radius and @, is the beam radius
at the aperture. The nonlinear absorption coefficient (f) is
estimated from open-aperture Z-scan data>>>*

24/2AT
- IOLeff

chf:[l—exp (—al)]/a

where L is the effective thickness of the sample, « is the
linear absorption coefficient, L is the thickness of the sam-
ple, I is the on-axis irradiance at the focus (3.47 KW/cm?)
and AT denotes the valley value from the Z-scan curve of
open aperture (Fig. 10b).

The nonlinear refractive index (n,) is calculated by
using the relation

Ad,
= kIOLeff

where k is the wavenumber i.e. k =2n/A, A, is the on-axis
phase shift.

The real and imaginary parts of the third-order nonlin-
ear optical susceptibility y* were determined using the
following formula*®-°

2

gocin?
Rey® — 10429, (&
x" (esu) - Ny W

£0C2n2 A
3) _ _2 0 0 cm
L,y (esu) =10 I ﬂ(—W )

where ¢, is the permittivity of free space, c is the velocity
of light in free space, n, is the linear refractive index of the
sample. The third-order nonlinear optical susceptibility is
calculated

169] = [ R (#9))" + (1 (22))2] "

From the closed-aperture Z-scan curve, the prefocal
transmittance peak is followed by the post-focal valley,
which is the sign of negative nonlinearity.’® As the material
has a negative refractive index, it results in defocusing the
nature of the material, which is an essential property for
the application in the protection of optical sensors such as
night vision devices.”’ A focal point, the beam waist diam-
eter (2w,) can be determined using the following equation®®

24( f
ne2()

where 4 is the wavelength of the laser (532 nm), f is the focal
length of the convex lens (103 mm) and d is the diameter of
the laser beam (4 mm). The beam waist radius (w,) is found
to be 8.73 pm. The thickness of the sample (L) was 1 mm
(holder inner diameter). The factor of Rayleigh length was
satisfied for this condition.

[=)S)

W
Zp=——
k=

Using the above formula, the Rayleigh length (Z;) was
calculated as 45 mm. The thickness of the sample must be
less than the Rayleigh length, and it was satisfied (L < Z).
Also, the second-order molecular hyperpolarizability (y) of
the grown 2.,4-dinitroanline single crystal is related to the
third-order bulk susceptibility as>

}(3

N

4
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TableV Nonlinear parameters of the 2,4-dinitroaniline single crystal

Parameters Measured values

1.34x10™" cm¥/W
3.61x 10 c/W
7.97% 10 esu
9.08%x 10" esu

Nonlinear refractive index (n,)

Nonlinear absorption coefficient (/3)

Real part of third-order susceptibility [R, (+**)]
Imaginary part of third-order susceptibility [/,

()
Third order nonlinear susceptibility (*) 9.11x10"3 esu

Second order molecular hyperpolarizability (y) 3.92x107 esu

The obtained y was found to be 3.92x10% esu, where ‘N*’
is the number of molecules per cm® and ‘f is the local-field
correction factor. The value of N* is obtained from the formula

oM
M

N*

where p is the density of the sample, N, is Avogadro number
and M is the mass of the sample (183.123 g/mol) and it was
found to be 5.30 x 10*! cm™.

According to the Lorentz equation,

2
F= (n5+2)
3 9
The obtained f value is 1.44. The coupling factor (p*) is
the ratio of the imaginary part [I,, ¥**'] to the real part [R,
7] of third-order nonlinear susceptibility

*

L%
b =

Ry

The value of p* was found to be 7.97x107'4,
The crystal is suitable for optical switches if the condi-
tions W> 1 and T < 1 are satisfied. W and T were evalu-

ated by the formula®®®!
_ ml
Tl
A
r=f4
ny

where n, is the nonlinear refractive index, /, is the irradiance
of the laser beam, a,, is the linear absorption coefficient, 3 is
the nonlinear absorption coefficient and A is the wavelength
of the laser source. The figures of merit were calculated
to be W= 9.4x102 and T=1.43. Since the conditions for
W and T were not satisfied, the grown 2,4-dinitroaniline
single crystal is inappropriate for use in optical switching
devices at a wavelength of 532 nm, but it may be used for
applications of holographic recording and two-wave mix-
ing.®! Using the Z-scan technique, the calculated nonlinear

@ Springer

parameter values of the 2,4-dinitroaniline single crystal with
a 532-nm Nd:YAG laser are shown in Table V.

Conclusion

The organic 2,4-dinitroaniline single crystal was grown
using acetone solvent by slow evaporation solution growth
technique. The single-crystal and powder XRD studies show
that the grown crystal belongs to a monoclinic crystal system
with the centrosymmetric space group P2,/m. FTIR and FT-
Raman spectral studies confirmed functional groups of the
grown 2,4-dinitroaniline single crystal. UV-Vis-NIR spectral
analysis shows that the 2,4-dinitroaniline single crystal is
transparent in the visible and near-IR regions and the cut-off
wavelength is around 447 nm. Using Tauc's plot, the opti-
cal band gap was calculated as 2.59 eV. The photolumines-
cence analysis shows that the high-intensity peak observed
around 532 nm exhibits green emission. The TG/DTA stud-
ies confirmed the melting and decomposition points of the
grown 2,4-dinitroaniline single crystal as 180°C and 345°C,
respectively. The values of kinetic parameters such as order
of reaction (n), activation energy (E), frequency factor (2),
enthalpy (AH*), entropy (AS*) and Gibbs free energy (AG*)
were calculated. The observed lower values of dielectric
constant and dielectric loss of 2,4-dinitroaniline may be suit-
able for NLO applications. The electronic parameters such
as plasma energy (hw,), Penn gap (Ej), Fermi energy (Ey)
and polarizability (a) were calculated. The third-order non-
linear studies show that the grown 2,4-dinitroaniline single
crystal exhibits negative optical nonlinearity.
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