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Abstract

4-Dimethylaminopyridinium 3,5-dinitrobenzoate (DMAPDNBA), a charge transfer complex, was synthesized and success-
fully grown by slow evaporation solution growth technique. Single-crystal X-ray diffractogram reveals that the material crys-
tallizes in orthorhombic system with non-centrosymmetric space group P2,2,2, with cell parameters a =5.92 A b=1377A,
c=18.64 A, and V=1519 A>. Powder XRD and FTIR spectral investigation were carried out to analyse the crystallinity of
the material and for assigning vibrations to identify the different functional groups existing within the material. The opti-
cal transmittance in the visible and near IR (400—-800 nm) regions with lower cutoftf wavelength of 227 nm, luminescence
spectrum, and the optical band gap of 5.45 eV sufficiently fulfilled the requirement for non-linear optical applications. The
thermal exploration analysis (TG-DSC) confirmed the stable nature of the compound up to 190 °C, and dielectric constant
measurement of the obtained sample enhanced the property of non-linear optical activity at higher frequencies. The mechani-
cal property of DMAPDNBA was evaluated using Vickers’s hardness test which confirmed that the material belonged to the
soft category. The frequency conversion efficiency of the grown sample was measured to be eightfold that of the reference
potassium dihydrogen phosphate, which exploits the potentiality of the charge transfer complex to be used as a promising
candidate for various laser-assisted NLO applications. Third-order non-linearity was measured adopting Z-Scan technique,
and the optical limiting/switching efficiency of the complex was verified with the optical limiting threshold value of 10.64 J/
cm? and figure of merit property, confirming the capability of the material for switching applications. The threshold value
of laser damage was found to be 1.74 GW/cm?. Theoretical investigations were performed using density functional theory
(DFT-B3LYP) approach to estimate and predict various linear and non-linear optical properties of the DMAPDNBA com-
plex. The first-order hyperpolarizability value of the DMAPDNBA molecule was found to be 19 times that of the standard
organic crystal, urea. In short, all the above findings designate the candidature of the charge transfer complex, DMAPDNBA,
for photonic applications.

Keywords Organic NLO crystal - Crystal growth - Linear optical properties - Non-linear optical studies - Optical limiting -
Quantum chemistry calculations
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categories of materials such as organic/inorganic oxides,
organometallic compounds, semiconductors and conjugated
polymers exhibiting good non-linear optical characteristics
have been reported [3, 4]. Recently, organic non-linear
optical (NLO) systems have gained wide exposure due to
the promising NLO response and higher stability reflect-
ing their suitability in second harmonic generations, optical
parametric oscillations and electro-optic modulation. It is
evident that the high non-linearity of the organic compounds
arises due to the delocalization of the electronic structure in
n-conjugated state with the appearance of electron-accept-
ing and -donating clusters on the either side of the system
and asymmetries in the z electron system which makes it
a highly polarizable entity demanded by most of the NLO
applications [1, 5, 6]. The concept of charge transfer (CT)
interactions originated by the exchange of charge between
donor and acceptor groups and the resulting intermolecular
hydrogen bonding (N*-H...O™) were first presented by Mul-
likan and it seems to be a most challenging interaction in the
field of photonics [7-9].

In the recent decade, pyridine and its derivatives play a
dominant role in technological fields, since they are used
as solvents and starting material for the synthesis of tar-
get compounds such as insecticides, herbicides, medicines,
vitamins, food flavourings, feed additives, dyes, rubber
chemicals, explosives, disinfectants and adhesives. One of
the outstanding pyridine compounds capable of executing
unbeatable CT process is found to be 4-dimethylaminopyri-
dine (DMAP), and crystal structure and properties of various
such salts of DM AP have been reported in the earlier litera-
ture [10—17]. Moreover, it is an acylation catalyst used in the
synthesis of agrochemicals and pharmaceuticals [18, 19].

Fig. 1 2D molecular structure of DMAPDNBA
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On the other hand, dinitrobenzoate compounds are of great
interest because of their biological activities. Among them,
3,5-dinitrobenzoic acid is a potential candidate with drastic
anti-creatinine properties and an effective reagent in radia-
tion treatments. Some synthetic dinitrobenzoic compounds
have shown useful properties in DNA and oligosaccharide
[20, 21]. Besides the promising use of pyridine derivatives
and dinitrobenzoate compounds for biological applications,
the significance of those derivatives for photonic applica-
tions remains unexplored. 4-Dimethylaminopyridinium
compounds linked with other aromatic rings of an organic
nature have been realized as an imperative tool in the sec-
ond harmonic generation (SHG) process, due to the absence
of phase transition and the challenging physio-chemical
properties [22-25]. Hence, the present study deals with the
investigation of the non-linear behaviour of a pyridine co-
related benzoic acid compound under various experimental
and theoretical characteristic properties.

In the attempts of growing new potential crystals for
device fabrication, in the present study we have grown a
new crystal 4-dimethylaminopyridinium 3,5-dinitrobenzo-
ate (DMAPDNBA) by a slow evaporation solution growth
technique in which the charge transfer takes place between
4-dimethylaminopyridine and 3,5-dinitrobenzoic acid which
paves the way for the formation of an organic non-cen-
trosymmetric charge transfer complex. Here the OH group
in the 3,5dinitrobenzoic acid has protonated the nitrogen of
4-dimethylamino pyridine, i.e. a proton in the donor group
is transferred to the base and bonded together to form an
intermediate compound. On the basis of this, the growth,
structural elucidation, electrical, thermal, mechanical and
non-linear studies of the mixed crystal DMAPDNBA are
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discussed in detail along with the quantum computational
background employing density functional theory (DFT)
using the 2D optimized geometry of the compound (Fig. 1).

2 Experimental procedure
2.1 Material synthesis

The title compound was synthesized by taking equimolar
ratio of 4-dimethylamino pyridine (DMAP) and 3,5-dini-
trobenzoic acid (DNBA) in ethanol. The saturated solution
of the mixture was prepared and stirred vigorously about
6 h and the resultant yellow coloured solution was filtered
off using Whatman filter paper and placed in a dust-free
atmosphere for slow evaporation. Small yellow colour nee-
dle-shaped seed crystals of 4-dimethylamino pyridinium-
3,5-dinitrobenzoate (DMAPDNBA), suitable for single-
crystal XRD was observed within a week.
The reaction mechanism involved is as follows:

2.2 Solubility of the material

Good quality optical crystals can only be obtained under an
optimized growth process. The optimization criteria can be
achieved by analysing the solubility of the material under a
suitable solvent. To get the solubility data, initially a bulk
amount of the compound was synthesized and stored in the
crushed form. A small amount of the prepared compound
was dissolved in 100 ml of water at 30 °C by consequent
stirring employing a constant temperature bath with a tem-
perature accuracy of about+0.01 °C and about 5 ml of the
clear solution was pipetted out into a Petri dish of known
weight. The solubility of the material in 5 ml of water was
then determined gravimetrically by allowing the solvent to
evaporate completely to weigh the mass of the remaining
solute. The process was repeated at 30 °C with ethanol as
the solvent. The solubility curve was plotted for the material
with water and ethanol as a function of different tempera-
tures ranging from 30 to 50 °C as in Fig. 2.a. The depicted
figure reveals that the material holds positive temperature
coefficient, since the solubility of the material increases
with increase in temperature. But for the growth procedure,
ethanol was chosen to be the appropriate solvent because the
solubility of the material in water lags from the solubility in
ethanol by a large quantity.
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Fig.2 a Solubility curve of DMAPDNBA crystal, b as-grown single
crystals of DMAPDNBA

2.3 Crystal growth

The supersaturated solution of DMAPDNBA compound
was prepared in accordance with the solubility data
(10 g/100 ml) in ethanol at 30 °C. The obtained solution
was filtered and covered off with perforated polythene cover
and placed in a vibration-free atmosphere for slow evapora-
tion at room temperature to initiate the nucleation process.
The first speck of nucleation was observed within 2 days
and yellow-coloured single crystals of significant dimension
were harvested in about 15 days from the mother solution.
To obtain superior quality crystals of the required dimen-
sion, single crystals of DMAPDNBA were further purified
by consecutive recrystallization with acetone and crystals
of dimension (8#2*1) mm?® were harvested within few days.
The grown crystal of DMAPDNBA is as shown in Fig. 2b.
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2.4 Characterization techniques

Single-crystal X-ray diffraction (SXRD) studies were carried
out using ENRAF-NONIUS CAD4 diffractometer software
for evaluating the structure and cell parameters of the formed
charge transfer complex. Powder X-ray diffraction (PXRD)
pattern was obtained using Cary 630 with ATR-Agilent
technologies to determine the purity and crystallinity of the
obtained DMAPDNBA complex. Fourier transform infrared
spectrum (FTIR) was observed through Rigaku Miniflex 600
setup for confirming the various vibrations corresponding to
the functional groups present in the material. Thermogravi-
metric and differential scanning calorimetric (TG&DSC)
curves were obtained via the NETZSCH STA 449F5
STA449FSA-0231-M thermal analysis system to examine
the thermal stability of the complex. UV-Vis—NIR spec-
trum and emission spectrum recorded by Varian Carry 5000
spectrophotometer and Shimadzu Spectrofluorophotometer
to confirm the translucence and fluorescence behaviour of
the obtained intermediate compound. LEITZ WETZLER
microhardness tester with diamond pyramidal indenter was
used to establish the mechanical stability of the material and
Kurtz Perry powder technique was employed to confirm the
non-linearity of the non-centrosymmetric complex. Dielec-
tric measurements were executed by HIOKI 3532 LCR HIT-
ESTER arrangement and the Z-Scan setup was exploited for
determining third-order non-linear parameters of the sample.

2.5 Quantum computational calculations

Theoretical approach facilitates the ground state optimiza-
tion of molecular geometry for estimating the chemical reac-
tivity of the molecule by frontier molecular orbital analysis,
electrostatic potential effects through a three-dimensional
electrostatic potential plot and the NLO activity of the sys-
tem with the electronic properties such as dipole moment,
polarizability and hyperpolarizability. In the present sce-
nario, the conventional hybrid DFT functionals and ab ini-
tio HF level of theory was utilized under 6-31G"d(p) basis
set with Gaussian 09 program package as the mathematical
tool for establishing the computational details of the title
compound, DMAPDNBA.

3 Results and discussion
3.1 Crystallographic studies
The grown crystals of the charge transfer complex, DMAP-
DNBA was subjected to single-crystal XRD to determine
the unit cell parameters, crystal structure and the space

group. The obtained XRD data were further analysed using
ENRAF-NONIUS CAD-4 diffractometer to compare those

@ Springer

Table 1 Comparative study of the cell parameters and structural data
with the reported literature

Crystal data Present study Reported [26]
aA) 5.92 5.89
b(A) 13.77 13.77
cA) 18.64 18.62
a () 90.00 90.00
£ 90.00 90.00
) 90.00 90.00
Cell volume ((A)%) 1519.0 1509.7
Crystal system Orthorhombic Orthorhombic
Space group P2,2,2, P2,2,2,
8000 3
7000
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Q
2 4
£ 5000
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Fig.3 Powder XRD pattern of the DMAPDNBA complex

parameters with that of the reported literature [26] as shown
in Table 1. It was thus confirmed that the crystal crystal-
lizes in the orthorhombic system with P2,2,2, as the non-
centrosymmetric space group.

Powdered sample of DMAPDNBA was scanned over an
angular range of 0° to 70° in steps of 0.02° for a time inter-
val of 2 s to determine the crystallinity and the purity of the
grown complex. The analysis was performed using CuKa
(A=1.5148 A) radiation and the sharp specks corresponding
to each 20 angle illustrated in Fig. 3 confirm the crystalline
nature of the complex thus obtained. The possible reflec-
tions can be found out using the relation (Eq. 1) connecting
interplanar spacing (d) and the Miller indices (hkl) for the
orthorhombic crystal system.

1 [rr 2P
PR M

Powder X-ray diffraction data of DMAPDNBA enables us
to understand the crystalline behaviour of the grown crystal
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by verifying various features such as crystallite size of the
material, degree of crystallinity embedded within the grown
crystal, dislocation density and the microstrain effect of the
DMAPDNBA crystal.

The crystallite size of DMAPDNBA was determined
using Debye—Scherrer’s relation:

K
~ Pcos@’ @)

where k=0.9, A=1.5405 A and p reflects the full width at
half maximum (FWHM) value. The maximum peak inten-
sity was found to be at the glancing angle, 26 =21.029°,
and correspondingly the size of DMAPDNBA crystal was
estimated to be 142 A. The obtained value was then con-
firmed from the Hall Williamson plot and found to be in
close agreement with Debye—Scherrer’s findings. The dislo-
cation density of DMAPDNBA crystal lattice was obtained
from the equation:

1

= 3

The occurence of strain within the lattice was observed and
calculated from the Hall Williamson relation as follows:

1
sin @

A

€= [ﬁcosH—B]. )
The determined value exactly matches with the slope of the
linear fitted region of the plot with fcos 6 versus sin 6 (Fig-
ure 4). The percentage of crystallinity of the grown DMAP-
DNBA crystal was also evaluated and noticed to be 43%.
The above said crystallographic parameters designate the
sample as a typical crystal towards non-linear optical appli-
cations. The structural parameters of DMAPDNBA crystal
are exhibited in Table 2.

y=a+bx
No Weighting
dual Sum  9.81627E-10

0.00570

earson's. -0.98753
Adj. R-Square 097108

Value Standard Error
Intercept 000577 1.12439E-5

0.00565 & Stope 77554 63620765

| !
~n.

0.00560

BCos6

0.00555

0.00550
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Sino

Fig.4 Hall-Williamson plot with ficos 6 versus sin 0

Table 2 Structural parameters of the DMAPDNBA crystal

Crystallographic parameters Values
Maximum peak (20) 24.61°
FWHM (B) 0.33(°)

Debye—Scherrer equation: 243 A
Hall-Williamson plot: 173 A
0.17%#10'% g/cm?

Hall-Williamson equation: —0.003
Hall-Williamson plot: —0.002
Degree of crystallinity 64%

Crystallite size

Dislocation density ()

Microstrain (e)

3.2 FTIR analysis

The FTIR spectrum of the charge transfer complex was
recorded using Rigaku Miniflex 600 spectrophotometer in
the frequency range of 4500 to 500 cm™'. It is based on the
principle that the molecules within the material absorb cer-
tain IR radiations corresponding to the frequencies required
for executing vibrations and pave the way for a change in the
net dipole moment exhibited by the absorption bands [27].
The IR spectrum obtained (Fig. 5) for the CT complex was
then compared with that of the donor and acceptor spec-
tra to confirm the formation of the newly charged complex.
The methyl and hydroxyl groups in the spectrum act as the
electron-donating groups, whereas the C—N groups on the
pyridine ring and nitro groups act as the electron-accepting
groups. Hence, the introduction of specific functional groups
at the reactive active sites of 4-dimethylaminopyridinium
3,5-dinitrobenzoate (DMAPDNBA) reduces the 7z—x inter-
molecular stacking of molecule. The formation of electron
push—pull structure enhances the intermolecular charge
transfer mechanism, which decreases the band gap energy
of the DMAPDNBA molecule and thereby provides better
NLO responses (Table 3).

3.3 Thermal studies

Thermal analysis is a technique which helps us to study
about the thermal stability of a material by analysing the
change of the state of the obtained compound as a function
of temperature. Here, the samples of DMAPDNBA were
taken in an Al,O; crucible with a microprocessor-aided
temperature control setup and the analysis were carried out
within the ambient temperature 500 °C at a heating rate of
10 °C in the nitrogen flux and the profile is exhibited in
Fig. 6. From the thermogravimetric (TG) curve, the absence
of endothermic or exothermic peaks below 190 °C shows a
clear elucidation of the stability of the compound without
any change of state before melting and it can be confirmed
that the sample is free from physically adsorbed water. This
higher range of stability reveals the purity as well as the
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Fig.5 FTIR spectrum of the
DMAPDNBA complex
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Table 3 Vibrational

. ; Wavenumber (cm™!)
assignments of various

Tentative assignments

functional groups of the
DMAPDNBA complex

3428
3096
3043
2590, 2520
2110
1988
1630
1533

Characteristics of OH stretching vibration

Aromatic C—H stretching of nitrogen heterocyclic compounds

CH; asymmetric stretching mode

Symmetric and asymmetric stretching vibration of the CH; group

Combination band of the aromatic ring

C=O0 stretching vibration

C—C stretching, plane bending of N-C-H and stretching of C-N in pyridine rings
Stretching of N-C, plane bending of N-C—H, stretching of C—C and plane bend-

ing of C—H in pyridine rings

1438
1342
1220
1054, 905
801

713

512

O-H in plane bending mode

C—C stretching mode coupled with C-H in plane bending mode

N-(CHy), stretching vibrations with a coupling of Ph, ring C-C stretching modes
CH; rocking mode of methyl group

NO, scissoring when conjugated to C—C or aromatic molecules

Wagging mode of NO, group

Rocking mode of NO, group and asymmetric deformation of phenyl ring

perfection of the compound. The thermogram exhibits a sin-
gle-stage weight loss after the melting point (190 °C) up to
338 °C which reflects the decomposition of the crystal into
smaller fragments by the evolution of the volatile substances
such as CO,, CO, NO, and NH;. The differential scanning
calorimetric (DSC) study reveals that the sharp endothermic
peak at 191.71 °C confirms the melting point of the complex
with that of the TG curve, proving the superior quality and
crystallinity of the synthesized sample, whereas the broad
endothermic peak at 332 °C holds the complete decomposi-
tion of the material leaving the residue. It can therefore be
concluded from the thermal analysis that the lattice forces
are much stronger than the bonding forces, which moulds the

@ Springer

material to be stable enough to withstand the changes due to
thermal energy and results in a higher protonation between
the donor and acceptor groups [28].

3.4 UV-VIS-NIR spectrum analysis

UV-visible-near infrared electronic absorption and trans-
mission spectrum shown in Fig. 7a, b was obtained by scan-
ning the sample over the wavelength range of 200-800 nm
using Varian Carry 5000 spectrophotometer. This data helps
us to get an idea about the activation energy required for
the electronic excitation as well as the strength of the basic
bonding present within the material. Large charge transfer
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Fig.6 Thermal degradation pattern of the DMAPDNBA complex

with fever dislocation density within the material is con-
sidered as the essential criterion to achieve promising opti-
cal transparency in organic NLO crystals. The lower cutoff
wavelength and a large transparency in the UV-VIS region
seems to be a vital requirement for NLO crystals to be used
in optoelectronic applications, laser threshold applications
and higher harmonic generations for practical applicability
[29, 30].The moderate absorption band that appears as a
hump at 227 nm near the UV region is mainly attributed to
the n—7* transition due to the presence of the NH, group
within the material and it also holds some basic informa-
tion regarding 7—z* electronic transitions occurring in the
aromatic ring of the phenyl group. Here, the absence of
absorption between 400 and 800 nm in the visible and near

160
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IR region strongly enables the system to be a probable aid
in generating hyperpolarizable potential for the frequency
conversion [31]. The percentage of transmittance is about
95% throughout the visible window, which recommends the
good optically transparent complex as an excellent candidate
suitable for laser-assisted non-linear optical applications.

3.4.1 Determination of absorption edge and optical band
gap energy

The fundamental absorption observed in the UV-VIS—-NIR
spectra corresponding to the electron excitation between the
valence band and conduction band helps us to determine the
nature and value of the optical band gap using the relation:
E, = i;l() eVv. (5)
For a lower cutoff wavelength of 227 nm, it was found to be
5.46 eV. The direct optical band gap energy of the grown
DMAPDNBA complex can also be calculated exploit-
ing the dependence of photon energy(hv) upon absorption
coefficient(a) supported by the equation:

(ahvy’ = A*(hv - E,), (6)

where @ =2.3036*A/t with ‘A’ as the absorbance of the
material. By extrapolating the straight line graph plotted
between (ahv)? and E, (eV) as in Fig. 8, the direct optical
band gap energy was found to be 5.45 eV which agrees well
with that of the value obtained via the absorption spectrum.

The linear optical parameters such as refractive index (n),
optical reflectance (R) and electric susceptibility(y,) of the
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Fig.7 a Absorption spectrum and b transmission spectrum of the DMAPDNBA complex
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Fig.8 Tauc’s plot for deter- 35000
mining optical band gap of the _
complex, DMAPDNBA 20000 E, = 5.45eV
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Table 4 Optical parameters of the DMAPDNBA crystal material can be estimated by performing the following for-
- mulations and the obtained values are shown in Table 4:
Optical parameters Values
4
Cutoff wavelength (1) 227 nm n (Eg —0.365) = 154, 7
Band gap energy (E,) 5.45eV
Transmittance 90% (n—1)?
Refractive index (n) 2.35 = ma 8)
Optical reflectance (R) 0.16
Electric susceptibility (y.) 4.50 5
Ze=n*—1. ©)

3.5 Fluorescence studies

Photoluminescence study reveals the direct information about
the crystalline quality, structural perfection and physical

Fig.9 Fluorescence spectrum
of the DMAPDNBA complex
P 20000 1 A, =273.6nm
S 15000 -
o
]
2
c
g 10000
L
>
=
7]
c
& 5000 -
£
0 -
T T T T T T T T T
250 260 270 280 290 300

Wavelength (nm)
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properties of materials apart from the fluorescent property,
since the intensity of the curve strongly depends on those
parameters [32]. The luminescence property will be suffi-
ciently exhibited by materials having defect-free lattice sites
and aromatic rings with prolonged conjugated double bonds
[33]. Here, the luminescence spectrum (Fig. 9) was obtained
with the excitation wavelength of 227 nm, cross matched with
the UV-VIS-NIR spectrum and the Tauc’s plot, and the cor-
responding emission spectrum was recorded in the wavelength
range of 250-300 nm which results in a sharp intensified emis-
sion peak near the UV region at 273.6 nm. The absence of
visible emission bands in the luminescent spectrum agrees
well with the UV spectrum showing no significant absorption
near the second harmonic generation (SHG) signal, one of the
prominent properties which must be satisfied by all non-linear
optical materials [34].

3.6 Microhardness analysis

The hardness of the grown DMAPDNBA was examined by
using Vickers microhardness tester employed with a pyramidal
indenter. It seems to be a prominent technique to estimate the
mechanical stability of the material which in turn provides
an idea of elastic constants and yield strength [35, 36]. The
well-polished crystal was placed over the microhardness tester
and was subjected to various loads ranging from 20 to 100 g
and an indentation mark was made on the surface of the mate-
rial using a diamond-shaped indenter. To obtain the hardness
of the material, the average diagonal length of the indenter
pierced into the crystal surface of the sample was measured
using Leitz Metallax IT Microscope. As the load increases, the
hardness number also increases up to 60 g obeying reverse
indentation size effect (RISE) and beyond 60 g internal stress
was generated within the material due to indentation [37].
Above 60 g, crystals start undergoing deformation leaving
dislocations in the form of cracks near the indentation sites.
The maximum extent up to which a material can hold elasticity
or can withhold microcracks can be defined as the hardness of
a particular material to deformation. The entity used to explain
that property is termed as the hardness number of a material.
Figure 10 explains how this property is related to the applied
load and is expressed as;

H = 1.8544P.

=5 (10)

Here, P and d refers to the applied load (g) and diagonal
length (mm), respectively.

Onitsch [38] and Hanneman [39] proposed a co-relation
connecting the applied load (P) and the diagonal length of
impression(d) as

P = ad". (11)
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Fig. 10 Variation of hardness of the complex DMAPDNBA with that
of the applied load

2.0

Meyer's index, n = 2.43

log P(gm)
AN

log d um)

Fig. 11 Meyer’s plot of the grown DMAPDNBA crystal

Here, ‘a’ is the constant of proportionality and ‘n’ is
termed as the Meyer’s index number. It can be rearranged
using the logarithmic function as

log P =log a+ nlogd. (12)

Meyer’s number was then calculated from the plot of log P
versus log d and the slope of the curve by least square fitting
gives the value of ‘n’ as 2.43 for the DMAPDNBA mate-
rial. Since the obtained value of ‘n’ for the grown complex
is greater than 1.6, it confirms that the obtained compound
belongs to the category of soft material [39—42] (Fig. 11).
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Table 5 Mechanical parameters of the DMAPDNBA crystal

Mechanical parameters

Values

Hardness number (H,)
Meyer’s index(n)
Stiffness constant
Yield strength (Gy)

26.13 kg/mm?

243
(C,p) 3.01%10* N/m
13.48 kg/mm?

The mechanical stability of the DMAPDNBA crystal
can be ensured through certain parameters such as stiff-
ness constant and yield strength (Table 5). The values
corresponding to the hardness number and the behaviour
of those parameters with the applied load are illustrated
through Fig. 12a, b.

7
C, = H) 4, (13)
n-2)

G -n)[12.50-2)]"
= Hon>2, 14
T 29 [ G-n) ] v (14)
HV
o =L n<?2. (15)

3.7 Dielectric studies
The dielectric behaviour of the material gives information

regarding the lattice dynamics of the crystal by analysing
the distribution of the electric field within the material [43].

3.1
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The cut and polished crystals of the as-grown charge trans-
fer complex electroded with silver paste were subjected
to dielectric studies using HIOKI 3532 LCR HITESTER.
Mostly, the organic compounds exhibit promising dielectric
response at low frequencies. From the observed value of
parallel capacitance, the dielectric constant was calculated
using the expression:

C,d

Dielectric constant, e, = —.
£0A

(16)

The variation of the calculated dielectric constant of the
sample with log of frequency for various temperatures is
plotted in Fig. 13. From the graph, it can be noticed that
there is a rise in the dielectric constant value at the low-
frequency region/high temperature attributed to four types of
polarization mechanisms, namely electronic, space charge,
dipolar and ionic polarizations, within which the distortion
of space charge plays a vital role [44, 45], and low dielectric
constant values in higher-frequency regime/lower tempera-
ture tend to redistribute the lattice defects and thereby result
in a screening effect [13]. But only a marginal change was
observed due to the negligible thermal activation and stable
positions of the lattice charges. In other words, it can be
very well understood that the value of dielectric constant
decreases exponentially and thus attains a constant value
at higher frequencies independent of the temperature. This
constant value at higher frequency reveals the superior opti-
cal quality of the material which can be effectively employed
for various NLO applications [46—48]. In general, the dielec-
tric constant follows a periodic trend in their nature with
temperature at varied frequencies. From the plots, it can be

13.5 1 i

13.0 1 /
1254 /

120 /
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11.0 4 u

20 30 40 50 60
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Fig. 12 a Variation of stiffness constant (C;;) and b variation of yield strength (o) with the applied load (P)
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Fig. 13 Variation of dielectric
constant with the log of the
applied frequency

inferred that the conduction mechanism occurs by proton
hopping via hydrogen bonds or by ions over the barrier
between two sites.

3.7.1 Determination of solid-state parameters

The electronic polarizability can be evaluated exploiting two
approaches, namely Penn gap analysis and Clausius—Mossotti
analysis. For executing the calculation process, primarily some
quantities such as valence electron plasma energy, Penn gap
energy and Fermi energy have to be determined. The valence
electron plasma energy is related by

ho, = 28.8y/ 22,
M

where Z is the total number of valence electrons in the
DMAPDNBA crystal, p is the density of the sample, M is the
molecular mass of the crystal and @, is defined as the plasma
angular frequency. For the DMAPDNBA crystal, Z value
was estimated to be 126, p=1.471 g/cm® and M=334.29 g/
mol.

Thus, the Penn gap E,, and Fermi energy E; can be defined
as:

a7

Dielectric constant,e,

160

155

150 4

145 4

140 -

135

130

125

120

115 T T T T T T T

Log f (Hz)

P hwp

p \/ﬁ (13)

4
E; = 0.2948(ha,) /3. (19)

The polarizability (@) can be accounted from the Penn gap
approach as:

N Y,
— X

T 0.396 x 107> cm?,
(hwy)*S, + 3Ep p

(20)

where S, is a constant for any material,

E 11E,1°
So=1-[—|+=[=].
o= 3l
The electronic polarizability o can be found using the Clau-
sius—Mossotti approach as:

(25)

where N, is the Avogadro number. The obtained electronic
polarizability properties are exhibited in Table 6 and are

g—1
&+2

o= 3M
" 4zN,p

2y

Table 6 Electronic
polarizability parameters of the

DMAPDNBA complex

Polarizability parameters Present study KDP values
Electron plasma energy(jw,) 21.44 eV 17.33 eV
Penn gap energy (E,) 1.98 eV 2.39eV
Fermi energy (E;) 17.56 eV 12.02 eV

Polarizability (@) (Penn gap analysis)

Polarizability (a) (Clausius—Mossotti equation)

2.14%1072 cm?
2.18%1072 cm?

8.77*%107% cm’®
8.79%107% cm’®
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compared with the standard NLO material, potassium dihy-
drogen phosphate (KDP), for establishing the candidature of
DMAPDNBA crystal in laser-assisted optical technologies.

3.8 Laser damage threshold study

NLO crystals with high optical surface damage threshold
for longer duration are largely demanded by non-linear
optical operations such as electro-optic modulation, sec-
ond harmonic generation and terahertz wave generation
[49]. Hence, the ability of the material to withstand the
energy of the incoming laser radiation has to be strictly
verified. The property of surface damage mainly depends
on laser parameters such as the spatial profile of the pulse
(duration, width, energy) and on the interstitial factors
such as defects and dislocations within the crystal lattice
[50, 51]. Hence, the threshold value is defined to be the
lowest laser intensity that can be tolerated by the crystal
surface without getting damaged. The damage mechanism
originates from the simultaneously occurring effects such
as multi-photon absorption, avalanche ionization and
photo-ionization of the crystal due to thermal agitation
[49]. LDT measurement was performed under Q-switched
mode-operated Nd:YAG laser beam (single shot mode,
1064 nm, 9 ns, 10 Hz). The DMAPDNBA crystal was sub-
jected to laser beam energy ranges from 5 mJ to 53 mJ and
a small spot-like crack was observed on the sample surface
by the input laser intensity of 53 mJ. The corresponding
power density can be calculated using the expression:

Py= =, @)
where E is the laser beam energy (mJ), 7 the pulse width (ns)
and A is the area of the circular spot (z%) impinging on the
DMAPDNBA crystal during the measurement. The LDT

Table 7 Comparison of LDT Compound LDT (GW/em?)
values with standard materials

PNBPDA 1.74

KDP 0.20

Urea 1.50

value of the sample is compared with that of KDP and urea
as shown in Table 7.

The estimated LDT value for the crystal is 1.74GW/cm?,
which is far better when compared with the cutoff value for
the KDP and urea crystals. Hence, the present study reveals
the efficiency of the grown NLO crystal of DMAPDNBA for
its usage in photonic devices where laser damage threshold
value has a challenging character.

3.9 Second harmonic generation studies

In the present study, the efficiency of the SHG was evaluated
using Kurtz and Perry powder technique and this measure-
ment helps us to find materials suitable for executing non-
linear optical operations. Here, a fine powdered sample of
the grown crystal was filled in a capillary tube and placed
in the path of a Q-switched Nd:YAG laser of wavelength
1064 nm, which serves as monochromatic laser beam with
input energy of 0.69 J holding frequency and pulse repetition
rate of 10 Hz and 10 ns, respectively [52]. The presence of
SHG signal (2w) was thus confirmed through the emission
of a green light of wavelength 532 nm and hence the value
of effective susceptibility of the DMAPDNBA complex was
determined to be same as that of the inorganic reference
material, potassium dihydrogen phosphate (KDP), under
consideration. It was calculated by evaluating the output
voltage obtained through the analysis, i.e. 30 mV for KDP
and 0.24 V for the DMAPDNBA material, as well as the
output of organic urea was found to be 75 mV with which
we can infer the frequency conversion of DMAPDNBA
with that of urea as 3.2 times. The presence of non-linearity
within the material might be due to the asymmetric distribu-
tion of z-electron cloud density. This structural modification
resulting from the intermolecular charge transfer between
the methyl groups and phenyl groups inhibits the strength
of dipole interactions and thereby enhances the non-linear
behaviour of DM APDNBA material [53] (Table 8).

3.10 Z-scan measurement

Third-order non-linear measurements were conducted by
the most sensitive Z-scan technique proposed by Bahae

Table 8 Comparison of the
SHG value of the DMAPDNBA
crystal with some reported
pyridine derivatives

Some Pyridine derivatives SHG values
(as multiple of
KDP)
4-Dimethylaminopyridine copper chloride 0.47 [14]
4-Dimethylaminopyridine potassium chloride 2-aminopyridine 0.60 [15]
4-Dimethylaminopyridine potassium chloride 0.69 [16]
4-Dimethylaminopyridinium-3,5-dicarboxybenzoate 0.89 [17]

4-Dimethylaminopyridinium 3,5-dinitrobenzoate

8 [Present work]
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et al. [54]. Materials possessing significant third-order
optical non-linearity with ultrafast response time are chal-
lenged by the optoelectronic applications such as during
the fabrication of lasers, optical switching, computing and
limiting [51]. To perform the Z-scan experiment, the sam-
ple solution of 0.01 M concentration filled in a cuvette was
translated through the focus along the z-direction using a
computer-controlled setup. The corresponding transmitted
pulse energy with (closed aperture) or without (open aper-
ture) a far-field aperture was recorded by the photo detec-
tor and the intensity was measured digitally. Thus, the
Z-scan trace can be defined as the profile of the transmitted
intensity that passes through the sample as a function of
the sample position [51]. In the open aperture method, the
entire transmitted laser beam was caught by the detector
to evaluate its non-linear absorption coefficient, while an
aperture will be placed between the lens and the detector
in the closed aperture arrangement to determine the non-
linear refraction of the grown DMAPDNBA crystal.

The non-linear absorption coefficient of the crystal is
evaluated by fitting the experimentally obtained open aper-
ture curve with the transmission equation obeying a two
photon absorption process:

i {-90z0)}"

m=0| [m+ 1172

Tzs=1)= Jao] < 1, (23)

where g4(z,0) = ply()Ly and Ly = U= is the effective
thickness of the sample with the linear abgorption coefficient
a and I is the incoming intensity of the laser beam at the
focus. Hence, the non-linear absorption coefficient can be
determined by:

QO(Z9 0)

B NG @4

The imaginary part of the third-order susceptibility ImXG)
was formulated from f§ through the relation:

(lO‘zeOn(z)cziﬁ)

= (cm/W), 25

Im ;((3)(esu) =
where ¢, is the permittivity of free space, n, is the linear
refractive index and c is the velocity of light in vacuum.
The non-linear refractive index of DMAPDNBA compound
was investigated by performing closed aperture Z-scan tech-
nique. The normalized transmittance 7(z) is given by:

4A@yx

T@Ae) =1- g v

(26)
where A¢, is represented as the on-axis non-linear phase

shift and x is defined as z/z,. The non-linear refractive index
n, of the DMAPDNBA complex can be estimated as

Apyi

"= L @7)

Tp—v
0.406(1-5)025
as the difference between the peak (7,) and valley transmit-

tance (7,) values. The linear transmittance in a closed aper-
ture approach ‘S’ is connected by the relation:

S=1-exp (‘2”5/0)2).

The real part of non-linear susceptibility, Re ¥, is provided
by the relation:

where Ap = .The evaluated AT|,_, is expressed

—4 2.2
(07 eiem) 2w 28)

Re,yo)(esu) =
The third-order non-linear susceptibility, XG) was calculated
from the relation:

1
7® = [Rey®) + (Imy ] 2. (29)

Various properties of the materials like focusing nature and
refractive index character can be identified from the open
and closed aperture plots of the Z-scan experiment. Here,
the open aperture Z-scan transmittance curve (Fig. 14a) of
the DMAPDNBA sample exhibits minimum transmittance
when translated towards the focus (z=0) and the intensity
goes on increasing when moved away from the focus. This
represents the reverse saturable absorption (RSA) phenom-
enon, probing positive value for the non-linear absorption
coefficient. The RSA effect has been noticed in z-conjugated
organic materials [55] and the occurrence of this behaviour
is mainly attributed to the multi-photon absorption (MPA)
process and excited state absorption (ESA) effect, reflect-
ing the population dominance in the area of cross section
of higher state when compared to the ground state [56, 57].
On the other hand, the closed aperture curve (Fig. 14b)
facilitates the grown crystal to have non-linear refraction of
positive nature, illustrated by a valley followed by a peak,
and demonstrates the self- focusing (n, > 0) signature of the
DMAPDNBA material.

The second-order hyperpolarizability, Y, of the sam-
ple is related to the third-order susceptibility through the
equation:

' (30)

where N is the molecular number density in cm?®. This
enhanced values of @ and Y" of the DMAPDNBA com-
pound recommend its resourceful efficiency that can be
consumed by non-linear optical devices. A new factor that
facilitates the non-linear response is termed as the coupling
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factor (p) and is expressed in terms of the imaginary part of
7 and the real part of ¥, as follows:

Imy®
p= :
Re0)

€29

Optical resolution of Z-scan setup

Laser excitation wavelength (1) =532 nm

Focal length of the lens used (f)=10 cm

Beam waist radius (w,)=1.5 mm

Aperture radius (r,)=1 mm

Effective thickness of the sample (L) =0.995%¥10> m
Incident intensity at the focus (I,)=7.011%10"* W/m?
On-axis phase shift at the focus (Ag,)=0.727

Linear refractive index (n) =3.635
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range of about 0—50 J/cm?. The non-linear transmittance was
observed to be decreasing at 10.645 J/cm? and this particular
value of input fluence is termed as the threshold intensity of
the optical limiting. Optical limiting threshold value can be
defined as the minimum input intensity demanded by the
laser beam to execute the deviation from non-linearity (to
decrease the transmission intensity) and thereby reducing
the highly intensified output power causing irritation to the
naked eyes and sensitive instruments. The lower the thresh-
old value, the better will be the optical limiting behaviour of
the material. The optical limiting plot as depicted in Fig. 15
is extracted from the open aperture z-scan data through the
relation:

I
L= S
2
1+ (%)
0
where [, = — and E represent the laser beam energy in
0
joules.

The low O;; value of the DMAPDNBA sample of
10.645 J/cm? illustrates the significant optical limiting nature
of the material which plays a key role in most of the recently
discovered optoelectronic devices.
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The optical switching performance of the material can be
predicted by estimating the figure of merit (FOM) parameter
supported by two photon absorption theory given as:

202
F= s (32)
where A is the Z-scan operating wavelength (532 nm).

The magnitude of F'> 1 seems to be the essential criteria
for the material to be used in optical integrated devices. The
evaluated value of FOM is 5.84, which is very much larger
than the numerical value 1. Hence, the developed crystals
of DMAPDNBA offer fascinating applications in the opto-
electronics domain (Table 9).

3.11 Quantum computational analysis
3.11.1 Molecular geometry

The optimized geometry of the title compound was obtained
from the crystallographic information file (CIF) available
with the reported literature. The derived geometry was then
visualized with Chemcraft [59] software and further inves-
tigations were carried out under density functional level of
theory (DFT) with B3LYP/6-3 lG*d(p) basis set functional-
ism using Gaussian 09 software.

3.11.2 Frontier molecular orbital (FMO)/HOMO-LUMO
analysis

Frontier molecular orbital analysis helps us to explore
various properties of molecules including chemical sta-
bility/chemical reactivity and charge transfer interaction
between the molecules which paves the way for a better
understanding of the NLO response of a material [60].

Table 9 Non-linear optical parameters of the DMAPDNBA com-
pound from Z-scan study

Non-linear optical properties Values

SHG efficiency 8 times that of KDP
LDT at 1064 nm 1.74 GW/cm?
Non-linear absorption coefficient () 4.83*%10712 m/W

8.79%1071° m¥W
6.86%10713 esu
29.50%10713 esu
30.28%107"% esu
7.60%10734 esu

Non-linear refractive index (n,)
Imaginary part of susceptibility (Im(y*>))
Real part of susceptibility (Re(y*))
Third order non-linear susceptibility (4*>)
Second-order hyperpolarizability (Y)

Coupling factor (p) 0.23
Optical limiting threshold (O; 1) 10.645 J/cm?
Figure of merit (FOM) 5.84

The FMO calculation is carried out based on the exci-
tation of an electron from the highest occupied molecu-
lar orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO). In the DMAPDNBA sample, the pyridine
moiety of dimethylamino group act as the electron donat-
ing group whereas the benzoic acid moiety in dinitroben-
zoic acid molecule act as the electron withdrawing group.
The HOMO-LUMO separation will be then evaluated for
predicting the efficiency of proton transfer interaction and
thereby concluding the occurrence of molecular polariz-
ability which primarily serves as the cause of non-linear
behaviour within the molecules [61]. The energy gap was
found to be 3.484 eV. The smaller HOMO-LUMO energy
gap characterizes less stability and more reactivity prop-
erty of the molecule which enhances the molecular polar-
izability through an efficient charge transfer interaction.

3.11.3 Molecular electrostatic surface potential (MESP)
analysis

MESP serves as a key feature in computational analysis
to examine the electronic and protonic charge distribution
produced by the total electron density within the molecule
[62]. This three-dimensional plot of electrostatic effect
reflects the polarity, dipole moment and the chemically
reactive sites extended over the molecule [61]. The organic
molecules under delocalized pi electron perspective are
found to be significantly influenced by the external optical
fields, since the delocalized orbitals are extended over the
entire molecular structure giving rise to large polarization
[62]. The most positive electrostatic potential region is
represented by blue colour, which indicates the electron-
deficient site encouraging nucleophilic attack. On the other
hand, red colour represents the electron-rich zone, which
serves as the most negative potential region related to
the electrophilic nature of the molecule, and the charge-
depleted or the zero potential sites are pictured by green
code which acts as the medium for the charge transfer
interaction. Here, the most negative potential is extended
over the dimethylamino groups of the pyridine moiety
and the most positive potential region is illustrated by the
oxygen atoms in the benzoic acid group. There is possi-
bility of proton transfer mechanism taking place between
the dimethylamino component of the electrophilic group
and the oxygen atoms located in the nucleophilic site of
the 3,5-dinitrobenzoic molecule. The resultant interaction
strongly agrees with the NLO activity exhibited by the
molecule as confirmed through the HOMO-LUMO stud-
ies (Fig. 16).
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Fig. 16 a Optimized geometry, b FMO analysis, ¢ pictorial representation of MESP

3.11.4 Non-linear optical property calculations

The quantum computational calculations were conducted
to measure the theoretical values of NLO parameters of
the DMAPDNBA molecule. Various non-linear elec-
tronic properties such as electric dipole moment, electric
polarizability and hyperpolarizability were exploited to
understand the structure—property relationship of a mol-
ecule attributed to its NLO characteristics. This non-lin-
ear optical response of the system is directly linked with
the intramolecular charge transfer interaction originated
from the drifting of an electron cloud from an electron-
donating group to the electron-withdrawing group through
an efficient pi-conjugated bridge framework [62]. All the
above-mentioned electronic properties were then evaluated
theoretically under gaseous phase background to verify the
strength of the non-linear optical activity of the molecule.
Here, the organic molecule, urea, is selected to be the pro-
totypical molecule in comparing the non-linear properties
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of the molecular system, since it plays a vital role in non-
linear studies.

1
Dipole moment, y = (4> + /4}2, + uzz) /2, (33)

(ay, + ay, + a.)

3 , (34)

Polarizability, a =

. . .- 2 2 2 1/
First - order hyperpolarizability, f = (B + f; + B,) 2,
(35
where g, = p,,, + ﬁxyy + ﬁxzz’ ﬁy = ﬂyyy + ﬂyxx + ﬁyzz

andﬁz = ﬁZZZ +ﬁzxx+ﬁzyy‘
Second-order hyperpolarizability:

1
y = g(yxm + Yoy T Vazze + 2y + 2Viaze + 20352 (36)
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Table 10 Non-linear optical Dipole moment () components (Debye, D)

components of DMAPDNBA

molecule B3LYP/ HF/
Hy 12.326 —12.034
Hy —0.431 0.570
u, 0.004 0.004

Ui (Debye) 12.325D 12.047D
Linear polarizability (o) components (atomic unit, a.u)

B3LYP/ HF/

Ay -102.294 —112.864
ay, —152.756 —158.660
a, —135.470 —138.916
Ay 1.563 1.064
Ay, 0.046 —0.060
a,, 0.004 —0.004
Qo (A1) —130.173 a.u —136.8133 a.u
Ao (€51) —1.953%107B esu —2.052%10"esu
First-order hyperpolarizability () components (atomic unit, a.u)

B3LYP/ HF/
P 701.381 —708.597
Py 0.661 1.032
P 0.021 0.022
Py 132.193 —158.525
Py 10.456 —6.077
P 0.176 0.187
Pz —38.597 40.262
Py 0.963 —1.002
Byy: -0.019 -0.024
Py 0.001 0.001
b 620.314 687.791
Py 48.421 —47.535
b, —-9.703 12.63
Brotar (2.0) 795.069 a.u 826.882 a.u
Brotar (e50) 6.869%107%su  7.144%107*%su
Second-order hyperpolarizability (y) components (atomic unit, a.u)

B3LYP/ HF/
o -15,218.779 —15,953.062
Vyyyy —2700.957 —2796.225
Yoz -136.173 —142.986
Yirwy 199.559 200.841
Yoz 2517 —2.767
Vyyyx —7.438 —14.256
Yyyye 0.026 —0.031
Vazex —-0.034 0.025
Vezzy -0.011 0.012
o —3719.349 —3883.730
Yaxzz —3004.051 —3084.445
Vyyzz —409.601 —420.306
Yy 0.043 —0.044
Yypne 0.101 —0.131
Yezry 2.624 2.822
Yiotal (2:1) —6464.382 —6733.847
Ytotar (€5U) —3.258%1073%esu  —3.394%10"%esu
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Table 11 Non-linear optical parameters obtained from computational
analysis

Non-linear optical parameters ~ From B3LYP From HF

Dipole moment (1) 12.32 debye 12.05 debye
—1.95%107P esu  —2.05*%1072 esu
6.87%107%su  7.14%*107% esu

—3.26%10"esu  —3.39*%107%6 esu

Polarizability (a)
First-order polarizability ()

Second-order hyperpolariz-
ability (y)

The dipole moment (x) of the DMAPDNBA mole-
cule (u=12.325D) was found to be 5.2 times that of the
standard reference material of organic urea (1 =2.3732D)
and the first-order hyperpolarizability (f) value
(B=17.14%107" esu) was estimated to be 19 times that of
urea ($=0.3728%107%" esu). The band gap energy of the
molecule from frontier molecular orbital analysis was deter-
mined to be 3.484 eV. The predicted energy gap 3.484 is
smaller than the experimentally determined optical band
gap energy of 5.45 eV. The second-order hyperpolarizabil-
ity value through Z-scan procedure (y="7.60*107¢ esu) also
showed slight deviation when computed through theoretical
analysis (y=—3.39%107¢ esu). This is because the theoreti-
cal predictions are performed upon an isolated molecule in
the gaseous phase, while the experimental value deals with
the three-dimensional geometry of the molecule in the solid-
state background which is strongly influenced by the crystal
field and van der Waals interactions [61].

4 Conclusion

Slow evaporation solution growth technique was employed
to form an organic charge transfer complex, 4-dimethyl-
aminopyridinium 3,5-dinitrobenzoate (DMAPDNBA)
(Tables 10, 11). The structure and cell parameters have
been determined by single crystal and powder X-ray dif-
fraction studies and found to crystallize in non-centrosym-
metric orthorhombic crystal system with P212121 as the
space group. FTIR analysis helped us to confirm the forma-
tion of N—H...O bond between the electron acceptors and
donors through the vibrations of different functional groups
in the charge transfer complex. UV—visible-NIR spectral
study exhibits a wide transparency window from 250 nm to
800 nm with cutoff wavelength 227 nm, band gap energy of
5.45 eV and emission near UV region and finds suitability
for non-linear optical transmission systems. The thermo-
gram details reveal the strength of the material to withstand
any change in phase transition up to 190 °C and mechani-
cal stability makes the complex a soft material exhibiting
reverse indentation size effect. Hence, the material can be
exploited for non-linear optical applications. The variations
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of dielectric constant with the applied frequency and the
respective electronic polarizability parameters are discussed
in dielectric studies. The laser damage threshold study facili-
tates the stability of the material when subjected to laser
light by a factor of 1.74 GW/cm?. The SHG signal was found
to be eight times that of inorganic KDP and Z-scan study
reveals the reverse saturation absorption (RSA) effect and
self-focussing nature of the DMAPDNBA complex with an
optical limiting threshold of 10.645 J/cm? which finds wide
application in optoelectronic limiting and switching devices.
Additionally, computational analysis employing density
functional theory(DFT) and Hartree—Fock theory(HF)
strongly confirms the resourceful candidature of the com-
plex in laser-assisted photonic applications by exploiting the
calculated hyperpolarizability value (19 times that of the
standard urea), reflecting the origin of efficient charge trans-
fer interaction within the molecular system which serves as
a key factor in the non-linear optical field.

5 Electronic supplementary material

Supplementary information regarding the molecular struc-
ture of DMAPDNBA can be obtained from the electronic
paper, Acta Cryst. (2000). C56, e149—150
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