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The present study accounts for the nonlinear optical behavior of para-aminobenzoic acid. The intramolecular
charge transfer was established using electrostatic potential and Hirshfeld’s surfaces. The fingerprint plots
identified that the bonds associated with the functional groups of para-aminobenzoic acid (amino and carboxyl)
have major contributions to the total intramolecular charge transfer. It was observed that the para-aminobenzoic
acid gave a broad absorption spectrum between 240 and 310 nm wavelength experimentally as well as
computationally. From Tauc’s plot, the obtained direct band gap of para-aminobenzoic acid is 3.66 eV. The
vibrational peaks of experimental FT-IR spectra were also found similar to the peaks observed in computational
FT-IR. Moreover, high-frequency peaks were observed for the associated functional groups. The first-order
hyperpolarizability of para-aminobenzoic acid was computed around 29.99 x 1073% esu. We derived from the
open-aperture Z-scan data that the para-aminobenzoic acid exhibits strong reverse saturable absorption. The
positive value of the nonlinear absorption coefficient established the potential application of para-aminobenzoic
acid in strong multi-photon absorption. Theoretical fit and intensity dependent Z-scan experiment confirm the
occurrence of excited absorption (or) sequential two-photon absorption. The present study promises para-ami-

nobenzoic acid for optical limiting applications.

1. Introduction

The new novel nonlinear optical (NLO) materials have led to a new
revolution in the field of optical storage, telecommunications, medical
diagnosis, second harmonics, ultrafast response time, high internal
quantum efficiency, high damage threshold, low dielectric constants,
low operating voltage, etc [1-4]. The potential applications of these
materials are not only constrained in these fields only but also in the
field of optical limiting [5]. Due to having a high laser damage
threshold, these materials are perfect for fabrication of the devices that
provide protection from high-frequency lasers to the human eye [6].
Even, such materials are nowadays been employed for the fabrication of
the eye-lens that will resist high-intensity field lines from entering and
damaging the human vision [7]. The day-to-day increasing demands of
such materials have raised a rapid growth of highly potent NLO active
materials.
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The research industry is very dynamic as its parameters and tools
undergo development in order to achieve precision and accuracy.
Experimental researchers face numerous challenges in having a proper
plan to follow, and the biggest insecurity is either the followed pro-
cedure will be successful in yielding the desirable outputs [8]. Density
functional theory (DFT), however, is a tool that is proven smooth
enough to reduce the efforts of researchers. Thus, DFT is a proven theory
that helps in the pre-estimation of the preferred results and is widely
followed by researchers [9]. In the present study, the DFT was used for
the calculation of the parameters that immensely affect the NLO activity
of the materials. In order to be non-linearly polarized, the compounds
must possess intramolecular charge transfer (ICT) [10]. This is possible
when the compound has some donor (acceptor) group to lose (gain)
electrons [11]. The computed spectral results obtained from DFT can be
not only useful in the selection of the perfect compounds for experi-
mental work but also in the comparison and validation of the

Received 20 April 2023; Received in revised form 14 June 2023; Accepted 25 June 2023

Available online 26 June 2023
1010-6030/© 2023 Elsevier B.V. All rights reserved.


mailto:mrana@uou.ac.in
www.sciencedirect.com/science/journal/10106030
https://www.elsevier.com/locate/jphotochem
https://doi.org/10.1016/j.jphotochem.2023.114987
https://doi.org/10.1016/j.jphotochem.2023.114987
https://doi.org/10.1016/j.jphotochem.2023.114987

S. Lakhera et al.

experimental spectral results. The DFT tools also allow one to calculate
the polarizability parameters that define the NLO activity of the com-
pounds. There are numerous options, where a researcher of NLO can
switch. Hydrocarbons, dyes, plant phytochemicals, aromatic com-
pounds, quantum dots, polymers, conjugated molecules, fullerenes,
perovskites, halogenated compounds, etc., are a few categories that
provide a wide domain of structures that can be used for the synthesis of
NLO active materials [12-14]. Varieties of the compounds consist of
active nucleophilic and electrophilic constituents that create the ideal
environment for shifting the charge cloud from electron-excess moieties
towards electron-deficient moieties [15]. These intramolecular in-
teractions lead to ICT within the materials which is key to NLO activity
[16]. It was mostly observed that the compounds having electrophilic
and nucleophilic moieties showed better values for dipole moment,
hyperpolarizability, and susceptibility [17]. Many natural dyes were
also used for the synthesis of the NLO crystals. It was observed that the
availability of -NH, and -COOH groups in the molecules leads to a
massive transfer of the charge cloud that shows the ICT process [18].
Amino acids and their derivatives were widely being explored for the
production of third-order NLO susceptibility and harmonics generation
[2].

Aminobenzoic acids and their derivatives have been extensively used
for various applications such as light-emitting diodes, chemical sensors,
junction transistors, corrosion inhibitors, etc [19]. The aminobenzoic
acids show ultimate charge transport activities due to the presence of
-NH; and ~-COOH groups which attain intramolecular interactions [20].
Thus, the availability of active electron-donating and electron-
withdrawing moieties make the aminobenzoic acids suitable candi-
dates for NLO applications. The optical limiting behavior of Iso-
nicotinamide bis-p-aminobenzoic acid was studied by A. Vijaylakshmi
and team by developing the crystal of the compound in methanol [21].
The relative optical transmittance for this crystal was found to be 58%
[21]. The NLO behavior of the 2-amino-4,6-dimethylpyrimidine benzoic
acid was established by Lasalle and the team [22]. The Z-scan experi-
ment done on 2-amino-4,6-dimethylpyrimidine benzoic acid gave the
negative value for the non-linear refractive index showing the optical
limiting behavior of the crystal [22]. Studies were also reported where
thin films of the derivatives of aminobenzoic acids 4-(ferrocenylme-
thylimino)-2-hydroxy-benzoic acid were grown and then employed for
NLO and other optoelectronic applications [23]. Essential amino acids
are proven efficient NLO materials. An efficient amino acid NLO single
crystal L-phenylalanine-benzoic acid was studied by S. Tamilselvan and
the team [24]. The laser damage threshold of a single crystal developed
by the slow evaporation technique has been found to be 6.5 GW/cm?
[24]. The sample was thermally stable up to 134C. T. Bharanidharan and
his team worked on the crystal growth and optical limiting behavior of
N-methyl urea benzoic acid and explored high optical transmittance of
85% [25]. The property of reverse saturable absorption of 4-nitrophenol
4-aminobenzoic acid monohydrate by open aperture Z-scan technique
was accounted by P. Karuppasamy and their co-workers [26].

Open aperture mode Z-scan experiment is used to determine the
nonlinear absorption and predict the material’s suitability for optical
limiting applications. The present study accounts for the optical limiting
behavior and third-order NLO activity of para-aminobenzoic acid
(PABA) by experimental as well as computational approaches. The
computational study was done using density functional theory (DFT).
The absorption spectra was obtained by both experimental and simu-
lated means to account for the electronic activity of PABA. The vibra-
tional study was accounted for PABA using experimental and simulated
Fourier-transform infrared spectroscopy (FT-IR) [27,28]. Chemical
reactivity and charge transport activity were predicted by computa-
tional tools like molecular electrostatic potential (MEP) surfaces,
Hirshfeld surfaces, 2-D fingerprint plots, Van der Waals surfaces, and
counterplots [29,30]. The excitation of the electrons was studied by
analyzing the density of states (DOS) and molecular orbitals analysis
[31]. Thus, the optical limiting behavior of PABA was accounted in the
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present paper.

2. Material and methods
2.1. Experimental details

PABA was purchased from TCI chemicals (https://www.tcichemic
als.com/IN/en/) product number M0267 with >97% purity. All the
spectroscopic calculations like absorbance and FT-IR have been per-
formed using the compound as it is in deionized water without any
further filtration. The solution of the PABA was prepared by mixing
5.485 x 1072 g of PABA in 5 ml of deionized water to get the solution of
PABA of concentration 5 x 10~>M. Absorption and FT-IR were done
using the same solution. Absorption spectra were recorded at 300 K with
a Perkin-Elmer absorption spectrophotometer (model Lamda-35, source:
tungsten iodide and deuterium) in the spectral range 200-1100 nm with
a varying slit width (0.5 and 1.0 nm). The absorption spectra were
further employed to obtain the band gap (Eg). Eg for PABA in water was
depicted by plotting the Tauc plot defined using the Mott and Davis
relation given below [32]:

(ahv)" = A(hv — E,) @

Eg is the band gap, and y is the constant that depicts the nature of the
transitions (y = 1/2, for direct allowed transitions called direct band
gap). For the calculation of FT-IR spectra, a Perkin-Elmer FT-IR spec-
trophotometer (model Spectrum BX-II source: nichrome glower wire
with DTGS detector) was used.

For the Z-scan experiment, a solution of PABA in concentration 2
mg/cm® was prepared in dimethyl formamide (DMF). The intensity-
dependent open aperture Z-scan was performed using a 532 nm nano-
pulsed Nd: YAG laser beam of 17 pm waist and 10 Hz frequency
focused by the lens of 15 cm focal length. The third-order nonlinear
absorption coefficient of the aqueous solution of the PABA sample was
evaluated by the Z-scan experiment. The value of linear transmittance
(Lt) was computed by Eq. (2) [33]:

P

Ly = Py @

P and Py are the values of the output power with and without samples.
The value of the linear absorption coefficient (og) was computed using
Lt and sample thickness L (1 mm) by Eq. (3) [34]:

- (efd)

2.2. Computational details

The three-dimensional structure of PABA was downloaded from the
online database PubChem (https://pubchem.ncbi.nlm.nih.gov/). All the
quantum chemical calculations of the PABA in the water phase were
done using Gaussian 09 (https://gaussian.com/glossary/g09/) software
and the graphic user interface Gauss view (https://gaussian.com/gauss
view6/) was used for the analysis of the results [35,36]. The ground
state geometry optimization of PABA in the water was done using a
restricted B3LYP/6-311G++(d,p) basis set with the scrf PCM model
[37,38]. The optimized geometry of PABA was used to obtain the MEP
surface and counterplots. The charge distribution of the PABA molecule
was accounted by the Mulliken charge and natural charge distribution.
The fingerprints of PABA were also examined by performing Hirshfeld’s
analysis by using Crystal Explorer software (https://crystalexplorer.
net/) [39]. The inter-fragment charge transfer analysis (IFCT) was per-
formed to for the quantitative study of the charge transfer and the local
excitation of the charge cloud. The multiwfn (https://sobereva.com/
multiwfn/) software packages were followed to perform the IFCT
analysis [40]. The density of states (DOS) spectra was plotted to see the
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Fig. 1. (A) Optimized geometry of PABA computed by B3LYP/6-311G++(d,p) basis set with charge distribution, (B) MEP surface of PABA with potential range
+6.199 x 1072 V, and active regions with red-color regions indicating the electron-withdrawing part, and blue indicating the electron-donating part of the title
molecule, (C) counterplots of PABA, (D) Van der Waal surface of PABA showing red-colored regions with high ionization potentials and the blue-colored regions with
low ionization potential.

(A)

Fig. 2. Hirshfeld surfaces for (A) di (B) de (C) d norm (D) shape index (E) curvedness (F) fragment patch for PABA.
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Fig. 3. Fingerprint plots of PABA for (A) overall PABA molecule, (B) C...H, (C) N...H, (D) O...H, (E) H...H, (F) C...C, (G) H...N, (H) H...O, (I) H...C, and (J) C...O.

corresponding energies of the HOMO and LUMO and the band gap. The
DOS spectra was plotted using the Gauss Sum software (https://gausss
um.sourceforge.net/) [41]. The simulated absorption was computed
by time-dependent density functional theory (TD-DFT). The simulated
FT-IR spectra of PABA in water were obtained by polar calculations. The
experimental and simulated spectra were plotted using Origin software
(https://www.originlab.com/). The NLO activity of the PABA in water
was monitored by calculating the value of polarizability (0totar) and first-
order hyperpolarizability (Btota) using Egs. (4) and (5):

1
2 — @)’ + 602 + 602, + 60(}%:]2

4

+ (.

1
Qoral = ﬁ[(axx - ayv)z + (ayv - azz)

1

2

Bua = [ (Buss + B + 5 + (B + B +B) + (B P+ 5)’ |
6

3. Results and discussion
3.1. Geometry and charge analysis

PABA has linear geometry with C1 point group symmetry with one
amino (NH5) and one carboxyl group (-COOH) attached to the ortho and
para position of the benzene ring respectively. The dipole moment of
4.74 Debye was obtained in the gas phase after the ground state opti-
mization of the PABA. The dipole moment of PABA increases to 6.58
Debye in the water. The bond length was higher (1.45 f\) for the 4C-10C
bond that connects the carboxyl group to the benzene ring. The conju-
gated double bonds 5C=8C, 7C=9C, and 4C=6C have a high bond
length of 1.41 A. Conjugation plays a vital role in increasing the
chemical reactivity of the compound. The conjugated bonds (alternate
single and double bonds) enhance the availability of the free electron
cloud for bond formation. The benzene ring conjugation thus shows the
conjugated bonds participation in the charge transfer. The charge
transfer was also observed in the Mulliken charge distribution shown in
Fig. 1(A). The 10 and 20 have negative charges of —0.588 e and —0.387
e respectively whereas the 10C (0.462 e) and 17H (0.384 e) were
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Fig. 4. (A) Simulated and (B) Experimental absorption spectra of PABA in water.

positively charged. Also, in the amino group, the 3N atom was nega-
tively charged but the 15H and 16H hydrogen atoms of the amino group
were positively charged. This shows the variation of the charge among
the functional groups of PABA. The variation of the charges indicates the
charge transfer between the amino and carboxyl groups. Moreover, the
MEP surface indicates the active participation of the aforementioned
functional groups in PABA. The blue color of the MEP surface indicates
the regions with nucleophilic behavior and the red color surface over the
oxygen atoms indicates the electrophilic nature of the PABA (Fig. 1(B))
[42]. The distribution of the electrophilic and nucleophilic surfaces in-
dicates the charge transfer from the amino group toward the oxygen
atoms of the carboxyl groups. Parallelly, highly accumulated counter
lines around the carboxyl group in PABA indicate the collection of
charge density around the carboxyl group (Fig. 1(C)). The counter plots

indicate the regions that are highly influenced by the electric field. Such
high charge accumulation was also supported by the ionization potential
map. The Vander Waal surface illustrated in Fig. 1(D) shows the red-
colored regions with high ionization potentials and the blue-colored
regions with low ionization potential. The surface analysis indicates
the intramolecular charge interactions between the amino and carbonyl
groups.

3.2. Hirshfeld and fingerprint plots analysis

Hirshfeld surfaces were plotted for the PABA and shown in Fig. 2.
Hirshfeld surfaces plotted over normalized contact distance (dnorm) are
used to predict the intermolecular interactions [43]. The contact dis-
tances de and di are the distances from the Hirshfeld surface to the
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Fig. 6. Density of states plot of PABA with HOMO-LUMO surfaces.

nearest atoms outside and inside the surface, respectively. di, de, and
dnorm were observed in the range +2.47 A, +2.51 A, and +1.28 A
respectively. di and de surfaces indicate that the carboxyl group was the
nearby bond to the Hirshfeld and the farthest bond from the Hirshfeld
was an amino group (Fig. 2(A) and 2(B)). Dark red spots over the
carboxyl and amino group visible in the dnorm surface is generally used
for showing the activated moieties of the molecules to support the sur-
face analysis done for locating the electron-donating and withdrawing
agents of the PABA (Fig. 2(C)). The shape index (Fig. 2(D)), curvedness
(Fig. 2(E)), and fragment path (Fig. 2(F)) were depicted in ranges +1.00
}D\, +0.400 A, and 0.00-13.00 A respectively. These surfaces were in

Table 1
Quantitative charge transfer and local excitation percentages and values of the
PABA.

Charge contribution Local excitation

Atom Charge So — S1 (f = 0.4567)

Atom 1(0) —0.46113082 36 — 37 H-1L 95%
Atom 2(0) —0.40194336 35 - 38 H1-L+1 32%
Atom 3(N) —0.30550056

Atom 4(C) —0.07167953 So — Sz (f = 0.0123)

Atom 5(C) 0.03970525 36 — 38 H-L+1 70%
Atom 6(C) —0.09596864 35-37 H-1-1L 27%
Atom 7(C) —0.09742940

Atom 8(C) —0.14080245 So — S3 (f = 0.0001)

Atom 9(C) —0.14122772 34 - 37 H-2->L 96%
Atom 10(C) 0.36611546 35 - 38 H1-L+1 32%
Atom 11(H) 0.12617698

Atom 12(H) 0.12372620

Atom 13(H) 0.11436128

Atom 14(H) 0.11310778

Atom 15(H) 0.22248576

Atom 16(H) 0.22270909

Atom 17(H) 0.38729472

better agreement with the dnorm surface.

Fingerprint plots were plotted for the prediction of the percentage
share of interatomic bonds in the intramolecular interactions. H...H
interactions were seen to have the highest percentage of 36.5% (Fig. 3
(E)) followed by C...H (15.6%) and O...H (14.5%) (Fig. 3(B) and 3(D)).
A high percentage of H...H is due to 15H and 16H atoms attached to 3N.
However, the 10-17H bond of the -COOH group was the major reason
behind the high percentage share in intramolecular interactions. It was
observed that the nucleophilic bonds of PABA majorly contribute to the
intramolecular interactions. This was in better agreement with the MEP
surface. The 10-17H bond acts as a nucleophilic moiety. C...O, N...H,
H...N, and C...C interactions have low contributions of 1.4%, 3%, 2.8%,
and 2.5% respectively in the total intramolecular interactions in PABA.
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Fig. 7. Charge transfer and local excitation among the three fragments of the PABA molecule highlighted by colors. Blue-nucleophilic, green-neutral, and red-

electrophilic.

Table 2
Computed values of poral, Atotal, and Prorar for PABA, and reference compounds
urea, phenyl urea, and thiourea (all values are in esu).

Molecule Htotal Qtotal Protar Reference
PABA 6.58 18.42 x 10724 29.99 x 1073 -

Urea 1.52 6.30 x 10724 0.16 x 1073 [52]
Phenyl urea 4.2 15.19 x 10724 2.12 x 107%° [53]
Thiourea 5.49 7.79 x 1072* 0.88 x 107 [54]

Apart from the decomposition analysis, there found two distinct spikes
of equal lengths in 2D plots for di and de each. The outer peaks (Fig. 3(C)
and 3(G)) were mainly observed due to the N....H/H...N contributors
which are donating peaks of the plots. On the other side, the inner two
peaks (Fig. 3(D) and 3(H)) of di and de each correspond to O...H/H...O
interactions. These O...H/H...O interactions are the contributions from
the 10C=20 of the carboxyl group that acts as an electron-withdrawing
agent of PABA. Thus, the Hirshfeld analysis identified that the nucleo-
philic parts of the PABA are dominant contributors to the Vander Waal
interactions and hydrogen bonding in the PABA molecule.

3.3. Absorption and bandgap analysis

The electronic transitions were monitored using experimental and
simulated absorption spectra for PABA. One broad absorption band was
observed for both simulated and experimental spectra for PABA in the
wavelength range of 240 to 310 nm (Fig. 4). The peak of simulated
absorption spectra was observed at 282 nm with an oscillator strength of
0.58 and excitation energy of 4.38 eV. The experimental absorption for
the sample of PABA has a lower cut-off wavelength at the UV region

(271 nm) with the highest absorbance intensity, which is assigned
transition Sg — S; as the n—n* transition [44]. The band gap was depicted
by plotting the Tauc plot (Fig. 5) for PABA between (ah)'/? (eVem 1172
and energy. The value of the direct band gap for PABA was observed as
3.66 eV. The low-cut-off wavelength at the UV region and wide optical
bandgap suggest that PABA could be used for optoelectronics
applications.

3.4. Molecular orbitals analysis

The DOS of PABA was studied to account for the accumulation of the
highest occupied and lowest unoccupied (HOMO-LUMO) orbitals [45].
The DOS spectra of PABA are illustrated in Fig. 6. The HOMO peaks were
more than the LUMO peaks. The high accumulation of the HOMO peaks
justified the availability of the large charge cloud over the HOMO. The
computed band gap obtained in DOS spectra (3.66 eV) was found to be
equivalent to the band gap obtained by the Tauc plot by experimental
absorption spectra. This better supports the obtained computational
results. For a better understanding of the transferring of the charge
cloud, the HOMO-LUMO surfaces have been shown in DOS spectra. The
green and red colored surfaces over the geometry of PABA are HOMO-
LUMO surfaces. The green surface is over the atoms that have exces-
sive electrons and acts as electron-donating while the red surfaces cover
the moieties with a lack of charge cloud and behaves as electron-
withdrawing moieties [46,47] It was observed that the red surface
over the amino group in HOMO is shifted over the conjugated C-C bonds
of the benzene ring in LUMO and the red surface over C-C bond get
shifted towards the amino group. This shifting of the surface illustrates
that charge is being transferred from the amino group. Also, the green
surface over the carboxyl group is smaller in HOMO and the size in-
creases in LUMO. This shows the increased charge cloud over the
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Fig. 8. (A) Simulated and (B) Experimental FT-IR spectra of PABA in water.

carboxyl group. Thus, the HOMO-LUMO surfaces demonstrated the
shifting of the charge cloud from the amino group toward the carboxyl
group. This interpretation also corresponds to the statement drawn from
the MEP surfaces. So, DOS spectra and HOMO-LUMO surfaces confirm
the path of the charge dislocation and the nature of intramolecular in-
teractions within PABA.

3.5. Inter-fragment charge transfer analysis

The IFCT analysis is the method that is used to quantitatively mea-
sure the exact amount of charge that is transferred from the nucleophilic
toward the electrophilic moieties [48,49]. The PABA is divided into
three fragments dividing the nucleophile (say, 3N, 15H, and 16H),
electrophile (10, 20, 10C, 17H) and the neutral (4C, ...9C; 11H, ...14H)
fragment. The local excitation modes So — Sy, Sz, S3 were recorded and
the details of all the transitions with local excitation percentages are
listed in Table 1. Among the local excitation transitions listed in Table 1,
the So — S; have the highest oscillator strength of 0.4567 with two
distinguished excitations between HOMO to LUMO, and HOMO-1 to
LUMO+1. These excitations have a local excitation percentage of 95%
and 32% respectively. On the other hand, the charge transfer analysis
done by the IFCT process reveals that 0.139694 e and —0.44624 e
charges were possessed by fragment 1 and fragment 3. The total charge
transfer measured between the fragments was mentioned in Fig. 7. No

Journal of Photochemistry & Photobiology, A: Chemistry 444 (2023) 114987

charge transfer was observed between fragments 1 & 2, and 2 & 3. It was
observed that a 0.30 e charge was transferred from fragment 1 to frag-
ment 3. This was 23% of the total charge of fragment 1 that was seen to
be dislocated from nucleophilic towards electrophilic fragments. The
charge transfer percentage was comparatively lower than the local
excitation percentage in PABA. Thus, from the IFCT analysis, the charge
interactions were found to be due to the local excitation of the charge.
Table 2.

3.6. Vibrational analysis

FT-IR spectra were obtained for the title molecule experimentally as
well as computationally. The vibrational modes were obtained to get a
better idea and understanding of the modes undergoing high vibrations
and the nature of vibrations [50]. The simulated FT-IR spectra of PABA
illustrated in Fig. 8(A) were obtained in water using B3LYP/6-311G++
(d,p) basis set in polar calculations and the experimental FT-IR spectra
obtained for the water solution of PABA with a 0.5 M concentration is
illustrated in Fig. 8(B). The higher frequency modes tend to impart the
polarizability of the molecules which is a key to NLO characteristics.
Both the simulated and experimental spectra reflected major vibrational
modes for the bonds of amino and carboxyl groups. The linear sym-
metric stretching (vyg) of the 3N — 15H and 3N - 16H bonds was the
mode having the highest frequency of 3604.01 cm™*. Similar N — H bond
modes were observed in experimental spectra around 3305 cm L.
Amino and carbonyl groups were the main functional groups that leads
to the ICT in PABA. Both computed and experimental FT-IR gave
prominent vibrational peaks for amino and carbonyl groups. The highest
frequency modes for the amino group were observed with the highest
intensity around 3000-3500 cm L. The carbonyl group was observed to
give bending modes nearby 1600 cm L. One sharp peak for the torsional
bending (§¢o) of the 10C=20 and 10C-10 was obtained in simulated
spectra at 1627 cm'. In experimental FT-IR, the same kind of sharp
peak for the bending of the carboxyl group was observed at 1634 cm ™.
Various peaks for the bending of C=0 and C=C bonds were observed in
the range of 500-1500 cm™'. The rocking of the N — H bonds of the
amino group exists at 424 em ! in simulation spectra and at 414 em tin
experimental spectra. Thus, high peaks in the FT-IR spectra gave high
peaks for the stretching and bending of the functional groups. Therefore,
it can be stated that the stretching and bending of the functional groups
were majorly responsible for the high polarizability of the PABA.
Additionally, the simulated and experimental spectra seem to harmonize
at the peaks.

3.7. Hyperpolarizability analysis

Dipole moment (uq), linear polarizability (atotal), and hyper-
polarizability (Bq) are the parameters that mainly comment on the
linear and NLO behavior of any compound. Generally, the i is the
parameter by which one can get an idea about the varying electroneg-
ativities of any compound. The larger the difference between the elec-
tronegativities of the associated atoms, the larger will be the
intramolecular charge interactions and the larger will be the optical
nonlinearity of the molecule [51]. The value of usq was calculated as
6.58 Debye for PABA in water. These values are four times higher than
Urea (1.52 Debye), double that of phenyl urea (4.2 Debye), and
comparatively higher than Thiourea (5.49 Debye). Thus, it can be stated
that PABA has better availability of large diffused electron clouds than
urea, thiourea, and phenyl urea. @i for PABA was calculated as
18.429 x 107%* esu. Protal is the higher-order expansion of magnetic
susceptibility that defines the optical non-linearity of the compound.
The Borq; of PABA was computed around 29.99 x 10730 esu. The Protar of
PABA was found much higher than reference compounds. These values
are 187 times higher than Urea (0.16 x 10730 esu), fifteen times higher
than phenyl urea (2.12 x 1073 esu), and 34 times higher than thiourea
(0.88 x 10730 esu). Thus, the hyperpolarizability analysis reveals that
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Fig. 9. Intensity-dependent Open-aperture Z-scan pattern of PABA using Nd-YAG nano pulsed laser (532 nm and pulse energy — 100 J) for intensity (A) 2.46 x 10'2

W/m?, (B) 3.69 x 102 W/m?, and (C) 4.92 x 10'2 W/m?.

PABA has the better potential to be employed as NLO material.

3.8. Z-Scan analysis

An open aperture Z-scan experiment performed for varying in-
tensities of 2.46 x 10" W/m?, 3.69 x 102 W/m?, and 4.92 x 102 W/
m? are illustrated in Fig. 9. Two different kinds of signatures of the Z-
scan experiment are possible, one with a sharp peak at the focus and one
with a valley-like inverted peak at the focus [55]. The former shows
saturable absorption (SA) while the latter indicates reverse saturable
absorption (RSA) in the sample [56]. RSA means that the transmittance
decreases with the increase of excitation laser power [57]. Additionally,
the compound with SA has a negative value of nonlinear absorption
coefficients () while the compound with RSA has a positive value of g
[58]. As shown in Fig. 9, a valley-shaped curve symmetric about the
focal (Z = 0) axes represents the reverse saturable absorption nature of
PABA. The experimental Z-scan data were fitted theoretically to un-
derstand the nature of the nonlinear absorption. Using Sheik-Bahae
formalism, the normalized transmittance of the PABA was computed
using by the Eq. (6)

d]_ Qay
d7 1+%

+pI|1 (6)

where aq is unsaturated linear absorption at the excitation, I is input

intensity laser, I is saturation intensity, f is the effective coefficient of
two-photon absorption (nonlinear absorption coefficient), Z is samples
propagation distance. The value of the linear absorption coefficient was
calculated as 3.147 cm™'. The linear transmittance of PABA was
computed as 0.73. Here the experimental data was found to be best
fitting for the two-photon absorption (2PA) equation. As discussed in
absorption and molecular orbital analysis, PABA possesses its absorption
maxima in the ultraviolet region at 271 nm (4.58 eV). This n—n* tran-
sition of PABA avails the 2PA state and provides the chances of two-
photon absorption. During green laser excitation, the PABA molecule
either undergoes genuine two-photon absorption in which simultaneous
absorption of two photons takes place, or sequential two-photon ab-
sorption where one photon absorption is followed by excited state ab-
sorption. As the Z-scan experiment cannot distinguish genuine and
sequential 2PA processes, an intensity-dependent Z-scan experiment
was performed. For different pulse energy of 100, 150, and 200 pJ, the
two-photon absorption coefficient of PABA was found as 0.76, 0.85, and
1.20 x 10719 m/W respectively. The values of 4 for all the samples are
positive and arise due to the two-photon absorption process. As the 2PA
coefficient is increasing with on-axis intensity, PABA exhibits sequential
two-photon absorption (one-photon absorption followed by excited
state absorption). Thus, PABA possesses the property of RSA arising from
excited state absorption is involved in two-photon absorption.

3.9. Optical limiting behavior

The optical limiting behavior of PABA was established by plotting
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Fig. 10. Optical limiting graph of PABA for intensity (A) 2.46 x 102 W/m?, (B) 3.69 x 10'2 W/m?, and (C) 4.92 x 10'2 W/m?.

Table 3
Values of nonlinear absorption coefficient and optical limiting threshold for
PABA.

Excitation Pulse  Saturation Nonlinear Optical Limiting
Energy Intensity Absorption Threshold
() (x10' W/m?)  Coefficient (x10'® W/m?)
B (x1071° m/wW)
100 40 0.76 2.24
150 40 0.85 212
200 40 1.20 1.64

the optical limiting graph between normalized transmittance and input
fluence. The optical limiting graph for three different intensities 2.46 x
10" W/m? 3.69 x 10'? W/m? and 4.92 x 10" W/m? was traced and

Table 4

shown in Fig. 10. It was observed that the value of normalized trans-
mittance gradually decreases with an increase in input laser fluence and
thus deviates from its linear pattern. So PABA exhibits optical limiting
behavior arising from the two-photon absorption process. The value of
the optical limiting threshold was found to be 2.24, 2.12, and 1.64 X
10'® W/m? for a pulse energy of 100, 150, and 200 uJ respectively
(Table 3). Here the value of the optical limiting threshold was found to
be decreased with increasing pulse energy showing the strengthening of
optical limiting behavior. The optical limiting parameters of PABA were
compared to some experimentally proven compounds with good laser
damage threshold. The comparison was done between different benzoic
acid derivatives and other organic laser limiting materials. The values of
B of PABA was found better than all the considered reference compounds
except urea picrate. Moreover, the optical limiting threshold of the
PABA was found higher than all the considered compounds except L-

Comparison of the nonlinear absorption coefficient, optical limiting threshold, and linear transmittance of PABA with other reference NLO compounds with proven

optical limiting properties.

Compound Nonlinear Absorption Optical Limiting Threshold  Linear Transmittance  Reference
Coefficient (x10"® W/m?) (%)
B(x1071° m/W)
2-amino-4,6-dimethylpyrimidine benzoic acid - 1.5 - [22]
2-(2-methoxybenzyllideneamino)-5-methylphenylmercuric 0.67 0.62 - [59]
chloride
urea picrate 2.146 - 50 [60]
Isonicotinamide bis-p-aminobenzoic acid 0.57 58 [23]
1-Methionine Barium Bromide 0.17 0.82 80 [61]
L-phenylalanine-benzoic acid - 6.5 85 [24]

10
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Methionine Barium Bromide that have 0.82 x 10'®> W/m?2 The linear
transmittance of PABA was also found higher for some materials like
urea picrate and Isonicotinamide bis-p-aminobenzoic acid, and compa-
rable to r-Methionine Barium Bromide and r-phenylalanine-benzoic
acid. Thus, the comparison mentioned in Table 4 indicates the potential
optical limiting characteristics of PABA. Therefore, it can be stated that
the PABA has the active ability to be employed as laser-blocking mate-
rial and can act as an optical limiter towards the development of laser
safety devices.

4. Conclusion

In the present work, the NLO activity of the PABA was reported by
using experimental as well as computational tools. The DFT was used to
establish the mechanism of the intramolecular interactions of PABA. The
structural parameters showed that the bonds associated with the amino
and the carboxyl group were seen to impart in the charge transfer. The
location of the red and blue electrostatic potential surface over the
carboxyl and amino groups of PABA reflected the accepting and
donating nature of the functional groups respectively. Moreover,
Hirshfeld’s surfaces supported the interpretation of the MEP surface
well. The fingerprint plots of different interactions of PABA were also
found maximum for the N....H/H...N and O...H/H...O interactions. A
strong absorption peak was observed for PABA in the visible region
experimentally as well as computationally with a direct band gap of
3.66 eV computed by the Tauc plot and DOS spectra respectively. Higher
vibrational peaks were obtained for the bonds of the functional groups in
FT-IR spectra. The value of hyperpolarizability for PABA was found
much higher than the reference compounds like Urea, phenyl urea, and
thiourea. The deep valley-like inverted peak observed in Z-scan traces
with the positive values of the nonlinear absorption coefficient showed
the occurrence of reverse saturable absorption in the PABA solution. The
theoretical fit confirms the observed RSA arises due to the two-photon
absorption process. Moreover, the deviated optical limiting graphs
strongly establish the optical limiting nature of PABA. Thus, it can be
said that PABA possesses strong NLO responses and have an excellent
ability to be used as an optical limiter for laser damage control
applications.
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