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ing excellent crystalline quality. The photoluminescence spectrum exhibited
strong ultraviolet light emission. HR-SEM and EDAX analyses provided valu-
able insights into the crystal’s surface morphology and elemental composition.
Thermal analysis indicated stability with a melting point of 286 °C, while the laser
damage threshold power density was determined to be 5.46 GW/cm?. The second-
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utility in photonics applications.
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1 Introduction

In the vibrant field of photonics and optoelectronics,
the interaction of nonlinear optical (NLO) processes
within different materials is a crucial foundation for
developing advanced technologies. The search for
innovative NLO materials, carefully designed to meet
specific requirements while exhibiting exceptional
efficiency, is essential for advancing complex opto-
electronic and photonic systems. A notable result of
this effort is the emergence of a new class of materials
called semi-organics. By combining the high optical
nonlinearity and diverse structural features of organic
compounds [1] with the excellent thermal stability
and strong mechanical properties of inorganic sub-
stances [2, 3], these semi-organic materials offer great
potential for a wide range of applications. Among this
intriguing group, glycine stands out as the simplest
amino acid, boasting a broad spectrum of chemical
and physical attributes. D-phenylglycine, a notewor-
thy variant, is classified as a monoamino carboxylic
aromatic amino acid characterised by a nonpolar side
group. The side groups in this category are inherently
hydrophobic [4], imparting distinctive behaviours
and functionalities. Notably, it features a benzene ring
within its side chain that acts as a vital functional moi-
ety, further enhancing its versatility.

This compound is not only fascinating in its own
right but also acts as a vital precursor in the synthesis
of p-lactam antibiotics, such as semisynthetic cepha-
losporins and penicillins [5]. Derivatives of D-phenyl-
glycine, including D-phenylglycinium bromide [6],
D-phenylglycinium nitrate [7], D-phenylglycinium
perchlorate [8], and Bis(D-phenylglycinium) sulfate
monohydrate [9], are currently under intense research
due to their interesting physical and chemical prop-
erties. Derivatives contain a donor carboxylic acid
(COOH) group and a proton acceptor amino (NH,)
group, classifying them as zwitterions. They form
strong hydrogen bonds, crucial for non-centrosym-
metric structures in effective NLO crystals. These com-
pounds show improved thermal stability, mechanical
strength, and excellent optical transmittance.

In the present study, a high-quality single crystal
of D-phenylglycine hydrochloride (DPGCL) was suc-
cessfully synthesised using the slow solvent evapo-
ration technique under optimised conditions. This
work is notable for its systematic examination of the
relationship between the crystal’s molecular structure
and its third-order nonlinear optical (NLO) response,
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which has not been documented in the existing lit-
erature, to the best of our knowledge. Comprehen-
sive quantum chemical calculations were conducted,
accompanied by a detailed analysis of the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO). These inves-
tigations, along with assessments of various optical
parameters, underscored the exceptional crystalline
quality of the material under consideration. A variety
of techniques were employed, including single crystal
X-ray diffraction (XRD), ultraviolet-visible (UV-Vis)
transmittance studies, determination of various optical
constants, photoluminescence (PL) analysis, high-reso-
lution scanning electron microscopy/energy dispersive
X-ray analysis (HR-SEM/EDAX), thermogravimetric-
differential thermal analysis (TG-DTA), laser damage
threshold (LDT) evaluation, and third-order NLO
(Z-scan) analysis. The results confirmed the presence
of significant optical limiting and nonlinear refractive
properties, thereby highlighting the potential appli-
cations of DPGCL in photonics and optoelectronic
devices. This comprehensive assessment of struc-
tural, optical, and NLO properties provides valuable
insights for the design of amino acid-based organic
crystals intended for electronic and photonic technol-
ogy applications.

1.1 Experimental procedure
1.1.1 Synthesis and growth

The starting materials for this experiment, D-phenyl-
glycine and hydrochloric acid, were obtained from
Sigma-Aldrich with a purity of 99%. To prepare a
concentrated solution, D-phenylglycine and hydro-
chloric acid were mixed in a 1:1 ratio and dissolved
in distilled water at 35 °C. The solution was stirred
vigorously for six hours to ensure homogeneity. After
mixing, the mixture was filtered through Whatman
filter paper to remove impurities. The solution was
then left undisturbed in a stable environment. After
30 days of gradual evaporation, a good, transparent
single crystal of D-phenylglycine hydrochloride meas-
uring (19 x 3 x 2) mm? was obtained as shown in Fig. 1.

1.1.2 Solubility studies

The solubility of the purified D-phenylglycine hydro-
chloride was carefully evaluated across various
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Fig. 1 As-grown single crystal of DPGCL

temperatures using thermogravimetric analysis, as
outlined in the previously described methods. The
tests were performed at several key temperatures like
35, 40, 45, and 50 °C. The results showed a clear and
promising solubility trend, i.e. positive temperature
coefficient of solubility, as illustrated in Fig. 2, indi-
cating that the solubility of D-phenylglycine hydro-
chloride increases significantly with rising tempera-
tures. This trend aligns with the general principles of
solute behaviour, as the temperature rises, it usually
enhances solvation due to increased molecular move-
ment and kinetic energy within the solution. Addi-
tionally, these experiments will further investigate
the precise solubility limits at higher temperatures
and examine their implications for various industrial
applications, potentially opening new avenues for
using this compound in chemical processes.

2 Results and discussion
2.1 Single crystal X-ray diffraction analysis

The single-crystal X-ray diffraction analysis of the
titled compound was performed using an ENRAF
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Fig. 2 Solubility curve of DPGCL
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NONIUS CAD4 X-ray diffractometer. Single-crystal
XRD analysis was used to determine cell param-
eters and crystal structure. It confirmed that the
crystal belongs to the orthorhombic system with a
space group of P2,2,2,. The unit cell parameters are
a=5.452(17) A, b=7.278(2) A, and ¢=22.819(1) A, with
a=p=vy=90° which align well with the reported data
[10] as shown in Table 1.

2.2 Optical studies
2.2.1 UV—-visible transmittance analysis

The UV-visible analysis is used to examine the molec-
ular structure and linear optical properties. However,
limited information can be obtained because the
absorption of UV and visible light involves promot-
ing electrons from a lower energy state to a higher
energy state [11, 12]. The grown material is subjected
to transmittance measurements across the wavelength
range of 200-800 nm. From the spectrum, it is evident
that the material exhibits a low absorbance throughout
the visible region, indicating a greater transmittance
range. The lower cut-off wavelength is found to be
228 nm, as shown in Fig. 3a, which results from the
m-* transition of the aromatic phenyl ring. To gain
deeper insights into its properties, we apply Tauc’s
relation (1), which serves as an essential framework
for calculating the absorption coefficient:

(ahv)" = T(hv - Eg> )

In this equation, the exponent n varies based on
the type of bandgap present: n=1/2 indicates a direct
bandgap, while n =2 pertains to an indirect bandgap.
The resulting Tauc’s plot, depicted in the in Fig. 3b,
illustrated that the bandgap energy is determined to
be 5.4 eV. The wide bandgap energy suggests that the

Table 1 Single-crystal XRD parameters of DPGCL

Lattice parameters Present work Ravichandran et al. [10]

a(A) 5.452(17) 5.437(5)

b (A) 7.278(2) 7.257(8)
c(A) 22.819(1) 22.773(2)
a=p=y(°) 90 90

Crystal system Orthorhombic Orthorhombic
Space group P2,2,2, P2,2,2,
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Fig. 3 a UV-Visible transmittance, b Tauc’s plot of DPGCL

material can withstand laser exposure and is suitable
for prominent optical and laser-active applications
[13]. These characteristics highlight its potential for
developing advanced photonic devices.

2.2.2 HOMO-LUMO analysis

The exploration of frontier molecular orbitals (FMOs)
is essential in molecular science, as it allows a deeper
understanding of the optical and electronic properties
of various molecules [14]. These orbitals are crucial for
evaluating a molecule’s characteristics and behaviour.
By analysing excitation energies in a neutral system
from a fundamental perspective, one can focus on
the potential energy difference between the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO). The HOMO,
characterised by its nucleophilic nature, represents
the outermost orbital of the molecule. It mainly acts
as an electron donor, intrinsically linked to the ioni-
zation potential; in other words, it affects the energy
needed to remove an electron from the molecule.
Conversely, the LUMO exhibits electrophilic proper-
ties and functions as the innermost orbital, primar-
ily accepting electrons and being directly related to
the molecule’s electron affinity. A Density Functional
Theory (DFT) calculation was carried out on the speci-
fied material using the Gaussian 09 software package.
The advanced B3LYP functional was employed in
conjunction with the sophisticated 6-311++ G (d, p)
basis set to ensure accurate and reliable results [15].
Figure 4 vividly illustrates the energy level plots of
the HOMO and LUMO, providing a clear visualisa-
tion of their respective energy positions. The energy
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Fig. 4 The atomic orbital compositions of the frontier molecular
orbital of the DPGCL

difference (AE) between the HOMO and LUMO is a
key indicator of the chemical reactivity and kinetic
stability of molecular systems. For example, when
examining DPGCL, the HOMO energy is - 7.17 eV
while the LUMO energy is — 1.93 eV, resulting in a
notable HOMO-LUMO energy gap (AE) of 5.23 eV.
This energy gap is a crucial factor in predicting the
reactivity and stability of the molecular compound.
The observations suggest that the optical properties
of DPGCL are closely linked to its electronic struc-
ture, particularly in terms of charge distribution and
transfer between the donor and acceptor regions of
the molecule. This significant finding emphasises the
substantial potential of the material for nonlinear opti-
cal applications [16].

2.2.3 Molecular electrostatic potential (MEP) analysis

The molecular electrostatic potential (MEP) serves as
a robust descriptor of a molecule’s chemical reactivity,
structural interactions, and hydrogen bonding behav-
iour in relation to its environment [17]. Specifically, to
identify the reactive sites that may engage in electro-
philic and nucleophilic attacks within D-phenylglycine
hydrochloride, we present a detailed illustration featur-
ing an iso-electron density surface, enhanced by vivid
3D plots of the MEP surface, as shown in Fig. 5. In this
representation, different colour gradients correspond
to specific electrostatic potential values. The bright red
hues highlight areas of highest electronegativity, while
the calm blue shades indicate regions of greater positive
electrostatic potential. This detailed mapping reveals
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Fig. 5 Molecular electrostatic potential (MEP) surface of
DPGCL

that the formation of a negative electrostatic potential
is due to the attraction of protons to the surrounding
electron density (ED) cloud. Conversely, the positive
electrostatic potential arises from the repulsion of pro-
tons by atomic nuclei. The MEP map of D-phenylglycine
hydrochloride not only clarifies potential intramolecular
interactions but also identifies the most reactive sites,
enabling predictions of where electrophilic and nucleo-
philic attacks are most likely to happen. This thorough
understanding of molecular behaviour emphasises the
complex relationship between electronic structures and
reactive pathways in chemical processes.

2.2.4 Absorption band tail

Optical absorption studies are crucial in materials sci-
ence, particularly for evaluating the suitability of vari-
ous materials for device fabrication. The optical absorp-
tion spectrum provides key information, including
parameters such as the absorption coefficient, cut-off
wavelength, and band gap. Near the optical band edge,
a notable exponential region called the Urbach tail [18]
appears. A minimal tail reflects a highly ordered crys-
tal structure. The relationship between the absorption
coefficient (ct) and photon energy (hv) near the optical
band edge is described by the Urbach empirical for-
mula, expressed as: (2)

a = a,exp <Z—V> (2)

u

here, a, acts as a constant, while E,, is known as the
Urbach energy. Taking the logarithm of both sides
transforms the equation into a linear form: (3)
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The Urbach energy, or band tail energy, can be
accurately determined by calculating the inverse of
the slope from the plot of photon energy versus In(«x).
As shown in Fig. 6, the Urbach energy is measured at
0.858 eV. A relatively low value indicates good crys-
talline quality, suggesting the material’s potential
for use in optoelectronic applications and advanced
manufacturing processes. This energy level implies the
material has favourable optical properties, making it
suitable for high-performance devices such as lasers
and photodetectors [19].

2.2.5 Determination of optical constant

Materials with a desirable refractive index are essen-
tial for fabricating various advanced devices, includ-
ing organic light-emitting diodes (OLEDs), anti-
reflective coatings for high-performance lenses, and
sophisticated optical sensors. To thoroughly evaluate
the optical response of these materials, it is essential
to assess key optical constants, including the refrac-
tive index, extinction coefficient, optical conductivity,
and electrical conductivity. The refractive index of
a material depends on several factors, including the
wavelength of incident light, the composition of the
crystalline structure, carrier concentration, and tem-
perature variations [20]. The extinction coefficient (K),
a vital parameter that indicates how easily the material
absorbs light, can be mathematically expressed as a
function of the absorption coefficient («) and the wave-
length (A) of the incident radiation, as shown in Eq. (4)
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A
K=%
4 (4)

Figure 7a clearly shows that the extinction coeffi-
cient rises linearly as photon energy increases, empha-
sising the material’s optical properties. The refractive
index (n) can be given by Eq. (5)

_ —(R+1)+/(-3R2+ 10R - 3)
"= 2R-1)

()

In examining the relationship between the refrac-
tive index (n) and reflectance (R), we observe that this
connection can be graphically represented (Fig. 7b).
From this data, the linear refractive index is found
to be 1.371. This value is essential as it highlights the
material’s potential for applications in optical limiting
and various optoelectronic devices [21].

Optical conductivity indicates how a material
responds to different light intensities, showing its
dynamic behaviour when exposed to radiation. The
relationship governing optical conductivity can be
expressed using Eq. (6),

Knc
Oop = T (6)

where K represents the extinction coefficient, n is the
refractive index, c is the speed of light in a vacuum,
and A is the wavelength of incident light. The find-
ings shown in Fig. 8a reveal the correlation between
optical conductivity and photon energy, marked by
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distinctive peaks that indicate enhanced electron tran-
sitions at specific energy levels. Such insights are cru-
cial for optimising the material’s efficiency in various
photonic devices [22].

From these observations, we can infer that the opti-
cal conductivity of the material is closely related to
its extinction coefficient and refractive index. Fur-
thermore, a significant increase in the material’s pho-
toconductivity indicates a change in the absorption
coefficient. The link between optical conductivity and
photon energy also demonstrates that the material
exhibits a strong photo responsive nature, suggest-
ing that these optical parameters influence electrical
conductivity. The electrical conductivity (o) directly
relates to the optical conductivity (o,,), as described
in Eq. (7).

20
o = 2w %

ele
a

Further analysis, as shown in Fig. 8b, reveals the
inverse relationship between photon energy and elec-
trical conductivity, indicating that as photon energy
increases, the electrical conductivity of the mate-
rial tends to decrease. These findings emphasise the
importance of optimising photon energy to enhance
the effectiveness of devices made from this material
towards the photonic and electronic technologies [23].

2.3 Photoluminescence (PL) studies
The photoluminescence examination of the synthe-

sised compound was conducted using an advanced
Fluorolog-3-11 spectrometer. This sophisticated
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instrument produces illumination through a powerful
450-W xenon lamp, enabling a remarkable resolution
of 0.2 nm across a broad wavelength range from 180 to
850 nm. Photoluminescence (PL) is characterised as the
spontaneous emission of light following photoexcita-
tion, a phenomenon that occurs when atoms transition
between different energy levels due to absorbed pho-
tons [24]. The PL spectrum of the compound, which
is in Fig. 9, was carefully recorded within the wave-
length range of 220-450 nm. The material was inten-
tionally excited at a precise wavelength of 228 nm. In
the photoluminescence spectrum (Fig. 9), a distinctly
defined emission peak is observed within the ultravio-
let region, specifically between 260 and 330 nm. The
observation of a distinct and well-defined emission
peak can be attributed to the radiative recombination
of charge carriers within the material’s band gap or
to excitonic transitions between energy levels. This
prominent emission peak is closely related to the rt-rt*
electronic transition associated with the aromatic ring
in the phenyl group, emphasising the molecular com-
plexity involved. The sharpness of the peak indicates
a highly ordered crystalline structure with minimal
defects that could hinder nonradiative recombination
processes. This implies that the material has excellent
optical quality, enhancing its performance in specific
applications. Additionally, the emission within this
spectral range further confirms the wide band gap of
the semi-organic material, boosting its potential for
various advanced ultraviolet photonic and optoelec-
tronic applications. [25].

2.4 HR-SEM/EDAX analysis

The surface morphology of the material was carefully
examined with a Quanta 200FEG high-resolution
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Fig. 9 PL Spectrum of DPGCL
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scanning electron microscope (HR-SEM). As shown
in Fig. 10, the HR-SEM images display detailed fea-
tures of the material at various magnifications, specifi-
cally at x 2500, x 5000, x 10,000, and x 20,000, all taken
at an acceleration voltage of 30 kilovolts. These images
reveal a very smooth surface texture, with only a few
microcrystalline structures, notably elongated cuboids
that highlight the material’s refined quality. This sug-
gests a high degree of uniformity and excellence in the
material’s composition [26].

Additionally, the EDAX spectrum derived from the
analysis, as illustrated in Fig. 11, reveals the elemen-
tal composition of the compound, identifying key ele-
ments such as carbon, nitrogen, oxygen, and chlorine.
A detailed enumeration of the constituent elements,
along with their corresponding weight percentages,
highlights the successful synthesis of the mixture of
D-phenylglycine and hydrochloric acid, confirming
that the material is free from impurities. Furthermore,
the consistent crystalline form of the synthesised com-
pound reinforces its purity, indicating a stable and
well-ordered molecular structure, which is essential
for its potential applications.

2.5 Thermal analysis

Thermogravimetric differential thermal analysis
(TG-DTA) is a sophisticated technique used to exam-
ine a material’s thermal characteristics in detail,
revealing critical parameters such as its melting point,
the rate of heat change over time, and various transi-
tions in heat energy. In this study, the TG-DTA analy-
sis of the specified substance was performed within a
temperature range of 25-400 °C at a controlled rate of
10 K/min using a NETZSCH STA 409C analyser under
anitrogen atmosphere to prevent oxidation and ensure
accuracy. From the TGA/DTA curve (Fig. 12.), it is evi-
dent that the grown crystal decomposes in three dis-
tinct stages. A significant weight loss of approximately
51% occurs between 213 and 250 °C, with an endother-
mic peak at 213 °C. This loss is likely due to the release
of trapped solvent molecules and volatile components.
The decomposition of the organic part of the crystal
results in a 38% weight loss in the range of 250-296 °C,
accompanied by strong endothermic peaks at 246 and
286 °C. These peaks can be attributed to the thermal
decomposition or phase transformation of the crystal.
However, the substantial 38% weight loss suggests
breakdown of the organic molecule, releasing CO, and
NH; from the amino acid group. Beyond 296 °C, no

@ Springer
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Fig. 10 HR-SEM images of DPGCL
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further weight loss is observed; the TGA curve indi-
cates the formation of a thermally stable residue. The
DTA curve shows only endothermic peaks, confirming
dehydration, decomposition, and lattice breakdown
during heating. The absence of exothermic peaks indi-
cates that no oxidation reaction occurs in the grown
crystal [27, 28]. These findings indicate not only the
thermal transitions experienced by the material but
also its remarkable thermal stability. This exceptional

@ Springer
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stability demonstrates the compound’s ability to with-
stand high laser power applications.

2.6 Laser damage threshold studies

The inherent tolerance of crystals to laser irradiance
is influenced by a myriad of factors, including the
purity of the material, its structural characteristics,
the phenomenon of multiple-photon ionisation, and
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Fig. 12 TG-DTA plot of DPGCL

the critical damage threshold associated with these
processes. Materials that demonstrate heightened
resilience to laser exposure hold considerable promise
for transformative applications in the field of mate-
rial science [29]. To evaluate the laser damage thresh-
old of DPGCL, a precise experimentation setup was
employed, utilising a Q-switched Nd-YAG laser of
1064 nm. This powerful laser delivers pulses with a
width of 10 ns and operates at a frequency of 10 Hz,
making it particularly effective for such assessments.
A focussed laser beam, measuring 1 mm in diam-
eter, was meticulously directed onto the impeccably
polished surface of the crystal through a converging
lens with a focal length of 10 cm. The energy output
from the laser source was precisely adjusted using a
variable attenuator, enabling an accurate assessment
of the material’s resilience at varying energy levels.
During exposure to these differing energy intensities,
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observable damage to the crystal surface was noted,
as depicted in Fig. 13. This damage is primarily attrib-
uted to the thermal stress that builds up within the
material’s lattice, indicating a critical failure point. To
better understand this phenomenon, the power den-
sity was determined using the specified Eq. (8).

Ep

Py = )

Tﬂ'a)oz

The resulting power density values were then com-
pared with those of other nonlinear optical (NLO)
materials, as demonstrated in Table 2. Further inves-
tigation emphasises that the thermal stability of the
material is a crucial factor in its performance. The crys-
tal’s ability to maintain its structural integrity under
extreme conditions positions it as a leader in ongoing
developments within photonic technology and related
fields [30].

2.7 Second order nonlinear optical studies

The second-harmonic generation (SHG) conversion
efficiency of the sample was carefully evaluated using
the Kurtz-Perry powder technique, a widely recog-
nised method in the field [35]. For this analysis, pow-
dered potassium dihydrogen phosphate (KDP) served
as a standard reference material, given its well-estab-
lished SHG properties. A high-intensity, Q-switched
Nd: YAG laser emitting a fundamental wavelength of
1064 nm was used as the optical source for the experi-
ment. This powerful laser is known for its effectiveness

Fig. 13 Laser damage view
pattern a before, b after
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Table 2 Comparison of the LDT value with other NLO materi-

als

NLO materials Power
density (GW/
cm?)

KDP [31] 0.20

Bis-glycine hydrochloride [32] 1.62

y-glycine [33] 1.92

Diglycine picrate [34] 3.36

D-phenylglycine hydrochloride [present work] 5.46

Table 3 SHG efficiency of various semi-organic materials con-

cerning KDP
Nonlinear optical materials SHG effi- Crystal system
ciency
(Tri) glycine barium chloride [37] 0.5 Orthorhombic
L-Glycine thiourea [38] 0.6 Orthorhombic
Diglycine hydrobromide [39] 0.8 Orthorhombic
D-phenylglycine hydrochloride 1.3 Orthorhombic
[present study]

in producing nonlinear optical effects. As expected,
the SHG process was confirmed by the detection of
green light at 532 nm, clearly indicating the material’s
nonlinear optical response. At an input energy of 0.7 ],
the SHG output for the compound was an impressive
7.2 m], significantly exceeding the KDP reference,
which recorded an output of 5.4 m]J. This notable result
showed that the SHG efficiency of the tested material
was 1.3 times greater than that of KDP, demonstrating
its superior nonlinear optical performance and is com-
pared with other NLO materials as shown in Table 3.
Additionally, it was observed that the SHG efficiency
tends to increase with larger particle size [36], suggest-
ing that optimising particle dimensions could lead to
further improvements in SHG efficiency.

2.8 Third-order NLO studies (Z-scan) analysis

The non-centrosymmetric material under investiga-
tion showcases the remarkable ability to propagate
both second-order and third-order nonlinear opti-
cal properties [40]. To assess the efficiency of the
third-order nonlinear optical (NLO) responses, the
Z-scan technique, an established method pioneered
by Bahae [41], was employed. This technique has
gained widespread recognition as the standard
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approach for evaluating the third-order NLO char-
acteristics of various materials. A meticulous inves-
tigation into the nonlinear absorption coefficient and
the optical limiting threshold of the material was
conducted using open-aperture Z-scan methods,
enabling a comprehensive analysis of the optical lim-
iting parameters. This experimental setup utilised
a Q-switched Nd: YAG laser system (Quanta-Ray
INDI-10), characterised by a pulse width of 9 ns and
a wavelength of 532 nm. To prepare the sample for
testing, 0.15 mg of the powdered material was skill-
fully dispersed in 5 ml of ethyl glycol, achieving a
linear transmittance of 70%. Ethylene glycol primar-
ily serves as a polar solvent, enhancing the activity of
solutes while exhibiting no notable nonlinear optical
response. A Z-scan conducted under the specified
experimental conditions on pure ethylene glycol
reveals an absence of nonlinear characteristics. Con-
sequently, it does not affect the nonlinear absorp-
tion of the DPGCL sample. The essential parameters
beam waist (wo), Rayleigh range (Leff), and pulse
width were precisely defined as 16.9 um, 1.69 mm,
and 100 pJ, respectively. A focused beam intensity
of 2.46 x 10> W/m? was meticulously directed into
the sample holder through a converging lens with
a focal length of 15 cm. The experimental procedure
involved systematically scanning the beam across
a distance of 100 mm in carefully predetermined
increments. This approach highlighted the intricate
relationship between the absorption coefficient and
the corresponding increase in light intensity [42].
The observed characteristics of peaks and valleys
demonstrated clear evidence of nonlinear optical
behaviour at elevated input fluence levels, while the
shoulder features indicated linear transmittance at
lower intensities. Figure 14 vividly illustrates the
open aperture curve of DPGCL, with normalised
transmission values derived using Eq. (9),

+oo
J In[1+g(2)exp (—72)]dr )

mq(z) —o°

T =

where q(z) = L , B is the nonlinear absorp-

IO
(1+(2/2,))
tion coefficient, Z, is the Rayleigh range or diffraction
length, Io is the input intensity of the laser beam, and
L is the effective length of the sample. The nonlinear
absorption in DPGCL is attributed to the two-photon
absorption process, with theoretical and experimental
data findings aligning with each other. The fluence
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Fig. 14 Open aperture curve of DPGCL

(F(z)) of a filtered Gaussian laser beam at position Z is
described by an Eq. (10) derived from the open-aper-
ture Z-scan data.

Ein 2
F(z) =4VIn2 — w(z) (10)

73

The beam radius can be characterised using Eq. (11),
which further elucidates the system’s behaviour.

511/2
0(Z) = w(0) [1 +(5) ] (11)

Notably, the open-aperture curve, corresponding to
an on-axis input intensity of 2.46 x 10> W/m?, indicates
that the DPGCL crystal exhibits intriguing optical lim-
iting behaviour attributed to reverse saturable absorp-
tion. Figure 15 effectively illustrates the relationship
between normalised transmittance and input intensity
(W/m?), highlighting the optical limiting characteris-
tics of the material, which has an onset threshold of
2.89 x 10' W/m?. Lowering this threshold improves
the effectiveness of the optical limiting effect. Table 4
provides a comprehensive collection of data, including
the nonlinear optical absorption coefficient (8), satu-
ration intensity (I,;), and the onset limiting threshold
for the material. The third-order nonlinear absorp-
tion coefficient of the material is compared with that
of other NLO materials, as presented in Table 5. This
comparison indicates that the material demonstrates
a promising third-order NLO efficiency. The results
from the Z-scan technique show a significant increase
in third-order nonlinearity, opening up potential
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Table 4 Third-order NLO parameters of DPGCL

Sample Name Saturation Nonlinear Onset opti-
Intensity absorption cal limiting
I, 10" W/m? coefficient threshold x 10!

px107° /W W/m?

DPGCL 32 0.87 2.89

Table 5 Comparison of nonlinear absorption coefficient with
other NLO materials

Nonlinear optical materials Nonlinear
absorption
coefficient
£x107"0 m/w

Thiosemicarbazide [45] 0.31

Creatininium phthalate [46] 0.54

Methyl triphenylphosphonium bromide [47] 0.59
D-phenylglycine hydrochloride [present study]  0.87

applications in the dynamic fields of photonics and
optoelectronics [43, 44].

3 Conclusion
A high-quality single crystal of D-phenylglycine
hydrochloride was successfully synthesised using the

slow evaporation technique, followed by an exten-
sive analysis of its structural, optical, thermal, and
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nonlinear optical properties. Single-crystal X-ray dif-
fraction (XRD) confirmed that the material belongs to
the orthorhombic crystal system. Ultraviolet—Visible
(UV-Vis) spectroscopy demonstrated a distinct cut-
off wavelength at 228 nm, accompanied by an optical
band-gap of 5.4 eV. The material’s stability and suit-
ability for optoelectronic applications were under-
scored by the examination of its electrical structure,
supported by HOMO-LUMO and Molecular Electro-
static Potential (MEP) analyses. Photoluminescence
spectroscopy indicated the material’s potential effec-
tiveness for device fabrication. High-Resolution Scan-
ning Electron Microscopy (HR-SEM) and Energy Dis-
persive X-ray Analysis (EDAX) validated the smooth
surface morphology and the precise elemental com-
position. Furthermore, Thermogravimetric Analysis
(TGA) and Differential Thermal Analysis (DTA) con-
firmed the excellent thermal stability of the material,
with a melting point recorded at 286 °C. Noteworthy
is the material’s second-order nonlinear optical effi-
ciency, which is 1.3 times greater than that of potas-
sium dihydrogen phosphate (KDP), in addition to
a high laser damage threshold of 5.46 GW/cm?. The
material’s applicability for nonlinear optical and laser-
based technologies is further enhanced by its third-
order nonlinear properties, which include a nonlinear
absorption coefficient of 0.87 x 10-1° m/W, saturation
intensity of 32 x 10" W/m?, and a limiting threshold
of 2.89 x 10'> W/m?. D-phenylglycine hydrochloride
presents itself as a promising candidate for advanced
photonic and optoelectronic applications, owing to its
remarkable nonlinear performance, optical transpar-
ency, thermal stability, and structural integrity.
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