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Semi-organic nonlinear optical single crystals are vital to current photonic technologies because they combine
the organic flexibility and inorganic stability. The third-order semi-organic NLO single crystal, p-Phenyl-
glycinium bromide (DPGBr), was successfully synthesised by slow evaporation from an aqueous solution. The
structural refinement of the crystal was elucidated with the SHELX-97, which concluded that it crystallises in the
orthorhombic system with space group P2;2;2;. Extensive structural, spectroscopic, optical, thermal, and
theoretical analyses were conducted. The molecular geometry has been optimised and is consistent with the
experimental data, validating the theoretical model. FT-IR and FT-Raman spectra are consistent with compu-
tational vibrational frequencies, allowing functional group assignments. Optical properties were evaluated using
UV-visible-NIR and photoluminescence spectroscopy. The energy difference between HOMO and LUMO is 4.415
eV, indicating high stability in kinetic properties and charge transfer. The molecular electrostatic potential map
shows that intermolecular interactions influence both bromide and heteroatom sites, which exhibit large
negative potentials. The Hirshfeld surface analysis reveals that Van der Waals forces and hydrogen bonding affect
molecular packing. The material's hyperpolarizability («g) demonstrates a strong NLO response. EDAX verified
the elemental composition, and thermal stability (TG-DTA/DSC) testing showed it is stable up to 235 °C. Mea-
surements of reverse saturable absorption with a nonlinear absorption coefficient of 0.48 x 107:° m/W and an
optical limiting threshold of 6.24 x 102 W/m? indicated that it is a promising material for photonic and optical
limiting applications.

1. Introduction measurement, holographic imaging, optical limiting, high-speed data

processing, integrated photonics, optical communication, laser moni-

In recent years, organic crystalline salts have been of considerable
interest as promising materials for third-order nonlinear optical appli-
cations. Their high molecular polarity, extensive n-electron conjugation,
and ability to facilitate efficient intramolecular charge transfer make
them the best candidates for the development of sophisticated photonic
and optoelectronic devices. Developing new organic materials with
enhanced optical properties is increasingly important for advancing
photonic and optoelectronic technologies. These materials have been
successfully applied to terahertz (THz) wave generation and
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toring, optical computing, and frequency conversion [1-4]. The organic
molecules may serve as electron donors and acceptors due to their
inherent polarity, chirality, and extended, electron-conjugated struc-
tures. There is great interest in organic nonlinear optical materials due
to their large electro-optic coefficients, low dielectric constants, fast
response times, and large nonlinear optical responses [5-7]. Incorpo-
rating aromatic rings into organic compounds confers them with pecu-
liar properties, including a high laser-damage threshold, a robust
nonlinear optical response, high molecular polarity, and reduced
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charge-carrier mobility. These characteristics make organic NLO mate-
rials a good choice for next-generation photonic devices compared to
inorganic systems. Improvement in NLO performance is primarily ach-
ieved by incorporating donor-n-acceptor structures, which facilitate
efficient electron transfer [8-10]. Extended =-conjugation enables
optimal electronic interaction between donor and acceptor groups,
leading to greater charge delocalisation and optical nonlinearity
[11-13]. Moreover, these n-conjugated systems are mechanically,
photochemically, and thermally stable, which is key to generating stable
and efficient third-order NLO devices [14,15]. Phenylglycine is an
essential raw material in the production of p-lactam antibiotics, such as
semisynthetic penicillins and cephalosporins [16,17]. Its halogenated
analogues are found to be genotoxic amino acids [18,19]. Its structure
contains an aromatic ring, enabling non-covalent interactions, including
n-n stacking, which are widespread in biological systems and are a
central component of medicinal chemistry [20]. D-Phenylglycine hy-
drochloride [21], D-Phenylglycinium nitrate [22], D-Phenylglycine
perchlorate [23], Bis-Glycine hydrochloride [24], and Bis
(D-Phenylglycinium) sulphate monohydrate [25] have been reported
to adopt crystal forms. In addition to the extensive studies reported in
the literature, our research team thoroughly characterised the crystal
structure of the synthesised product, which is deposited in the CCDC
number: 935,608 [26]. We conducted an extensive theoretical and
experimental study, the first of its kind, and now we can make mean-
ingful comparisons and understand its peculiarities. This paper is a close
examination of the synthesis and detailed characterisation of a D-Phe-
nylglycinium bromide (DPGBr) single crystal using the SEST method at
room temperature. Thorough research was conducted using X-ray
diffraction, Hirshfeld surface analysis, and molecular geometry assess-
ment. The Kurtz-Perry powder test and third-order NLO measurements
were carried out, whereas the vibrational modes were analysed using
FT-IR and FT-Raman spectroscopic analysis. Additionally, the frontier
molecular orbitals (FMOs) and hyperpolarizability were calculated
using the TD-DFT method. The optical characteristics, including UV
absorbance and photoluminescence, were evaluated. TG-DTA/DSC and
EDAX studies assess the thermal stability and its elemental composition.
The close agreement between the experimental results and the theo-
retical calculations demonstrates the validity of the data and provides
useful insights into the compound's molecular structure, vibrational
features, optical properties, and thermal stability.

2. Experimental procedure

D-Phenylglycine and hydrobromic acid were purchased from Sigma-
Aldrich with a purity of 99% and mixed in an equimolar (1:1) ratio in
water as the solvent. The solution was stirred for 6 hrs to obtain a ho-
mogeneous, saturated solution. The solution was filtered through
Whatman filter paper, which removed any remaining impurities that
could compromise the final product's integrity. To ensure the solution
remained stable throughout crystallisation, the filtered solution was
placed in a well-controlled environment free of thermal variations and

Fig. 1. As-grown single crystals of D-Phenylglycinium bromide.
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mechanical interference. Good-quality, transparent optical single crys-
tals of DPGBr were harvested after 45 days, as shown in Fig. 1., and the
reaction mechanism is depicted in Scheme 1.

Solubility studies were systematically carried out across a tempera-
ture range of 30° to 50 °C. For each measurement, a specific amount of
salt was dissolved in deionised water, with the temperature maintained
constant. Continuous stirring was applied to ensure uniformity and
promote effective dissolution. After reaching saturation, the solute's
equilibrium concentration was determined gravimetrically [27]. The
results showed a positive temperature gradient along the solubility
curve, indicating that the solubility of the DPGBr salt in water increases
with temperature (Fig. 2).

3. Results and discussion
3.1. X-ray diffraction analysis

The X-ray diffractometer analysed the DPGBr in single-crystal mode
(Bruker AXS Kappa Apex II) using MoKa (A = 0.71073 [o\) radiation. The
structure was well refined by full-matrix least-squares using the SHELX-
97 program [28], and it was confirmed to crystallise in the orthorhombic
space group P212;2;. The parameters of the unit cell are a = 5.5240(5)
A, b=7.4735(5) A, and c = 23.1229(18) A, with a unit cell volume of
954.60(13) A®. Tables 1 and 2 present the crystallographic and struc-
tural refinements, including the hydrogen-bonding geometry of DPGBr.
Optimization automatically achieved R = 0.022, wR(F?) = 0.046, and a
goodness-of-fit (S) = 1.03 with 2170 reflections. The Flack value of
0.011(8) supports the assignment of the absolute configuration as the
Denantiomer. The final Fourier map showed minor residual electron
density (Ap = 0.25 eA™%), indicating a reliable refinement with no sig-
nificant errors. The asymmetric unit (Fig. 3.) has a distinct non-planar
geometry of the D-Phenylglycinium cation, with the carboxyl group
slightly out of the plane of the phenyl ring. The torsion angle
N1-C7-C8-01 = 15.6(3)° suggests a slight non-coplanarity between the
amino and carboxyl groups, likely due to low conjugation. The C = O
and C-O bond lengths are 1.192(3) A and 1.323(3) [o\, respectively,
corresponding to localised double and single bonds. The N—C bond
length of 1.497(2) A indicates partial delocalisation of the electrons
between nitrogen and the carboxylic group via resonance. The a-carbon
(C7) is nearly tetrahedral, with angles between 107° and 112°, con-
firming sp® hybridisation. These geometric parameters align well with
those of previously reported related amino acid halides, such as
D-Phenylglycinium chloride, suggesting no significant distortion in the
molecular conformation due to halide substitution [29].

The structural framework is primarily stabilised by an intermolec-
ular hydrogen-bond network. The protonated amino nitrogen is
donating in a number of NH- H-bromide anion interactions, and the
carboxylic OH group is contributing an additional OH-bromide inter-
action. The strongest directional forces in the lattice are N—H...Br, with
D... A distance of interactions from 3.3166(18) to 3.429(2) 10\, and the
angles are 154° to 164°. The O—H...Br interaction (3.2027(17)A, 171°)

H,

OH + HBr
m 35 OC|H,O

O OH

H

Scheme 1. Reaction Mechanism of DPGBr.
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Fig. 2. Solubility curve of DPGBr.

Table 1

Crystal data and structure refinement data of DPGBr.

Empirical formula

CgH1oNO3.Br

Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indices [I > 2sigma(l)]

232.08

295K

0.71073 A

Orthorhombic

P2,2,2

a = 5.5240(5) A

b = 7.4735(5) A

¢ =23.1229 (18)A

V = 954.60(13) A®

4

1.615 Mg/m°®
—6<h<7,-9<k<5,-28<1<30
5824

2170[R(int) = 0.022]
2170/ 0/ 114

1.03

R1 = 0.022, wR2 = 0.046

Table 2

Hydrogen bonding geometry (A°) of DPGBr.

D-H..A D-H

H..A

D..A D-H..A

N1-H1B...Brl! 0.89 254

N1-H1C..Br1®  0.89 257

N1-HIA...Brl 0.89 245

O01-H1D...Br1  0.82 2.39

C7-H7...02V 0.98 259

Symmetry codes: (i) —x+ 1,y —1
+ 1,y 2

3.3586(17) 154
3.429(2) 163
3.3166(18) 164
3.2027(17) 171
3.527(3) 159
/2,—2z+3/2; () x—1,y,z (i) x—1,y—1,2 @{iv) x

Fig. 3. ORTEP diagram of DPGBr.
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further indicates the ionic connectivity and weak C—H...O interaction
(3.527(3) A, 159°) provides further stabilisation. These hydrogen bonds
form a large, three-dimensional network that defines the overall
arrangement of the molecules. The packing diagram (Fig. 4.) indicates
that bromide ions play a crucial role in the organisation of the molecular
structure by connecting the neighbouring D-phenylglycinium cations
into two-dimensional hydrogen-bonded sheets that are perpendicular to
the (001) plane. Weaker van der Waals forces along the c-axis further
bind these sheets, forming a compact, highly ordered three-dimensional
supramolecular network.

The powder X-ray diffraction results were obtained using a Bruker
D2 Phaser spectrometer with Cu Ko radiation (A = 1.5418 A) at a
scanning rate of 1 °/min. The sharp peaks in the diffraction patterns
were systematically indexed using the POWDER X refinement software
package, enabling detailed analysis of the material's crystalline struc-
ture. Fig. 5. provides a comprehensive comparison of the indexed
powder X-ray diffraction patterns of DPGBr with the corresponding
theoretical data. Notably, the absence of unindexed reflection ratios,
along with the lack of additional peaks, strongly suggests that the syn-
thesised material is free from secondary phases or domains that could
affect its integrity. Furthermore, a thorough comparison of the main
peaks in the experimental and theoretical results was performed,
enhancing the correlation between the two data sets. This careful
alignment not only confirms the sample's purity but also supports the
reliability of the characterisation methods used throughout this study.

The specific elements present in the material were identified from
the distinctive peaks observed in the EDAX spectrum shown in Fig. 6.
These findings strongly indicate that the material is not only free of
impurities but also synthesised with high purity. Moreover, the EDAX
results further reinforce the conclusion that this material is highly pure,
making it well-suited for applications in cutting-edge technology and
photonics.

3.2. Molecular geometry analysis

The results of Density Functional Theory (DFT) calculations for
optimized molecular geometry parameters, performed using the
LANL2DZ/6-311++G(d,p) basis set, were compared with those ob-
tained from X-ray diffraction analysis. Table 3 displays the molecular
geometry of DPGBr. The optimised geometry of DPGBr is shown in
Fig. 7. Bond length and angle analyses of DPGBr show good agreement
between experimental (XRD) and theoretical (DFT) results, confirming
the reliability of the optimised structure [30,31]. The C-C bond lengths
in the aromatic ring range from 1.361 to 1.389 A (XRD) and 1.392 to
1.399 A (DFT), indicating typical aromatic character with m-electron
delocalisation. The C6-C7 and C7-N1 bond lengths are consistent with
strong c-bonding interactions, while the C8-02 and C8-01 bond lengths
confirm the presence of localised double and single bonds in the
carboxyl group with partial electron delocalisation. The bond angles
within the phenyl ring (~119°-121°) confirm sp? hybridisation,

Fig. 4. Hydrogen Bonding interaction of DPGBr.
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Fig. 6. EDAX spectrum of DPGBr.

whereas the bond angles around the a-carbon (C7) (107°-112°) indicate
a slightly distorted tetrahedral geometry due to intermolecular in-
teractions. The conformational analysis of the title molecule reveals that
it adopts a twisted non-planar conformation, as supported by both
experimental (XRD) and theoretical (DFT) results. The phenyl ring is
essentially planar, as confirmed by the near-zero torsional angles
(C6-C1-C2-C3 = 0.2° and C1-C2-C3-C4 = —0.3°), indicating strong
n-conjugation within the aromatic system. However, significant de-
viations are observed in the torsional angles involving the C6-C7-C8
linkage, such as C1-C6-C7-N1 (—54.0°) and C1-C6-C7-C8 (66.2°),
demonstrating that the side chain is twisted relative to the phenyl ring.
Furthermore, the torsional angles N1-C7-C8-02 (15.6°) and
N1-C7-C8-01 (—165.48°) indicate that the carboxyl group is not
perfectly coplanar with the molecular backbone. These features confirm
that the molecule adopts a non-planar, twisted conformation, which is
attributed to reduced conjugation and intermolecular hydrogen bonding
in the crystal lattice. Such a conformation is typical for amino acid de-
rivatives and plays a significant role in molecular packing and optical
properties.

3.3. Vibrational spectral analysis

Experimental FT-IR and FT-Raman spectroscopy were employed to
investigate the vibrational characteristics of DPGBr, and the results were
correlated with frequencies calculated at the LANL2DZ/6-311++G(d,p)
level of theory. A scaling factor of 0.967 was applied to the computed
frequencies to account for anharmonicity and the systematic over-
estimation inherent in DFT calculations [32,33]. The excellent agree-
ment between experimental FT-IR and FT-Raman wavenumbers and the
calculated wavenumbers, supported by potential energy distribution
(PED) analysis, confirms the reliability of the optimised molecular
structure. The detailed assignments along with PED contributions are
presented in Table 4. The experimental and calculated (theoretical)
FT-IR and FT-Raman spectra of DPGBr are shown in Fig. 8a and 8b,
respectively.

O-H and N-H Stretching Vibrations

The FT-IR band at 3607 cm™ and the corresponding Raman band at
3600 cm’! are assigned to the v(O-H) stretching vibration, with a
dominant PED contribution of 99%, confirming its pure hydroxyl
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Table 3

Molecular Geometry of DPGBr.
Bond length XRD (A) DFT(A) Bond length XRD(A) DFT(A)
C1—C6 1.382 (3) 1.399 C6—C7 1.515 (2) 1.52
Ccl1—C2 1.383 (3) 1.395 C7—N1 1.497 (2) 1.507
C2—C3 1.361 (3) 1.393 C7—C8 1.507 (3) 1.514
C3—C4 1.365 (3) 1.396 Cc8—02 1.192 (3) 1.217
C4—C5 1.389 (3) 1.392 Cc8—01 1.323 (3) 1.336
C5—C6 1.386 (3) 1.399
Bond Angle XRD (°) DFT(°) Bond Angle XRD(°) DFT(°)
C6—C1—C2 119.8 (2) 119.8 C5—C6—C7 119.15 (19) 118.9
Cc3—C2—C1 120.6 (2) 120.2 N1—-C7—C8 107.37 (17) 107.8
C2—C3—C4 120.4 (2) 119.9 N1—C7—C6 112.12 (15) 110.8
C3—C4—C5 120.0 (2) 119.9 C8—C7—C6 111.19 (16) 113.1
C6—C5—C4 119.9 (2) 120.18 02—C8—01 125.1 (2) 123.89
C1—C6—C5 119.30 (19) 119.8 02—C8—C7 124.73 (19) 123.8
C1—C6—C7 121.4 (2) 121.2 01—C8—C7 110.16 (19) 111.3
Torsional Angle XRD(°) DFT(°) Torsional Angle XRD(°) DFT(°)
C6—C1—C2—C3 0.2(4 0.15 C1—C6—C7—N1 —54.0 (3) 93.73
C1—C2—C3—C4 -0.3 (4) 0.06 C5—C6—C7—N1 130.1 (2) —84.06
C2—C3—C4—C5 0.5(4) -0.13 Cl1—C6—C7—C8 66.2 (2) —144.16
C3—C4—C5—C6 —-0.6 (3) —0.03 C5—C6—C7—C8 —109.7 (2) 38.03
C2—C1—C6—C5 -0.2(3) —0.32 N1—C7—C8—02 15.6 (3) 5.49
C2—C1—C6—C7 -176.2 (2) -178.1 C6—C7—C8—02 -107.4 (2) —118.22
C4—C5—C6—C1 0.5(3) 0.25 N1—-C7—C8—01 —165.48 (17) 172.97
C4—C5—C6—C7 176.5 (2) 178.04 C6—C7—C8—O01 71.5 (2) 63.3

Fig. 7. Optimized Geometry of DPGBr.

character. The bands observed at 3386 cm™ (FTIR) and 3350 c¢m’!
(Raman) correspond to V(N-H) stretching modes, with PED contribu-
tions of 94-96%. The shift of these bands to lower wavenumbers relative
to free stretching vibrations indicates strong intermolecular hydrogen
bonding, consistent across both spectra.

C-H Stretching Vibrations

The aromatic v(C-H) stretching vibrations appear at 3079 em™ and
3060 cm™ (FTIR) and at 3050 cm™ (Raman), with PED contributions of
85-92%, confirming dominant ring hydrogen motion. The aliphatic
v(C-H) stretching modes are observed at 2992 em’! (FTIR) and 2990 cm”
! (Raman), in good agreement with the calculated values. A weak band
at 2695 cm™ (FTIR) and 2690 cm’! (Raman) arises due to overtone or
combination bands, with mixed PED contributions (<50%), indicating
coupled vibrational behaviour [34-36].

Carbonyl and Imine Vibrations

A strong absorption band at 1725 cm™ (FTIR) and a corresponding
Raman band at 1720 cm™! are assigned to v(C = O) stretching vibration,
with PED contributions of 88-91%, confirming strong carbonyl char-
acter. The band observed at 1665 cm! in both FT-IR and Raman spectra
is attributed to v(C = N) stretching or mixed vibrational modes involving
N-H bending and intermolecular interactions, with PED contributions of
60-75%, indicating vibrational coupling. These assignments are
consistent with reported studies.

Aromatic Ring Vibrations

The FT-IR bands observed at 1595 ecm™, 1565 cm™, and 1476 cm™

align well with the Raman bands at 1590 cm’l, 1560 crn'l, and 1470 cm”
1, assigned to aromatic v(C = C) stretching vibrations. PED contributions
of 70-85% confirm that these modes are dominated by ring skeletal
motions. The splitting of these bands indicates substitution effects and
vibrational coupling within the aromatic framework.

C-H Deformation and Ring Vibrations

The bands at 979 cm™ and 918 cm™ (FT-IR) correspond to in-plane
C-H bending vibrations, while Raman bands at 970 cm™ and 910 cm™
support these assignments. The out-of-plane C-H bending vibrations
observed at 832 cm'l, 761 cm'l, 709 cm'l, and 690 cm™! (FT-IR) are also
confirmed by Raman peaks in similar regions. These modes exhibit PED
contributions of 40-70%, indicating mixed vibrational character and
sensitivity to substitution patterns on the aromatic ring.

3.4. Optical studies

The Analysis of UV-Visible spectroscopy provides profound insights
into the complex interplay among the electronic bandgap, atomic
structure, and crystalline characteristics of the material under investi-
gation. Our comprehensive absorption studies of the synthesised com-
pound spanned a wide wavelength range from 200 to 1200 nm,
providing a detailed exploration of its optical properties. The absorption
spectrum, depicted in Fig. 9, shows a notably lower cutoff wavelength at
270 nm, indicating a significant transition. Beyond this threshold, the
material showcases a striking absence of absorption, emphasising its
fundamentally transmissive nature [37]. This characteristic highlights
the necessity for materials with pronounced nonlinear optical (NLO)
behaviours, which are essential for advanced optical applications.

Furthermore, the optical bandgap, calculated from the UV-Vis
absorbance data, is presented in Fig. 9 (inset). A plot of energy (hv)
versus (ahv)!/? indicates an optical bandgap of 4.5 eV. This value
notably underscores the material's exceptional optical attributes. The
substantial bandgap observed can be attributed to the intricate elec-
tronic structure of the compound, which is characterised by rigid aro-
matic rings and significant hydrogen bonding interactions, specifically,
N-H---O and O-H---O—among the phenylglycinium cations and bromide
anions. The combination of a high optical bandgap and a minimal ab-
sorption profile in the near-infrared region positions this material as a
highly promising candidate for various applications in nonlinear optics
[38].

In the realm of Photoluminescence studies, the captivating interplay
between light and the electronic states of solid materials unveils an array
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Table 4 Table 4 (continued)
Theoretical and Experimental vibrational wavenumbers (cm™) of DPGBr. Exp. Exp. Theo. Frequencies IR Raman PED

Exp.  Exp. Theo.  Frequencies IR Raman PED FTIR  FT Freq Intensity Activity

FTIR  FT Freq Intensity Activity Raman

Raman 639 630 634 656 133.1244  3.8575 THOCC

- - 29 30 8.6425 0.7179 THNCC (35)+p
(86) NCC(13)

- - 37 38 0.9554 6.1805 TNCCC - 649 655 678 8.471 7.8479 pOCO
(88) (22)+p

- - 64 66 7.1807 0.9373 TOCCN CccC
(37)+p a7)+p
HNC CCC(13)
15)+p 670 669 674 697 15.8445 3.7981 pOCO
BrHN (26)+p
(38) CCC(16)

- 70 70 73 2.5005 1.2306 TOCCN - 744 746 772 35.981 6.4939 $OCOC
B7)+p D+p
BrHN CCC(24)
24) 775 768 771 797 79.7193 0.077 THCCC

- 103 106 110 2.4435 4.5961 pCCC AD+r
@9+¢ HCCC
CCcC a4
(38)+a 860 858 854 883 46.4852 1.9759 $CCCC
NG(32) (10)+7

- - 167 173 4.5687 0.6016 oBrN HCCC
(20)+p a7+t
CcC HCCC
(29)+¢ (15)+t
CNCC HCCC
(21) (24)

- 220 221 229 16.9795 1.4815 oBrN 875 877 876 906 23.8791 9.4319 pCcC
(25)+p 15)+¢
0OCC OCOoC
ayH+p (26)
CCC(14) - - 936 968 29.8839 8.4085 aCC(31)

- - 279 288 2.0947 11.0371 THNHBr - - 956 989 0.7615 0.1306 THCCC
A4+t (20)+7
HNHBr HCCC
B+ (28)+t
HNBr HCCC
(28) @2D+r

- 304 302 312 44.1316 0.7823 pocCC HCCC
an+p (29)
CCC 1041 1040 1040 1076 38.8408 8.3934 oNC
17)+a (26)+1
BrN(36) HCCC

- - 335 347 13.8778 2.0126 TCCCC (16)+t
(18) HCCC

- - 363 375 31.4276 3.2963 pocCC 18)+t
(25)+p HCCC
ccc (16)
19+¢ - 1057 1059 1095 0.7847 37.5705 pCCC
CNCC a4+p
(12) CCcC

442 444 444 459 0.5574 0.1371 THCCC (10)+a
(ID)+r cC
HCCC (14 +a
12)+t CC(18)
CCCC 1068 1071 1070 1107 46.2826 8.1001 aNC(32)
(19)+1 - - 1094 1131 7.1981 4.2354 aCC
CCCC (10)+a
24+t CC
ccee 13)+p
(20) cce

- - 485 502 49.205 1.8376 pOCO (29)+p
(15)+p HCC
0OCC(26) an+p

514 515 512 529 24.0946 0.9308 THOCC CCC(15)
(20)+¢ 1108 1110 1106 1144 0.6148 0.6227 THCCC
OCoC (22)+7
13) HCCC

604 604 602 622 119.6835 2.1512 THOCC 13)+r
32+ HCCC
CCcC 24
(14) - 1119 1125 1163 0.3643 0.2905 THCCC

24)+t
HCCC
29)+7

(continued on next page)
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Table 4 (continued)

Table 4 (continued)
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Exp. Exp. Theo. Frequencies IR Raman PED Exp. Exp. Theo. Frequencies IR Raman PED
FTIR FT Freq Intensity Activity FTIR FT Freq Intensity Activity
Raman Raman
HCCC @D+p
(12)+t HCC(15)
CccC 1669 - 1668 1725 208.7224 37.2059 BHNBr
a4+ (18)+p
1160 1163 1157 1197 14.6944 0.3902 pHCC NHN
(14)+«o (20)+p
CC HNC
19)+a 13)+p
cc@a7) BrHN
- 1188 1192 1233 197.8229 5.4515 aOC (20)+1
(23)+p HNHBr
HOC (19)
(36)+t - - 1718 1776 2.9512 21.806 aCC
BrHNC (19)+a
(10) CC(23)
- - 1224 1266 80.8942 6.3931 BHCC 1730 1732 1728 1787 48.273 9.7681 BHNH
7) (45)+t
1242 1242 1240 1283 23.6198 5.6138 aCC HNHBr
an+p (15)+7
HCC HNHBr
(15)+p (AD+=
HCC BrHNC
A+t a1
BrHNC 1745 - 1741 1800 0.3764 26.7836 «CC(29)
11 1772 - 1770 1831 85.758 4.6177 BHNBr
1250 - 1252 1295 62.8386 8.1837 BHNBr (19)+p
an+p HNH
HNC (12)+t
(25)+ HNHBr
- - 1288 1332 7.7137 5.9692 pHCC 27)+1
an+p HNHBr
HCC (38)
(20)+p 1810 1807 1805 1866 329.35 9.2006 «OC(80)
HCC 2618 2619 2625 2715 2341.8101 366.8707  aNH(98)
(16)+p 3186 3179 3189 3298 16.3852 65.1103 oCH
HCC(14) (100)
1294 1296 1292 1336 31.3101 11.472 aCC 3258 - 3256 3367 13.0083 40.8467 «CH(91)
(16)+p 3277 - 3283 3395 1.5614 45.8285 oCH
HCC 24)+a
13)+p CH
HCC(10) (47)+a
1326 1326 1328 1373 23.0911 1.845 fHCC CH(18)
(10)+p - - 3293 3406 16.8446 78.7452 oCH
HCC (41)+a
12)+a CH
0C(11) (23)+a
1402 1405 1400 1448 29.4687 1.2499 aOC CH(27)
18)+p - - 3303 3416 16.6848 27.557 oCH
HOC (36)+a
(19)+p CH
HCC(36) (1D+a
- - 1434 1483 21.4408 4.8759 BHCC CH
(12)+p a7)+a
HCC CH(34)
(20)+t - - 3316 3429 18.4407 243.5902  «CH
HCCO 14)+a
(27) CH
1479 1480 1474 1525 6.2732 2.0144 BHCC (41)+a
14+t CH
HCCO (30)+a
(40) CH(12)
- - 1510 1561 53.5929 2.2731 aOC - - 3551 3673 97.2698 59.5006 oNH
(14)+a (22)+a
CC NH(78)
(13)+p - - 3652 3776 90.2061 25.5573 oNH
HCC(28) (78)+a
1566 1567 1567 1621 14.8547 0.2382 fHCC NH(22)
(24) 3863 - 3865 3997 175.6293 105.8182  aOH
1610 1609 1608 1663 14.3171 0.6925 BHCC (100)
arn+p
HCC
(18)+p

HCC
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Fig. 8a. The experimental and calculated (theoretical) FT-IR spectrum
of DPGBr.
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Fig. 8b. The experimental and calculated (theoretical) FT-Raman spectrum
of DPGBr.
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Fig. 9. UV-Vis-NIR absorbance spectrum and Tauc’s plot (inset) of DPGBr.
of intriguing phenomena. For our analysis, we employed the state-of-

the-art Fluorolog-3-11 spectrometer to assess the photoluminescence
of the synthesised substance. This sophisticated device uses a powerful
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450-watt xenon lamp to achieve an impressive 0.2 nm resolution,
enabling highly detailed spectral measurements. The synthesised sample
was effectively excited at a wavelength of 260 nm, generating a pho-
toluminescent (PL) emission spectrum that is vividly illustrated in
Fig. 10. Notably, in the near-violet region of the spectrum, we observed
strong emissions characterised by prominent peaks at 290 nm and 310
nm. Beyond 310 nm, these peaks exhibited a rapid decline, indicating a
critical threshold in the material's emission behaviour. The observed
luminescence can be attributed to the radiative recombination of
electron-hole pairs, as well as transitions involving localized states sit-
uated near the conduction band edge.

Furthermore, the incorporation of aromatic phenyl rings into the
molecular structure likely enhances the n-n* transitions, contributing to
the material's luminescent properties. However, the challenge is com-
pounded by shallow trap states arising from minor defects within the
crystal structure. This intricate relationship highlights the necessity of
optimizing the synthesis conditions to improve the material’s properties
effectively. The results obtained indicate that the synthesized DPGBr
material demonstrates the capability of generating near-violet fluores-
cence, suggesting promising applications in advanced photonic tech-
nologies. Such findings could pave the way for innovative solutions in
various optoelectronic applications [39,40].

3.5. Frontier molecular orbital analysis

Frontier molecular orbital (FMO) analysis provides insights into the
electronic properties and chemical reactivity [41]. Fig. 11. displays the
HOMO-LUMO diagram for DPGBr. The global reactivity descriptors
were calculated using Koopmans’ theorem with the following standard
equations:

Ionization potential: I = —Egomo
Electron affinity: A = —Epymo
Global hardness: n = (I — A) / 2
Chemical potential: p = —(I1+ A) / 2
Global softness: S =1 / (2n)
Electrophilicity index: ® = p? / (2n)

The calculated energies of the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) are 1.66 eV
and -2.755 eV, respectively, yielding an energy gap of 4.415 eV, in good
agreement with the experimental band gap of 4.5 eV This relatively
large energy gap indicates that DPGBr is kinetically stable and exhibits
low chemical reactivity. The ionization energy and electron affinity,
derived from the HOMO and LUMO energies, are 1.66 eV and 2.755 eV,
respectively. The chemical potential (-2.208 eV) suggests the system's
stability, while the positive global hardness (0.548 eV) indicates resis-
tance to charge transfer. The global softness (0.913 eV™') reflects
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Fig. 10. PL spectrum of DPGBEr.



P. Hemalatha et al.

*3
,}x"“
2

Eqoyo= 1660 &V

Eyono=-2755 &V

E= 44156V

Fig. 11. HOMO-LUMO diagram of DPGBr.

moderate reactivity, and the electrophilicity index (4.45 eV) confirms
the molecule’s ability to accept electrons. The frontier molecular or-
bitals (HOMO and LUMO) provide important insight into the electronic
structure and charge transfer behaviour of the molecule. The HOMO is
mainly localised over the electron-rich regions of the molecule, partic-
ularly the phenyl ring and associated functional groups, indicating its
role as the electron-donating part. In contrast, the LUMO is distributed
over the electron-deficient regions, including the bromide ion and the
nearby molecular framework, suggesting its electron-accepting nature.
This spatial separation confirms the presence of intramolecular charge
transfer (ICT), which is important for its optical and nonlinear optical
(NLO) properties.

3.6. Molecular electrostatic potential

It reveals a uniquely anisotropic electrostatic environment that
profoundly influences intermolecular recognition, charge migration,
and molecular orientation within the crystalline structure [42]. As
illustrated in Fig. 12, the MESP diagram shows a complex landscape in
which the lowest region, marked by the most pronounced negative po-
tential, surrounds the bromide anion. This area acts as a vital electronic
reservoir, serving as the primary target for electrophilic probes due to its
high electron density.

Secondary negative regions are prominently located around the lone-
pair sites of oxygen and nitrogen within the organic moiety, indicating
that these heteroatoms may interactively compete with Br~ to act as
hydrogen bond or electron acceptors. Conversely, the most pronounced
maxima on the map are observed on the hydrogen atoms attached to the
amine group and, to a lesser extent, on specific CH sites of the phenyl-
glycinium cation. These maxima highlight the regions that serve as

Journal of Molecular Structure 1369 (2026) 146331

preferred hydrogen-bond donors, revealing the directional nature of
N-H---Br and N-H---O interactions within the lattice. Furthermore, the
localised negative potential around the oxygen atoms indicates the
intriguing possibility of bifurcated or cooperative hydrogen-bonding
motifs. In such cases, a single N-H donor could simultaneously
interact with both the bromide anion and an oxygen-accepting group,
potentially enhancing the stability of the crystal lattice. This complex
and dynamic interplay of electrostatic forces not only contributes to the
crystal's structural integrity but also opens avenues for exploring
remarkable properties and reactivity patterns. Such cooperative in-
teractions could be crucial in the innovative design of new materials
with precisely tuned functionalities.

3.7. Hirshfeld surface analysis

The analysis reveals a fascinating interplay of intermolecular forces
that is essential to its crystal packing. Notably, hydrogen-bonding in-
teractions with the bromide counterion, along with numerous van der
Waals contacts, are crucial for stabilising the overall structure [43].
Fig. 13 vividly illustrates the dnorm surface, shape index, and curved-
ness of DPGBr, while Fig. 14 presents the detailed 2D fingerprint plot.
The dnorm surface, displayed against the normalised contact distance,
highlights striking red regions indicating the N-H.--Br and O-H---Br in-
teractions. These intense red points confirm the importance of these
hydrogen bonds, as they represent the shortest and most vital intermo-
lecular contacts within the crystal structure. Moreover, the shape index
and curvedness maps reveal localised red and blue features, along with
widespread regions of low curvedness, which likely correspond to
C-H--n interactions and subtle n---n stacking between the aromatic
phenyl rings. This indicates that while hydrogen bonds with halides
primarily determine structural directionality, aromatic contacts also
help maintain the framework's overall stability. The parameters di and
de represent the distances from a point on the Hirshfeld surface to the
nearest atom inside and outside the surface, respectively. Specifically, di
(internal distance) corresponds to the distance from the surface to the
nearest nucleus within the molecule, while de (external distance) refers
to the distance to the nearest nucleus of a neighbouring molecule. These
parameters are used to generate two-dimensional fingerprint plots,
which provide detailed information about intermolecular interactions
and contacts within the crystal structure. The two-dimensional finger-
print plots provide quantitative insight into the intermolecular in-
teractions governing the crystal packing. The overall fingerprint map
shows a combination of sharp spikes and broad regions, indicating the
presence of both specific directional interactions and dispersive con-
tacts. The H---H interactions contribute the highest percentage (30.3%),
reflecting dominant van der Waals interactions within the crystal. These

Fig. 12. (a) Mesh (b) Transparent (c) Solid MESP diagram of DPGBr.
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Fig. 13. dnorm, Shapeindex and Curvedness of DPGBr.
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Fig. 14. 2D Fingerprint plot of DPGBr.

contacts form the background of the packing and indicate that weak
hydrogen-based interactions play a major role in stabilizing the struc-
ture. The H---Br contacts (25.0%) appear as distinct sharp spikes in the
fingerprint plot, suggesting significant hydrogen bonding or close

10

contacts involving bromine atoms. These interactions indicate that
bromine acts as an important acceptor site, contributing to directional
stabilisation of the crystal lattice. Similarly, the H---O interactions
(21.0%) exhibit well-defined spikes, characteristic of classical or
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non-classical hydrogen bonding. These interactions highlight the role of
oxygen atoms as strong electronegative centres participating in inter-
molecular bonding. The C---H interactions (18.1%) represent weak
C-H---m or C-H---C contacts, contributing to additional stabilisation
through dispersive forces and weak hydrogen bonding. In contrast,
O---Br (3.1%) and O---O (0.4%) interactions are rare and play a negli-
gible role in the overall crystal packing. These compelling results bolster
the credibility of the crystallographic model, underscoring the strength
of the compound's directional interactions. This complex tapestry of
intermolecular interactions not only fortifies the structural integrity of
DPGBr but also influences its material properties. Such characteristics
point to promising applications in various fields, including catalysis and
drug design. Moreover, these supramolecular assemblies suggest
exciting new avenues for optimising the performance of diverse fabri-
cation devices, heralding potential advancements in material science
and engineering. To provide a clearer understanding of intermolecular
interactions, the percentage contributions of different contacts obtained
from the Hirshfeld surface analysis are summarized in Table 5. The
analysis reveals that H---H interactions contribute the highest percent-
age, followed by H---Br/Br---H and O---H/H---O contacts. Minor contri-
butions arise from C.--H/H--C, O---Br/Br---O, and C-:-Br/Br---C
interactions. These results highlight the dominance of hydrogen bonding
and van der Waals interactions in stabilizing the crystal structure.

3.8. Thermal analysis

The thermal behaviour of DPGBr was investigated using a NETZSCH
STA 409C/CD thermal analyser. Differential thermal analysis (DTA) and
thermogravimetric analysis (TG) were employed to examine phase
transitions and decomposition characteristics [44]. The measurements
were carried out over a temperature range of 40-600 °C at a heating rate
of 10 K/min under a nitrogen atmosphere. The TG-DTA curves are
presented in Fig. 15. The TGA profile reveals that the compound un-
dergoes decomposition in two major stages. The initial mass of the
sample was 1.9150 mg. The first stage of decomposition, with a weight
loss of 41.12%, is attributed to the elimination of volatile species, pre-
dominantly hydrogen bromide (HBr), along with partial degradation of
the protonated amino acid moiety. The presence of bromide ions and
protonated amine groups in the structure supports the evolution of HBr
at elevated temperatures. This stage may also involve concurrent
decarboxylation and deamination processes, resulting in intermediate
fragments.

The second stage exhibits a significant mass loss of 57.60%, corre-
sponding to the complete decomposition of the remaining organic
framework. This includes the breakdown of the phenyl ring and asso-
ciated molecular backbone, leading to the formation of gaseous products
such as COz, NHs, and hydrocarbon fragments, with negligible residue
remaining. The DTA curve displays a sharp endothermic peak at 235 °C,
which is assigned to the melting point of the crystal. This well-defined
peak indicates good crystallinity of the sample. A subsequent endo-
thermic feature observed at higher temperatures is attributed to the
volatilisation and decomposition of the material. The TG-DTA results
demonstrate that DPGBr is thermally stable up to its melting point, after
which it undergoes systematic thermal decomposition. These observa-
tions are consistent with the TG/DTA findings and confirm the

Table 5
Percentage Contribution of Intermolecular Contacts from
Hirshfeld Surface Analysis.

Interaction Type Contribution (%)

H--H 30.3
H---Br / Br---H 25.0
O--H/H--0 21.0
C--H/H---C 18.1
O---Br / Br---O 3.1
0--0/0--0 0.4
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Fig. 15. TG-DTA spectrum and DSC spectrum (inset) of DPGBr.
material’s structural integrity up to 235 °C [45].
3.9. Hyperpolarizability

The interrelationships among nonlinear optical properties, photo-
current generation, and molecular structure were analysed using the
B3LYP/6-31++G(d,p) POLAR basis set, in conjunction with the finite-
field method, to calculate the polarizability and hyperpolarizability of
DPGBr. The x, y, and z components were employed to define the total
static dipole moment (y0), the anisotropy of the polarizability (|ag|), the
mean polarizability (Aa), and the overall first hyperpolarizability (po).

Ho = (i+pirpd)?
|oto] = 1/3(0textOtyy+0t72)

Ao = 271/2[((xxx—(xxx)2+((xyy—(xzz)2+((xzz_(xxx)2] 12
Po = [(BroctBryy+Bxae)*+(Byyy +Brxy+Byze) >+ (Brzz-+Pra-+-Byy2) 1/

The calculated polarizability (ao) and first-order hyperpolarizability
(Bo) values obtained from Gaussian 09 W are expressed in atomic units
(a.u.) and were converted into electrostatic units (esu) using standard
conversion factors (1 a.u. of « = 0.1482 x 10> esu and 1 a.u. of p =
8.6393 x 10733 esu). All reported values in this work are presented in esu
units for consistency with the literature. This ensures proper comparison
with previously reported nonlinear optical (NLO) materials. The x, y,
and z values of o and Po were used as the zero points in the output of
Gaussian 09 w. The value of fo is an important parameter for evaluating
the efficiency of the NLO system. The oo and fo values of the DPGBr
molecule are 2.63 x 1072® esu and 2.24 x 107%? esu, respectively. To
evaluate the nonlinear optical efficiency, the calculated fo value for
DPGBr (2.24 x 10722 esu) was compared with those of standard refer-
ence materials. The fo value of Urea is about 0.372 x 1073° esu, while
Potassium dihydrogen phosphate shows relatively lower hyper-
polarizability. The fo value of DPGBr is much higher than that of urea,
indicating strong nonlinear optical behaviour. A comparison with
similar amino acid-based NLO materials also shows that DPGBr has a
comparatively higher fo value. This enhancement is mainly due to strong
donor-acceptor interactions and intramolecular charge transfer within
the molecule. These results confirm that DPGBr exhibits good nonlinear
optical properties and is suitable for photonic and optical limiting ap-
plications. Table 6 presents the precise values of polarizability and
hyperpolarizability. These findings are significant for understanding
how molecular structure influences the optical properties of materials
and may provide insights into potential applications in photonic devices
and other NLO technologies.

3.10. Nonlinear optical analysis

The compound's second-harmonic generation (SHG) efficiency was
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Table 6
Calculated Polarizability and Hyperpolarizability values of DPGBr.
Polarizability Hyperpolarizability
Olxx 198.8681 Prxx 93.87057
Oy ~1.6983 Brcy ~17.9926
ayy 153.7994 Bayy 73.86277
e 4.6987 Byyy —41.6136
oy, -23.8948 Brxz ~163.586
Oyz 180.2106 PBxyz 18.9035
Byyz —43.0454
Brzz 137.3377
Byzz 4.482654
Pazz —249.638

evaluated using the Kurtz-Perry powder method [46]. A Q-switched Nd:
YAG laser at 1064 nm, operating at 4.1 mJ with an 8 ns pulse width and
a 10 Hz repetition rate, was used as the light source. The compound was
ground into a fine powder to ensure uniform particle size.
Second-harmonic signals were generated under laser irradiation, as
indicated by the bright green emission detected by a photomultiplier
tube. The SHG results were systematically compared with those of
conventional potassium dihydrogen phosphate (KDP). The material
exhibited an SHG efficiency 1.2 times greater than that of standard KDP.
Additionally, the compound's ability to generate second-harmonic light
increased with larger particle sizes [47].

The non-centrosymmetric material under investigation exhibits
notable second- and third-order nonlinear optical properties, high-
lighting its significant potential in advanced optical applications [48].
The Z-scan technique, developed by Bahae [49], is used to evaluate the
efficiency of third-order NLO responses. A Q-switched Nd: YAG laser
operating at 532 nm with a pulse width of 9 nanoseconds at a repetition
rate of 10 Hz. The resulting data clearly display characteristic peaks and
valleys, indicating NLO response at higher levels. Conversely, the
shoulder features observed at lower intensities reflect the material's
linear transmittance, emphasising the material's optical response di-
versity. This unique trait suggests the material can effectively withstand
higher light intensities, making it especially useful for various photonic
applications. Table 7 provides a comprehensive overview of the calcu-
lated third-order nonlinear optical parameters for DPGBr, highlighting
its remarkable properties. Fig. 16 presents the OA curve, showing nor-
malised transmission values calculated from Eq. (1), offering further
insight into the material's distinctive optical characteristics.

1

V/7q(2)

T(z) = / In[1+ q(z)exp(—7)]dz @

L

Zo is the Rayleigh range or diffraction length, I, is the input intensity of
the laser beam, and L is the effective length of the sample. The
nonlinear absorption characteristics observed in DPGBr arise from the
fascinating phenomenon of two-photon absorption (2PA), with both
theoretical models and experimental results showing remarkable
agreement. In this study, a focused laser beam was precisely directed to
achieve a waist of 16.9 pm using a lens with a focal length of 15 cm,
resulting in a Rayleigh range of 1.69 mm. The result was a remarkable V-
shaped characteristic on the optical absorbance (OA) Z-scan curve,

where q(z) = fLgy , B is the nonlinear absorption coefficient,

Table 7
Third-order NLO parameters of DPGBr.
Crystal  Saturation Nonlinear Absorption Onset Optical Limiting
Intensity, Isx 10"t Coefficient, p x 10°m/  Threshold, x 102 W/
W/m? w m?
DPGBr 80 0.48 6.24
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Fig. 16. Open aperture (OA) curve of DPGBr.

perfectly aligned with the focal point (Z = 0). This observation indicates
reverse saturable absorption (RSA), a fascinating nonlinear absorption
phenomenon. In this behaviour, the probability of absorption in excited
states exceeds that in the ground state, leading to a pronounced decrease
in transmittance as the light intensity increases. This interplay of exci-
tation and absorption creates a striking visual and analytical signature in
the data, highlighting the intriguing complexities of light-matter inter-
action at elevated intensities.

Such RSA attributes are characteristically linked with 2PA processes.
The intricate extended n-conjugation in the phenylglycine moiety of
DPGBr is notably augmented by the presence of various functional group
donors (amino) and acceptors (carboxylate and bromide), which
together facilitate a phenomenon known as intramolecular charge
transfer (ICT). This interaction promotes substantial electronic deloc-
alisation, thereby significantly increasing the propensity for nonlinear
photon absorption under intense laser excitation.

To analyse the experimental data, a standard 2PA model was
employed, which allowed for the precise fitting of results and yielded a
nonlinear absorption coefficient () of approximately 0.48 x 107! m/W.
This finding further corroborates the effective 2PA nature exhibited by
DPGBr. Moreover, the marked dip observed in the OA curve reflects a
noteworthy modulation of energy-dependent absorption, a clear indi-
cator of the material’s strong nonlinear optical (NLO) activity. The
complementary optical limiting (OL) curve, Fig. 17, reinforces these
observations. With increasing input intensity, the normalised trans-
mittance remains almost constant until it undergoes a sharp decline at a
critical intensity, the optical limiting threshold, which is observed at
around 6.24 x 10'?> W/m? This significant drop in transmittance dem-
onstrates DPGBr's ability to effectively block high-intensity laser light.

1.2

1.0

0.8

0.6 -

Normalized Transmittance

0.4 T T T
1E11 1E12 1E13

Input Intensity (W/m?)

Fig. 17. Optical limiting (OL) curve of DPGBr.
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This mechanism is predominantly driven by excited-state absorption
coupled with 2PA-induced RSA, which becomes increasingly influential
at higher fluences. The synergistic effects of robust RSA, a moderate f
value, and a low optical-limiting threshold position make DPGBr a
strong candidate for optical applications, especially in photonics and
laser protection [50,51].

4. Conclusion

D-Phenylglycinium bromide (DPGBr) single crystals have been suc-
cessfully synthesised by slow evaporation and systematically charac-
terised to elucidate their structural and optical properties. Single-crystal
X-ray diffraction (XRD) analysis confirms the presence of an ortho-
rhombic non-centrosymmetric structure, in which hydrogen bonding is
pivotal for lattice stabilisation. The excellent concordance between
experimental data and density functional theory (DFT) results enhances
the reliability of the molecular model. Fourier-transform infrared (FT-
IR) spectroscopy further validates the vibrational assignments, while
optical investigations indicate a substantial transparency window with a
band gap of approximately 4.5 eV. The relatively large HOMO-LUMO
gap signifies molecular stability. Hirshfeld surface and molecular elec-
trostatic potential (MESP) analyses underscore the significance of
intermolecular interactions in determining crystal packing arrange-
ments. Thermal studies indicate structural stability up to 235 °C, and
energy-dispersive X-ray spectroscopy (EDX) confirms the compound's
purity. The observed reverse saturable absorption and quantifiable
nonlinear absorption coefficient illustrate effective third-order
nonlinear optical behaviour, indicating that DPGBr presents a prom-
ising candidate for applications in optical limiting and photonic devices.
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