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supramolecular control of electronic, nonlinear
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Two new amino-acid-based hybrid salts, L-phenylalaninium chloride (1) and L-histidinium iodide (2), were
synthesized and comprehensively characterized to elucidate how cation identity, halide nature, and
supramolecular architecture govern their optical, electronic, and biological properties. Single-crystal X-
ray diffraction revealed that both compounds crystallize in the non-centrosymmetric P2,2,2, space
group but exhibit distinct packing motifs: a compact chloride-stabilized network in (1) and a more open,
highly polarized iodide-based framework in (2). DFT calculations show that compound (2) possesses
a significantly reduced HOMO-LUMO band gap, higher softness, and enhanced
intramolecular charge transfer, leading to a first hyperpolarizability nearly three times larger than that of
(2). FT-IR and RDG analyses confirm stronger charge-assisted N—H---| interactions in (2), consistent with
its superior electronic polarization. Biological assays further demonstrate that compound (2) exhibits
markedly enhanced antioxidant and antibacterial activities, attributed to its imidazolium-based charge
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Accepted 16th February 2026 distribution and iodide polarizability. Together, these findings establish clear structure—property
relationships and highlight the effectiveness of combining heterocyclic amino acids with highly

DOI: 10.1039/d5ra09394e polarizable halides to design multifunctional organic—inorganic materials with promising NLO and
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1. Introduction

Organic-inorganic hybrid salts derived from amino acids have
emerged as versatile functional materials due to their unique
combination of structural flexibility, intrinsic chirality, and
biological compatibility.”*> These molecular systems often
exhibit rich supramolecular architectures governed by direc-
tional hydrogen bonding and tunable electrostatic interactions,
making them highly attractive for nonlinear optical (NLO)
applications, optoelectronic devices, and bioactive materials
design. Among naturally occurring amino acids, r-phenylala-
nine and t-histidine occupy a central place owing to the distinct
chemical characteristics of their side chains: an aromatic
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phenyl ring in r-phenylalanine that promotes w-mediated
interactions and non-centrosymmetric packing, and an imid-
azole heterocycle in r-histidine capable of proton transfer, metal
coordination, and strong charge-assisted hydrogen bonding.
These features endow their salts with advantageous optical,
electronic, and biological properties. Recent studies have
shown that amino-acid-based crystals can exhibit remarkable
second harmonic generation (SHG) efficiencies, enhanced
charge-transfer characteristics, and promising antimicrobial or
antioxidant activities, positioning them as candidates for bio-
inspired multifunctional materials.>™*

Biologically, phenylalaninium salts exhibit moderate anti-
microbial activity and can influence membrane interactions
through the presence of halide counter-ions. This effect is often
observed in model systems where the phenyl ring enhances
hydrophobic interactions with lipid bilayers.”® For example, R-
bis homo-phenylalanine has been shown to mildly disrupt
bacterial membrane integrity, although its activity remains
significantly weaker than that of heterocycle-based antimicro-
bial agents.” Despite these properties, the biomedical relevance
of phenylalaninium derivatives remains limited compared with
imidazole-containing systems. Consequently, phenylalaninium
complexes are more frequently investigated for their contribu-
tions to advanced photonic and optoelectronic materials, such
as nonlinear optical crystals or proton-transfer chromophores,
rather than for therapeutic applications. For instance,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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phenylalaninium bromide salts have been used as benchmark
materials for second-harmonic generation (SHG) studies, where
the aromatic backbone facilitates efficient -7 stacking in the
crystal lattice."’

In contrast, r-histidinium, featuring the highly versatile
imidazole heterocycle, demonstrates strong biological rele-
vance. Histidine-derived salts are widely studied owing to the
imidazole ring's capacity to participate in proton transfer, metal
coordination, and acid-base buffering. A well-known example is
the role of histidine residues in zinc-binding domains of serum
proteins, where the imidazole nitrogen coordinates Zn>" with
high affinity, stabilizing catalytic or regulatory sites.** This
inherent biological functionality translates into potent antimi-
crobial activity against a broad spectrum of pathogens, as the
imidazole moiety can disrupt key biochemical pathways.
Moreover, t-histidinium exhibits a remarkable antioxidant
capability, particularly through the scavenging of Reactive
Oxygen Species (ROS). Studies have demonstrated that
histidinium-based salts can neutralize hydroxyl radicals and
superoxide anions, thereby reducing oxidative stress in biolog-
ical systems."® This antioxidant behavior further enhances their
pharmaceutical relevance, especially in formulations targeting
inflammation or oxidative damage. Therefore, while phenyl-
alaninium complexes tend to be prioritized for their structural
versatility and optical functionality supporting developments in
material science r-histidinium complexes are valued for their
direct therapeutic potential, ranging from antimicrobial to
antioxidant applications. The comparative study of these two
salt families is thus essential for bridging the gap between
structural chemistry, optical physics, and pharmaceutical
science.

Despite this growing interest, several key gaps remain in the
literature."**¢ First, systematic investigations correlating the
halide identity with the crystal packing, electronic structure,
and functional performance of amino-acid salts are still rare,
although halide substitution is known to profoundly influence
polarizability, hydrogen-bonding topology, and NLO response.
Second, while multiple reports describe either structural or
biological aspects of such salts, integrated studies combining
crystallography, Hirshfeld surface analysis, DFT calculations,
NLO descriptors, and biological assays within the same
molecular framework are still lacking. Finally, comparative
structure-property relationships involving phenylalaninium
versus histidinium systems two families with fundamentally
different supramolecular behaviors and electronic signatures
remain insufficiently explored. Addressing these gaps is crucial
for establishing predictive design principles in amino-acid-
based photonic and biofunctional materials.

In this context, the present work focuses on two new
protonated amino-acid salts: -phenylalaninium chloride (Co-
H;,NO;3-Cl, compound 1) and r-histidinium iodide
(C¢H19N30,-1, compound 2). Both compounds were synthesized
by slow evaporation and structurally characterized by single-
crystal X-ray diffraction, revealing non-centrosymmetric ortho-
rhombic lattices (P2,2,2,) stabilized by extensive hydrogen-
bond networks and halide-dependent supramolecular interac-
tions. To complement the crystallographic study, Hirshfeld
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surface analysis, density functional theory (DFT) calculations,
frontier molecular orbital (FMO) analysis, reduced-density-
gradient (RDG)/NCI mapping, and electrostatic potential
(MEP) mapping were employed to elucidate the role of inter-
molecular forces and electronic polarization in determining the
functional properties. The optical relevance of the two salts was
assessed through IR spectroscopy and nonlinear optical (NLO)
calculations, while their biological activities were evaluated via
antimicrobial assays against clinically relevant strains and
antioxidant tests (DPPH, ABTS, FRAP).

By combining experimental characterization, theoretical
modelling, and functional testing, this study provides
a comprehensive structure-property analysis of two amino-acid-
derived hybrid salts. Special emphasis is placed on under-
standing how the distinct chemical nature of phenylalaninium
versus histidinium cations, combined with halide identity (CI™
vs. 17), governs their supramolecular organization, electronic
distribution, nonlinear optical response, and biological activi-
ties. These insights help establish design principles for the
development of bio-inspired hybrid materials for photonic,
optoelectronic, and biomedical applications.

2. Experimental and theoretical
methods

2.1. Materials and synthesis

All reagents used in this study, hydrochloric acid (HCl, 37%),
hydroiodic acid (57%), L-phenylalanine (CoH;;NO,, 98%), and -
histidine (C¢HoN30,, 99%) were purchased from Sigma-Aldrich
and employed as received, without any additional purification.
The two hybrid salts, (1) and (2), were prepared using a slow-
evaporation approach. For the synthesis of compound (1), t-
phenylalanine (1 mmol; 0.165 g) and hydrochloric acid
(1 mmol; five drops) in water. The reaction mixture was
magnetically stirred until complete dissolution of the compo-
nents was achieved. After one-week, well-defined needle-shaped
crystals suitable for analysis were obtained, while for compound
(2), t-histidine (2 mmol; 0.310 g) and hydriodic acid (1 mmol;
approximately five drops) were dissolved in 50 mL of double-
distilled water and stirred at 293 K for 4 h. The solution was
filtered and allowed to dry at room temperature by slow evap-
oration. After three weeks, pale-yellow block-shaped crystals
were obtained in a yield of 95%.

2.2. Single-crystal X-ray diffraction

Single-crystal X-ray diffraction data for compounds (1) and (2)
were collected at 293 K using a Kappa CCD diffractometer with
Mo-Ka radiation. Both structures were found to crystallize in
the orthorhombic system with the space group P2,2,2;. Struc-
ture solution was carried out with SHELXT,"” followed by full-
matrix least-squares refinement on F° using SHELXL.'® All
non-hydrogen atoms were refined anisotropically. Hydrogen
atoms bonded to nitrogen were located from Fourier difference
maps, while the remaining H atoms were placed in their
idealized geometrical positions and refined using a riding
model. Molecular graphics of the asymmetric units were
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generated using the MERCURY" and DIAMOND?’ programs. A
summary of the crystallographic parameters, data collection
conditions, and refinement statistics for salts (1) and (2) is
provided in Table 1.

2.3. Hirshfeld surface and supramolecular analysis

Hirshfeld surface (HS) analysis was conducted using Crysta-
IExplorer,” to examine intermolecular contacts and quantify
contributions from hydrogen bonds, halide interactions, and
van der Waals forces. Surfaces were mapped over dyorm, and 2D
fingerprint plots were generated to elucidate individual inter-
action types. The analysis provided complementary insight into
crystal packing and supramolecular stabilization.

2.4. FT-IR spectroscopy

Infrared spectra were recorded at room temperature using
a Bruker FT-IR spectrometer in the range 400-4000 cm ',
employing the KBr pellet method. Experimental assignments
were supported by theoretical vibrational calculations, allowing
reliable identification of functional groups and confirmation of

protonation states.

2.5. Computational method

Density Functional Theory (DFT) calculations were performed
using Gaussian 16.>> The ground-state geometries of the inves-
tigated compounds were optimized by searching for the
minimum on the potential energy surface, ensuring that the
total electronic energy reached a stable equilibrium configura-
tion. These quantum-chemical calculations were further
employed to support the analysis of the experimental spectro-
scopic features through simulated vibrational and electronic
data. All computations were performed with the wB97XD
functional® in combination with the 6-311++G(d,p)>* basis set.
All calculations were performed within the static electric field
(finite-field) approach at the same DFT level as the geometry
optimizations, ensuring methodological consistency. Opti-
mized geometries corresponded to true minima, confirmed by
the absence of imaginary frequencies. Simulated IR spectra,

Table 1 Crystal data of (1) and (2)

Structural data 1) 2

Empirical formula CoH,,NO;-Cl CeH1oN3O, 1

Formula weight (g mol ") 201.65 283.07
Temperature (K) 293(2) 293(2)
Wavelength (A) MoKa 0.71073 MoKo. 0.71073
Crystal system Orthorhombic Orthorhombic
Space group P2,2,24 P2,2.24

a(A) 5.3830(17) 7.8399(8)

b (A) 7.045(2) 9.4995(8)

c(d) 27.746(10) 24.376(2)

a (0) 90 90

8 () 90 90

v (9) 90 90

Volume (A%) 1052.2(6) 1815.4(3)
Space group Z 4 4

CCDC number 2504992 1400108
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frontier molecular orbitals (FMOs), global reactivity descriptors,
molecular electrostatic potential (MEP) maps, and reduced
density gradient (RDG)/NCI analyses were computed to corre-
late experimental observations with electronic structure prop-
erties. Molecular visualizations were generated using
GaussView interface.”® The hyperpolarizability tensor compo-
nents were extracted from the Gaussian output using the stan-

dard definition:*®
(B) =+/B+8,+6.7

Since the values of the first hyperpolarizability of Gaussian
16 output are reported in atomic units (a.u.), the calculated
values have been converted into electrostatic units (e.s.u.): Beor:
1a.u. = 8.639418 x 10 > e.s.u.

Urea was selected as a reference for hyperpolarizability
calculations due to its well-established NLO properties,
providing a consistent benchmark for relative comparison
across molecular systems. Urea is widely recognized as a stan-
dard reference compound for first-order hyperpolarizability (3)
calculations because of its well-characterized NLO properties
and extensive use in theoretical and experimental studies.
While we acknowledge that urea is chemically distinct from
amino-acid-based hybrid salts and that its solid-state packing
differs, the purpose of using urea in our study is to provide
a consistent and reproducible reference point for comparing
relative 8 values. By calculating the hyperpolarizability of urea
under identical computational conditions (same level of theory,
basis set, and electric field), we can reliably express the NLO
response of the studied hybrid salts in relative units, which is
a standard and accepted practice for screening and comparative
studies of molecular NLO behavior.

2.6. Antimicrobial activity

2.6.1. Antioxidant activities. The antioxidant activities of -
phenylalaninium chloride (1) and t-histidinium iodide (2) were
evaluated using three complementary assays: DPPH radical
scavenging, ABTS radical cation decolorization, and ferric
reducing antioxidant power (FRAP). Stock solutions of each
compound were prepared in methanol at a concentration of
1 mg mL " and subsequently diluted to the required concen-
trations (0.0625, 0.125, 0.25, 0.5, and 1 mg mL’l) immediately
before the experiments.

In the DPPH assay, 100 pL of sample solution was added to
3.9 mL of 0.1 mM DPPH solution in methanol, and the mixture
was incubated in the dark at room temperature for 30 min.
Absorbance was measured at 517 nm, and the percentage
inhibition was calculated relative to a blank. For the ABTS assay,
the ABTS radical cation (ABTS") was generated by reacting
7 mM ABTS with 2.45 mM potassium persulfate for 12-16 h in
the dark. The radical solution was diluted to an absorbance of
approximately 0.70 at 734 nm, and 100 pL of sample was mixed
with 3.9 mL of ABTS'" solution. After 6 min incubation at room
temperature, absorbance was recorded at 734 nm. The scav-
enging activity was calculated as a percentage of inhibition.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The FRAP assay was performed by mixing 100 pL of sample
with 3 mL of freshly prepared FRAP reagent (300 mM acetate
buffer, pH 3.6; 10 mM TPTZ in 40 mM HC]; 20 mM FeCl;-6H,0)
and incubating at 37 °C for 30 min. The formation of the Fe**-
TPTZ complex was monitored at 593 nm, and results were
expressed in pM Fe(u) equivalents per mg of compound.
Ascorbic acid was used as a positive control in all assays. All
experiments were performed in triplicate, and ICs, values for
DPPH and ABTS assays were determined by plotting percentage
inhibition against sample concentration using non-linear
regression.

2.6.2. Antibacterial activities. The antibacterial activity of r-
phenylalaninium chloride and r-histidinium iodide was evalu-
ated using the agar well-diffusion method against a panel of
Gram-positive (Staphylococcus aureus, Bacillus subtilis, Entero-
coccus faecalis, Listeria monocytogenes) and Gram-negative
(Escherichia coli, Pseudomonas aeruginosa, Klebsiella pneumo-
niae, Salmonella typhimurium, Shigella flexneri, Proteus vulgaris)
bacteria. Fresh cultures were grown in nutrient broth for 24 h at
37 °C and adjusted to 0.5 McFarland standard (=10® CFU
mL~"). Mueller-Hinton agar plates were inoculated with the
standardized suspensions, and 6 mm wells were filled with 50
uL of each sample solution (1 mg mL ™" in sterile distilled
water). Streptomycin (1 mg mL ") and sterile water served as
positive and negative controls, respectively. The plates were
incubated at 37 °C for 24 h, and antibacterial activity was
expressed as the diameter of the inhibition zones measured in
millimetres. All assays were conducted in triplicate, and results
were reported as mean + standard deviation.

3. Results and discussion

3.1. Structural analysis

3.1.1. Structure description of (1). The crystal structure of
(1) was refined in the orthorhombic space group P2,2,2, (Table
1). A symmetry class frequently associated with materials
exhibiting significant second-order nonlinear optical
responses. The asymmetric unit consists of one protonated r-
phenylalaninium cation and one chloride anion (Fig. 1).
Protonation occurs at the amino group, inducing a well-defined
internal dipole that governs the intermolecular assembly. A
chiral and noncentrosymmetric configuration that is highly
favorable for nonlinear optical (NLO) applications.

The cations and anions entities are interconnected through
an extensive system of hydrogen bonds and short intermolec-
ular contacts. These interactions, predominantly of the N-H:--
O, N-H---Cl, and O/C-H---Cl types, give rise to a robust three-
dimensional framework (Fig. 2).

This bonded network plays a decisive role in stabilizing the
overall crystal architecture and governing the packing efficiency
observed in the structure. The crystal structure can be described
as an alternation of cationic and anionic layers along the [011]
direction. The C-C bond lengths range from 1.320(4) A to
1.534(5) A, yielding an average value of (C-C) = 1.426 A. The
C-C-C bond angles range from 114.3(3)° to 121.2(5)°. These
geometric parameters fall within expected limits and closely

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The asymmetric unit of compound (1), showing the atom-
labeling scheme. Displacement ellipsoids are drawn at the 50%
probability level. The dashed line represents the possible hydrogen
bond.

Fig. 2 The packing of compound (1) viewed along the cb plane.

match those reported for aromatic frameworks,**® within the
interval 106.1(6) to 125.2(8)°.

The crystal structure of compound r-phenylalaninium
bromide,* differs markedly from that of compound (1). While
compound (1) crystallizes in the orthorhombic P2,2,2, space
group, L-phenylalaninium bromide adopts the monoclinic and
noncentrosymmetric space group P24, resulting in a distinct
molecular arrangement and symmetry environment. The
substitution of chloride by the larger and more polarizable
bromide anion modifies the hydrogen-bonding pattern.
Although the geometry of the .-phenylalaninium cation remains
comparable in both structures, slight variations in C-C
distances and C-C-C angles reflect the influence of the different
anionic environment. Overall, the comparison highlights how
the change in halide and the adoption of the non-
centrosymmetric space group P2; significantly affect the

RSC Adv, 2026, 16, 10230-10242 | 10233
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packing efficiency and supramolecular organization of the
phenylalaninium salt.

3.1.2. Structure description of (2). The crystal structure of
(2) belongs to the non-centrosymmetric space group P2,2;2;
(Table 1) a symmetry class well-known for supporting second-
order nonlinear optical (NLO) activity. The asymmetric unit of
(2), depicted as an ORTEP drawing (Fig. 3), is formed by two
monoprotonated r-histidinium cations and two iodide anions.
Protonation at the imidazole ring generates a strong internal
dipole within each cation, creating a charge-separated envi-
ronment favorable for optical anisotropy.

The crystal arrangement may also be viewed as a mixed
cationic and anionic layer propagated along the [010] direction
(Fig. 4). The presence of two cation-anion pairs in the asym-
metric unit enhances the complexity and richness of the
supramolecular assembly. The structural cohesion arises from
an extensive network of N-H---I hydrogen bonds linking the
protonated amine groups to the iodide ions. These interactions
serve as the dominant organizing forces and play a crucial role
in stabilizing the non-centrosymmetric lattice. The N-H--'I
contact are particularly strong due to the high polarizability and
size of the iodide anion, which facilitates directional binding
and creates extended chains of electrostatic interactions
throughout the crystal. These hydrogen-bonded motifs induce
an ordered alignment of the histidinium cations, supporting
cooperative dipole orientation a critical requirement for effi-
cient second-harmonic generation (SHG). Overall, the supra-
molecular arrangement highlights how the combination of
protonation, hydrogen bonding, and halide polarizability
collectively drives the formation of an optically active structure.

A comparison between r-histidinium iodide (2) and r-histi-
dine chloride monohydrate® reveals clear structural distinc-
tions driven by the nature of the halide and the presence of
lattice water. Compound (2) crystallizes in the non-
centrosymmetric space group P2,2,2; and develops a three-
dimensional network dominated by strong N-H---I hydrogen
bonds that generate channel-like supramolecular motifs. In

) ‘ N3 '01
oot

QJCS ' C6
[ )
a4
NI ’{ﬁ
R
. a #f \
a

N2

Fig. 3 The asymmetric unit of (2) with atom labelling scheme.
Displacement ellipsoids are drawn at the 50% probability level.
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Fig. 4 Projection of the crystal structure of (2) in the ac-plane
showing the N—H---| and C—H---| hydrogen bonds.

contrast, r-histidine chloride monohydrate adopts a more
compact and isotropic packing, where the chloride anion and
the coordinated water molecule form an extensive set of N-H---
Cl, O-H:--Cl, and O-H---O interactions. While the histidinium
cation maintains comparable internal geometry in both mate-
rials, the higher polarizability of I" and the absence of hydra-
tion in (2) promote a more open framework relative to the
denser architecture of the chloride monohydrate.

3.1.3. Molecular Hirshfeld surfaces calculations. Hirshfeld
surface analysis was employed to gain deeper insight into the
role of weak intermolecular forces and to evaluate their indi-
vidual contributions to the overall crystal packing. The Hirsh-
feld surfaces and associated two-dimensional fingerprint plots
for compounds (1) and (2) are illustrated in Fig. 5, where the
mapped surfaces are represented using the d,,.m, parameter.

The dphorm values are projected onto the Hirshfeld surface
using a red-white-blue gradient: red areas correspond to closer
than van der Waals contacts (negative dnom), blue areas

Fig. 5 (A and B) View of the Hirshfeld surface of (1) and (2) mapped
over dnorm. respectively. The 2D finger prints plots of all interactions.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A and B) View of the 2D fingerprint plots of (1) and (2).

indicate contacts longer than the sum of van der Waals radii
(positive dporm), and white regions reflect contacts equal to the
van der Waals separation (dnom = 0). Hydrogen-bond donor
acceptor interactions are clearly identifiable on the d,orm
surface. Deep red circular depressions highlight strong
hydrogen-bonding contacts, while smaller red or white spots
correspond to H---H interactions, as depicted in Fig. 6(A) and
(B).

In compound (1), the HS fingerprint plots reveal that H---H
contacts constitute the largest contribution to the surface,
accounting for 41.1% of the interactions, reflecting the high
proportion of hydrogen atoms within the organic moieties.
Significant H---Cl/Cl---H interactions (23.2%) and notable H- -
C/C---H contacts (16.0%) further stabilize the packing, while
O---H/H---O interactions contribute 16.2%, indicating the
presence of directional hydrogen bonding.

For compound (2), H---H contacts again dominate (31.1%),
followed by strong O---H/H---O interactions (30.9%), high-
lighting their key role in forming hydrogen-bond networks. The
presence of H---I/I--H contacts (23.8%) reflects the influence of
the halide anion on the crystal cohesion, whereas C---H/H---C
interactions (6.4%) play a minor but non-negligible role. Thus,
the HS analysis confirms that a combination of hydrogen
bonding and halogen-related contacts shapes the supramolec-
ular architecture of both structures.

3.2. Vibrational analysis

Based on IR spectroscopic studies reported for compounds
structurally related to our organic cation CoH;,NO," % the
main absorption bands observed at room temperature for the t-
phenylalaninium chloride salt can be reliably assigned. In the
IR spectrum of the compound (1) (Fig. 7), the band at approxi-
mately 3385 cm ' corresponds to the asymmetric stretching
vibration of the NH;* group. The absorptions near 2989 cm !
and 2900 cm ™" are attributed to the symmetric and asymmetric
stretching modes of CH,, respectively. A strong band appearing
at 1737 cm™ ! is assigned to the stretching of the C=0 group.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Measured and simulated IR spectra of (1).

! is associated with the

The absorption around 1587 cm™
asymmetric bending of NH;".

The two characteristic bands at 1491 cm ™" and 1409 cm™
correspond to the asymmetric and symmetric stretching vibra-
tions of the carboxylate (COO™) group. The deformation mode
6(0-H) and CH, twisting vibrations appear near 1340 cm ™. The
group of absorptions in the 780-1129 cm ™" frequency region is
attributed to stretching vibrations of C-N, C-C, and C-C-N
bonds [¢(C-N), »(C-C), »(C-C-N)], as well as in-plane C-H
bending.

The infrared (experimental and theoretical) spectra of the
compound (2) are showing in Fig. 8. At the higher energy region
there is an intense peak at 3439 cm™" showing the presence of
NH, asymmetric stretching and the peak at 3226 cm ™" is due to
NH, symmetric stretching. C-H stretching is assigned at

1

>
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£
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=
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Fig. 8 Measured and simulated IR spectra of (2).
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3058 cm ™ '. The peak at 3013 cm ™' is due to strong CH, asym-
metric stretching. The corresponding strong CH, symmetric
stretching is positioned at 2951 cm ™. The weak C=0 stretch-
ing is represented by the peak at 1746 cm ™. The corresponding
strong NH;* asymmetric bending is positioned at 1643 cm ™"
and the peak at 1616 cm ™" is due to symmetric bending.

A direct comparison of the two compounds reveals the
pronounced effect of halide identity on vibrational features.
NH, stretching frequencies are broader and redder-more shif-
ted in compound (2), reflecting stronger, more polarizable
N-H---I hydrogen bonding compared to N-H:--Cl. C=O
stretching is slightly higher in compound (2), consistent with
a less compact packing environment and reduced O---H
hydrogen-bond strength. C-N stretching is more intense and
slightly shifted in compound (1), attributable to tighter N-H---
Cl interactions that polarize the cation framework. The imida-
zolium ring in (2) introduces additional characteristic modes
(C=N, N-H ring protonation) absent in (1), contributing to
a richer vibrational profile.

These distinctions support the structural conclusions
derived from SCXRD and Hirshfeld analysis. Compound (1) has
a more compact, chloride-dominated hydrogen-bond network.
Compound (2) exhibits stronger charge-assisted interactions
with iodide and greater electronic delocalization.

3.3. Noncovalent interaction analysis

Reduced Density Gradient (RDG) and Non-Covalent Interaction
(NCI) analyses provide further insight into the supramolecular
architecture. The RDG plots of compound (1) (Fig. 9) reveal the
presence of broad green isosurfaces corresponding to van der
Waals interactions, in addition to sharp blue regions charac-
teristic of strong hydrogen bonds. These weak but widespread
interactions create a compact three-dimensional network that
enhances crystal cohesion while preventing electron localiza-
tion, a combination typically beneficial for maintaining optical
transparency and enabling NLO responses.

The NCI maps thus confirm that the crystal packing is
dominated by a cooperative system of hydrogen-bonding and
dispersive interactions that collectively stabilize the non-
centrosymmetric framework required for second-harmonic
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Fig. 9 NCI maps of (1).
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Fig. 10 NCI maps of (2).

generation (SHG). NCI analysis provides additional insight
into the intermolecular forces that consolidate the packing.

For compound (2), the NCI maps (Fig. 10) display both
strong blue isosurfaces corresponding to classical N-H---I
hydrogen bonds and widespread green regions indicating van
der Waals and dispersion interactions. These diffuse contacts
help regulate molecular spacing and enhance the mechanical
stability of the lattice while maintaining the electronic envi-
ronment necessary for delocalization. This balanced network of
strong and weak interactions ensures that the crystal remains
rigid enough to maintain optical coherence but flexible enough
to minimize internal strain, a combination highly favorable for
NLO crystals.

3.4. Molecular electrostatic potential maps

The MEP maps (Fig. 11) further elucidate the charge distribu-
tion within the protonated r-phenylalaninium moiety. The
strongly negative regions localized around the chloride anion
and carboxylate oxygen atoms indicate potential sites for elec-
trophilic attack, while the positive potentials concentrated
around the ammonium protons correspond to regions suscep-
tible to nucleophilic interaction. This polarization confirms

=

-2.604¢-2 I (TN .604e7

Fig. 11 Electrostatic potential maps of (1).
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Fig. 12 Electrostatic potential maps of (2).

a significant intramolecular and intermolecular charge separa-
tion, which is an essential factor in enhancing dipole moment
and, consequently, the nonlinear optical response. The visual-
ization thus validates the electronic asymmetry inferred from
the crystallographic analysis.

The MEP maps of compound (2) (see Fig. 12) reveal
pronounced regions of negative potential around the iodide
anions, as expected from their high electron density and
polarizability. Conversely, positive potentials cluster around the
protonated nitrogen sites of the histidinium cations. This well-
defined charge polarization supports strong cation-anion
electrostatic interactions and confirms the presence of a signif-
icant dipole moment at the molecular scale. Such polarized
charge distribution is directly associated with enhanced
hyperpolarizability and is consistent with the excellent NLO
performance observed for this compound.

3.5. Frontier molecular orbitals maps and global chemical
reactivity descriptors

Frontier molecular orbital (FMO) calculations provide quanti-
tative insight into the electronic structure. As can be see Fig. 13,
the HOMO is located predominantly on the r-phenylalaninium
cation, while the LUMO is more delocalized, indicating possible
intramolecular charge-transfer (ICT) transitions. The large
HOMO-LUMO energy gap (9.780 eV) suggests high chemical
stability and low intrinsic reactivity, meaning that the
compound is resistant to spontaneous electron transfer but can
exhibit stable optical activity under external excitation.

The global reactivity descriptors align with this interpreta-
tion (see Table 2), the high hardness (7 = 4.890 eV) and low
softness (S = 0.204 eV') confirm a robust electronic frame-
work, while the moderate electrophilicity index (w = 1.917 eV)
indicates controlled charge-accepting capacity. Collectively,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 DOS and FMO maps of (1).

Table 2 Global reactivity descriptors

Global reactivity descriptors 1) 2)

Energy HOMO (Ey) —9.220 —7.760
Energy LUMO (E;) 0.560 —0.380
Energy gap (AE;, ) 9.780 7.380
Ionization potential (IP) 9.220 7.760
Electron affinity (EA) —0.560 0.380
Electronegativity (x) 4.330 4.070
Chemical potential (u) —4.330 —4.070
Global hardness (n) 4.890 3.690
Global softness (S) 0.204 0.271
Electrophilicity index () 1.917 2.244

these values reveal that compound (1) is electronically stable
and structurally rigid conditions favorable for consistent and
reliable NLO performance.

In Fig. 14, the FMO analysis shows a HOMO-LUMO energy
gap of 7.38 eV, significantly smaller than that of compound (1).
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Fig. 144 DOS FMO maps of (2).
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This reduced gap indicates increased charge-transfer capability
and higher electronic polarizability, both of which are essential
for strong nonlinear optical responses. The HOMO is mainly
localized on the iodide anions and partially on the imidazolium
ring, while the LUMO is distributed over the cationic frame-
work, suggesting a favorable ICT pathway.

Global reactivity descriptors further support this interpreta-
tion, the relatively low hardness (n = 3.690 eV) and high soft-
ness (S = 0.271 eV ") indicate an easily deformable electron
cloud, which enhances the compound's ability to respond to
external electric fields. The electrophilicity index (w = 2.254 eV)
is markedly higher than that of compound (1), reflecting
stronger electron-accepting capability and suggesting greater
reactivity in polarization-driven processes.

3.6. Biologic activities

3.6.1. Antimicrobial activity. Table 3 and Fig. 15, reveals
that r-histidinium iodide exhibited stronger inhibitory effects
than r-phenylalaninium chloride against all tested strains. This
enhanced activity is commonly associated with the presence of
the imidazolium functional group in the histidinium cation,
which is known to interact efficiently with bacterial membranes
through electrostatic and hydrogen-bonding interactions,
leading to increased membrane permeability and cellular
disruption.®*** In contrast, L-phenylalaninium chloride showed
moderate to weak inhibition, particularly against Gram-
negative bacteria, which is consistent with the intrinsic resis-
tance of Gram-negative species due to their outer lipopolysac-
charide layer acting as a permeability barrier.>* Across the
bacterial panel, Gram-positive strains such as S. aureus, B.
subtilis, and L. monocytogenes displayed larger inhibition zones,
confirming that the simpler peptidoglycan-rich cell wall of
Gram-positive bacteria is more susceptible to penetration by
protonated amino-acid-based salts.*

Conversely, Gram-negative bacteria (E. coli, P. aeruginosa, K.
pneumoniae, S. typhimurium) showed smaller inhibition zones;
nevertheless, r-histidinium iodide maintained measurable
activity against these strains, suggesting abroader antibacterial
spectrum. The observed increase in antibacterial activity may be
tentatively correlated with the higher chemical softness and
polarizability of the histidinium-based salt. In related ionic and

Table 3 Antibacterial activity (inhibition zones, mm)

Bacterial strain (@) 2) Standard drug
Staphylococcus aureus 11 £ 0.5 16 £ 0.7 22 + 0.5
Bacillus subtilis 10+ 0.4 15 + 0.6 20+ 0.4
Enterococcus faecalis 9+0.3 14 £ 0.5 19 + 0.6
Listeria monocytogenes 10 £ 0.5 15 + 0.6 21+ 0.5
Escherichia coli 8+0.3 13 £ 0.5 18 + 0.6
Pseudomonas 7404 12 £ 0.5 17 £ 0.5
aeruginosa

Klebsiella pneumoniae 8+ 0.4 14 + 0.6 19 £+ 0.6
Salmonella 9404 15 + 0.6 20 + 0.5
typhimurium

Shigella flexneri 8+0.3 13 £ 0.5 18 +£ 0.5
Proteus vulgaris 7403 12 £ 0.5 17 £ 0.5
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Fig. 15 Proposed antibacterial mechanisms of L-phenylalaninium
chloride (1) and L-histidinium iodide (2) against Gram-negative and
Gram-positive bacteria.

imidazolium-derived systems, enhanced polarizability has been
associated with stronger interactions with bacterial lipid
membranes, resulting in membrane permeabilization and loss
of cellular integrity** (Epand and Epand, 2011). However, it
should be emphasized that, in the present study, this inter-
pretation is based on inhibition zone measurements and liter-
ature comparisons rather than direct mechanistic evidence.
Overall, these findings indicate that r-histidinium iodide
possesses promising antibacterial properties compared to r-
phenylalaninium chloride, in agreement with previous reports
on amino-acid-derived ionic species and imidazolium-based
bioactive materials.***!

3.6.2. Antioxidant activity. The antioxidant properties of -
phenylalaninium chloride and r-histidinium iodide were
assessed using the DPPH, ABTS and FRAP assays, with ascorbic
acid as reference. In all tests, both salts exhibited dose-
dependent activity, a behavior typically reported for amino-
acid-based organic salts.”™** 1-Phenylalaninium chloride
consistently showed higher scavenging efficiency than r-histi-
dinium iodide; for instance, at 1.0 mg mL~', DPPH inhibition
reached 88 + 2.1% compared with 73 £ 2.0%, while the ICs,
values (245 &+ 5 pg mL™" vs. 375 = 6 pg mL ") confirm its
superior potency, although both remain less active than ascor-
bic acid (180 + 4 ug mL™"), in agreement with earlier findings
on organic cations with moderate hydrogen- or electron-
donating capacities (see Table 4). A similar trend was
observed in ABTS, where (1) again showed lower ICs, (230 £ 5 pug

~1) than the histidinium salt (360 + 6 pg mL™"), consistent
with structure-activity relationships indicating that molecular
architecture influences electron transfer efficiency.

The FRAP results further support this trend, revealing higher
reducing power for (1) (320 + 8 uM Fe(u) per mg) relative to (2)
(240 £ 7 uM Fe(u) per mg), yet both remain below the activity of
ascorbic acid (450 & 10 uM Fe(u) per mg), as previously reported
for non-conjugated organic salts with moderate reduction
capacity.®® Overall, the combined results show that (1) displays

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Assay Concentration (mg mL ") €))] (2) Standard (ascorbic acid)
DPPH 0.0625 18 £ 1.2 12 £ 0.9 25 £1.1

0.125 31+ 1.5 22 £1.3 45 + 1.5

0.25 52 £ 1.7 38 £1.6 70 £ 2.0

0.5 71 £ 2.0 57 +1.8 88 + 2.1

1.0 88 £ 2.1 73 £2.0 96 £ 1.9

ICso (ug mL™Y) 245 + 5 375+ 6 180 + 4
ABTS 0.0625 22 +£1.1 15 + 1.0 30 £1.2

0.125 36 £1.4 27 £1.3 50 £1.4

0.25 55 + 1.6 42 + 1.5 72 £ 2.0

0.5 74 £ 2.0 60 + 1.7 88 £+ 2.0

1.0 89 £+ 2.1 77 £1.9 97 £1.5

ICs0 (ng mL™Y) 230+ 5 360 + 6 170 £ 3
FRAP — 320 + 8 uM Fe(u) per mg 240 £ 7 pM Fe(u) per mg 450 + 10 uM Fe(u) per mg
stronger antioxidant performance than (2), while both SHG efficiency 6.8 times larger. These enhanced optical

compounds demonstrate meaningful but moderate radical-
scavenging and reducing abilities. This result confirms the
higher electron-transfer capability of compound (2), consistent
with its lower HOMO-LUMO gap and greater molecular soft-
ness observed in the DFT analysis.

Taken together, the antioxidant results indicate that the
redox activity of the two salts is strongly governed by their
intrinsic structural and electronic features. In compound (1),
the redox response is mainly influenced by the phenyl moiety,
leading to moderate single-electron transfer reactivity. In
contrast, compound (2) benefits from stronger resonance-
assisted stabilization within the imidazolium ring, combined
with the high polarizability of the iodide anion, which collec-
tively enhance its electron- and proton-transfer capabilities and
result in superior antioxidant properties. These experimental
trends are fully consistent with the theoretical descriptors
namely the lower HOMO-LUMO band gap and higher molec-
ular softness of compound (2) demonstrating excellent agree-
ment between computational predictions and observed
biological behaviour.

3.7. Nonlinear optical parameters

The nonlinear optical (NLO) calculations demonstrate the
functional relevance of the structural and electronic findings.
As showing Table 5 The total dipole moment (u = 7.45 D) is
significantly higher than that of urea, a standard reference NLO
material. The polarizability (e = 12.53 x 107> e.s.u.) and
hyperpolarizability (8¢ = 8.83 x 10! e.s.u.) also substantially
exceed those of urea (B = 1.3 x 10" e.s.u.), translating to an

Table 5 NLO parameters

1) 2 Urea
ot (D) 7.45 15.94 —
e (X107 es.u.) 12.64 13.80 —
Brot (x107°" e.5.u.) 8.83 42.30 1.3
Efficiency for SHG 6.80 32.54

© 2026 The Author(s). Published by the Royal Society of Chemistry

parameters result directly from the non-centrosymmetric
arrangement, hydrogen-bond-supported molecular orienta-
tion, and the strong dipolar nature imposed by protonation.
The synergy between crystal symmetry, intermolecular interac-
tions, and electronic polarization thus positions compound (1)
as a promising candidate for photonic and optoelectronic
applications, including frequency doubling and electro-optical
modulation.

The nonlinear optical response of compound (2) is remark-
ably strong. The total dipole moment (uy, = 15.94 D) is
significant, although slightly lower than that of compound (1).
However, this is compensated by an exceptionally high total
polarizability (e = 13.80 x 107 >' e.s.u.) and hyper-
polarizability (8¢ = 42.30 x 10" e.s.u.), which exceed those of
urea by more than twenty-six times. The calculated SHG effi-
ciency 32.54 times that of urea clearly demonstrates the excel-
lent NLO potential of this material. These outstanding values
can be directly linked to the presence of the highly polarizable
iodide anion, the robust hydrogen-bonding network that aligns
molecular dipoles, and the reduced HOMO-LUMO gap
enabling effective charge-transfer under optical excitation.

Taken together, the structural, electronic, and optical results
converge to show that compound (2) possesses a highly opti-
mized arrangement for nonlinear optical applications. The
synergy between the noncentrosymmetric crystal symmetry,
strong cation-anion charge separation, intramolecular and
intermolecular charge-transfer pathways, and the influence of
the iodide anion leads to a material with exceptional NLO effi-
ciency, making it a promising candidate for optical modulation

devices, frequency-doubling components, and photonic
technologies.
3.8. Structure-property relationships

Understanding how subtle structural variations in organic-
inorganic hybrid salts dictate their optical, electronic, and
biological behaviour is central to rational material design. The
two amino-acid-based salts investigated in this work r-phenyl-
alaninium chloride (1) and r-histidinium iodide (2) provide an

RSC Adv, 2026, 16, 10230-10242 | 10239
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excellent platform to elucidate structure—property relationships
driven by cation identity, halide nature, hydrogen-bond
topology, and supramolecular architecture. The key correla-
tions derived from experimental and computational data are
summarized below.

3.8.1. Influence of crystal packing and supramolecular
interactions on electronic properties. Single-crystal X-ray
diffraction shows that both compounds crystallize in the non-
centrosymmetric space group P2,2,24, but their supramolec-
ular organizations differ markedly due to the distinct chemical
nature of their cations and counterions. In compound (1), the
smaller chloride anion engages in strong, localized N-H---Cl
and C-H---Cl hydrogen bonds, producing a densely packed and
rigid supramolecular framework that limits electron delocal-
ization. This compact arrangement results in a larger HOMO-
LUMO band gap, higher global hardness, lower molecular
softness, and reduced polarizability, which together account for
its moderate NLO response and limited biological activity.**

In contrast, compound (2) features an expanded iodide-
stabilized network in which the highly polarizable I" ion
forms strong charge-assisted N-H---I interactions and permits
greater structural flexibility. Coupled with the m-rich imidazo-
lium ring, this environment enhances electronic delocalization,
lowers the band gap, increases softness and electrophilicity,
and strengthens the molecular polarization response under an
applied field, ultimately leading to superior optical and bio-
logical performance. Overall, the results clearly demonstrate
that halide size and polarizability (C1~ <17) play a decisive role
in modulating crystal packing and governing the electronic
reactivity profile of these hybrid salts.

3.8.2. Role of intramolecular charge transfer (ICT) in NLO
response. DFT calculations highlight clear distinctions in the
frontier orbital topology of the two salts, yielding a direct elec-
tronic basis for their contrasting NLO responses.

In compound (1), HOMO localization on the phenyl ring
restricts intramolecular charge transfer (ICT), resulting in
modest hyperpolarizability.*

In compound (2), however, HOMO delocalization across the
imidazolium ring and an expanded LUMO facilitate a more
efficient ICT mechanism, producing a first hyperpolarizability
nearly three times higher. This pronounced enhancement
reflects the combined influence of imidazolium protonation
and the high polarizability of iodide, which together amplify
electronic flexibility.

The electronic trends fully coincide with the supramolecular
openness and halide-driven polarization observed crystallo-
graphically, establishing a strong and coherent structure-
property correlation.

3.8.3. Vibrational signatures as indicators of hydrogen-
bond strength. The FT-IR spectra provide sensitive indicators
of the hydrogen-bonding environments in the two salts, as re-
flected by the characteristic band shifts.*

Compound (1) displays sharper »(NH;*) and »(C=0)
absorptions, consistent with more localized and well-defined
hydrogen bonds involving the chloride anion within its
compact supramolecular framework.
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In contrast, compound (2) exhibits broader NH stretching
bands, attributable to stronger charge-assisted N-H---I inter-
actions and the greater delocalization of electron density across
the imidazolium ring.

These vibrational contrasts closely mirror the electronic
properties of the materials, with compound (2) showing
enhanced polarizability and compound (1) maintaining a more
rigid structural arrangement, thereby demonstrating that
vibrational fingerprints reliably reflect deeper electronic and
supramolecular trends.

3.8.4. Electronic softness and biological activity correla-
tion. Biological activity in these amino-acid-based salts shows
a strong dependence on their electronic descriptors and
structure-driven polarization.”

Compound (1), characterized by higher global hardness and
lower softness, exhibits reduced chemical reactivity; its hydro-
phobic phenyl ring limits interactions with radical species,
resulting in only moderate antioxidant and antibacterial
performance, likely due to weaker interactions with microbial
membranes.

In contrast, compound (2) displays lower hardness and
higher softness, features that enhance its ability to participate
in electron and proton transfer processes. The combination of
a highly polarizable iodide anion and a protonated imidazolium
ring promotes stronger electrostatic and hydrogen-bonding
interactions with biological membranes, leading to markedly
superior antioxidant and antibacterial activities. Overall, the
electron-rich and polarizable nature of the imidazolium-iodide
framework confers enhanced redox reactivity and facilitates
membrane-disruptive mechanisms, thereby underpinning the
enhanced biological properties of compound (2).

Although global electronic softness (7 ") is often associated
with enhanced redox reactivity, the present results indicate that
antioxidant activity in the studied hybrid salts cannot be ratio-
nalized solely on the basis of the HOMO-LUMO energy gap or
global softness descriptors (see Table 2). Instead, a more
meaningful correlation emerges when local electronic reactivity
and structural accessibility are considered simultaneously.

DFT calculations reveal that the frontier orbitals of
compound (1) are preferentially localized on chemically active
donor sites involved in hydrogen atom or electron transfer
processes, favoring efficient radical scavenging despite its larger
band gap. In contrast, compound (2), although characterized by
higher global softness, exhibits stronger intermolecular inter-
actions and denser supramolecular packing, as evidenced by
Hirshfeld surface and NCI/RDG analyses. This structural
confinement partially limits the accessibility and effective
reactivity of redox-active sites, reducing the biological response.

Furthermore, electrophilicity-related descriptors indicate
a greater stabilization of the radical species formed after charge
or hydrogen donation in compound (1), which compensates for
its lower intrinsic softness. Consequently, the antioxidant
activity correlates more strongly with localized frontier orbital
density and electrophilicity than with the global HOMO-LUMO
gap, highlighting the necessity of combining electronic
descriptors with solid-state structural factors to accurately
interpret biological activity.**°

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Halide- and cation-driven structure—property divergence in amino-acid hybrid salts

Structural feature

Effect on property (1)

Effect on property (2)

Halide size Compact packing Expanded, polarized packing
Cation type Phenyl (limited ICT) Imidazolium (strong ICT)
Hydrogen bonding Localized (Cl7) Charge-assisted (1)

Band gap High Low

NLO response Moderate High
Antioxidant/antibacterial Moderate Strong

3.8.5. Integrated structure-property model. The combined
results allow us to establish a generalized design principle. In
amino-acid-based hybrid salts, the interplay between cation
aromaticity, protonation state, and halide polarizability
controls the supramolecular assembly, which in turn governs
electron delocalization, ICT efficiency, and ultimately the
optical and biological properties (see Table 6). This integrated
model provides predictive guidelines for designing next-
generation amino-acid-derived materials with tailored optical,
electronic, and biological properties.>"*

4. Conclusion

In this work, two new amino-acid-based hybrid salts L-phenyl-
alaninium chloride (1) and r-histidinium iodide (2) were
synthesized, structurally characterized, and investigated
through a combined experimental and theoretical approach.
Single-crystal X-ray diffraction revealed that both compounds
crystallize in the non-centrosymmetric P2,2,2, space group, yet
their supramolecular architectures differ markedly due to the
distinct chemical nature of their cations and counterions.
Compound (1) forms a compact, chloride-stabilized hydrogen-
bond network, while compound (2) exhibits a more open and
highly polarized framework dominated by charge-assisted
N-H---I interactions and enhanced m-delocalization from the
imidazolium ring. These structural features directly govern
their electronic and optical responses.

DFT and TD-DFT analyses show that compound (2) displays
a significantly lower HOMO-LUMO band gap, higher molecular
softness, and stronger intramolecular charge-transfer pathways
than compound (1). These characteristics translate into
a markedly enhanced nonlinear optical response, with § values
for compound (2) nearly three times higher. Vibrational data
corroborate the crystallographic findings, with broader and
more red-shifted NH stretching bands confirming the stronger
hydrogen bonding and increased electronic polarization in
compound (2).

Biological assays further highlight the influence of structural
and electronic factors on functional behaviour. Compound (2)
exhibits superior antioxidant (DPPH, ABTS, FRAP) and anti-
bacterial activities, which are attributed to the high polariz-
ability of the iodide ion, the redox-active imidazolium ring, and
the greater propensity for electron/proton transfer. In contrast,
compound (1) shows moderate activity, consistent with its more
rigid supramolecular framework and larger band gap.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Overall, this study establishes clear structure-property rela-
tionships linking crystal packing, electronic descriptors, vibra-
tional behaviour, optical nonlinearity, and biological
performance. The results demonstrate that combining proton-
ated heterocyclic amino acids with highly polarizable halides is
an effective strategy for enhancing both NLO and biological
properties in organic-inorganic hybrid salts. These findings
provide valuable design principles for the development of next-
generation multifunctional materials with potential applica-
tions in photonics, optoelectronics, and bioactive systems.
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