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1 Introduction

Diethylenetriamine-driven assembly of a dimeric
cadmium bromide hybrid and an organic bromide
salt: structural, vibrational, optical, in silico study
and biological insights

lteb Ben Mahmoud,? Mashael A. Alghamdi,® Houda Lazreg Aref,
Noureddine Mhadhbi, &3¢ Hossam H. Nasrallah, 2 ¢ Ahlem Guesmi,? Naoufel Ben
Hamadi,” Sandra Walha,? Ferdinando Costantino 2" and Houcine Naili 2 *2

Diethylenetriamine (DET) was employed to synthesize two novel crystalline materials: a cadmium-based
hybrid, (C4H16N3)[CdBrs]-H,O (DETCABr), and an organic salt, (C4H16N3)Brs (DETBr). Single-crystal X-ray
diffraction reveals that both crystallize in the monoclinic space group P2;/c, with DETCdBr featuring
[CdsBri0]®~ dimeric units constructed from corner-sharing CdBre octahedra, while DETBr consists of
discrete ionic moieties stabilized by N—H---Br interactions. Complementary analyses (PXRD, SEM, FTIR,
and Hirshfeld surface) confirm structural features, phase purity, and the dominant role of hydrogen
bonding in both systems. Complementary in silico studies, including DFT calculations, ADME predictions,
and molecular docking, confirm the electronic stability, reactive sites, and enzyme-binding potential of
DETBr and DETCdBr. DETBr exhibits drug-like electronic properties with high solubility and favorable o-
amylase interactions, while DETCdBr benefits from the cadmium scaffold, enhancing electrostatic and
hydrogen-bonding contacts. Optical studies reveal a significant contrast: DETBr exhibits deep-UV
absorption, whereas DETCdBr shows an extended absorption into the visible region with a reduced band
gap (~2.85 eV), attributed to metal-halide charge-transfer transitions. Both compounds display white-
light photoluminescence with CIE coordinates near (0.32, 0.34) for DETCdBr and (0.30, 0.32) for DETBr.
Biological assays demonstrate that both compounds inhibit a-amylase through distinct mechanisms:
DETBr acts as a competitive inhibitor, while DETCdBr exhibits non-competitive behavior, highlighting the
influence of structural organization on biological activity. These findings underline the role of metal
coordination in tuning structural, optical, and functional properties.

However, due to the complexity of designing associations
between materials that exhibit very low mutual compatibility,
chemists and physicists have been led to envision numerous

The field of organic-inorganic hybrid materials has been
growing intensively during the past 20 years and is certainly
nowadays one of the major fields of research and unambigu-
ously one of the most exciting. The idea of combining organic
and inorganic systems has now gained strong support.
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architectures, more or less easy to achieve experimentally. The
rising of new characterization techniques and knowledge at the
nanometer scale and even the molecular scale has been
a driving force towards imagination of hybrid architectures in
many major fields such as sensors, electronics, optics, light-
ning, medicine, catalysis, energy storage, energy conversion.**

The unique chemical behavior of metal ions with a full d*°
electron shell, such as Cd(u), makes them excellent building
blocks in coordination chemistry."*** For this reason, cadmium
has become a metal of significant interest, particularly in the
development of new coordination materials.'®'” Owing to this
distinctive electronic configuration, Cd*>" exhibits remarkable
flexibility in its coordination behavior.’®* Its complexes are
known for their dynamic nature, allowing facile ligand
exchange and structural rearrangement, which in turn makes
cadmium an attractive choice for constructing diverse

© 2026 The Author(s). Published by the Royal Society of Chemistry
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molecular architectures and coordination polymers. This
structural adaptability not only broadens the range of possible
coordination modes but also directly influences the resulting
physical properties of these compounds. Its tendency to form
stable yet versatile bonds with a wide variety of organic ligands
has inspired extensive research into Cd(u)-based systems,
spanning from discrete multinuclear clusters to extended
polymeric frameworks.*® Such diversity in coordination envi-
ronments often gives rise to intriguing structural motifs and
notable photo-physical properties.”>** Consequently, cadmium
continues to draw considerable scientific attention, not only for
its structural versatility but also for its potential in developing
materials with distinctive optical and electronic behaviors.”**

In the present work, diethylenetriamine (DET) was chosen as
the nitrogen-donor ligand to explore its coordination behavior
toward cadmium in the synthesized compound DETCdBr, and
to compare its structural role with that in the organic salt
DETBr. Owing to its molecular structure, which contains two
terminal primary amine groups and one central secondary
amine group, DET offers multiple coordination sites capable of
binding metal centers in diverse modes. This characteristic
allows it to act either as a terminal or bridging ligand, poten-
tially influencing the geometry and dimensionality of the
resulting framework.”” Through a combination of structural,
morphological, spectroscopic, and biological analyses, we show
how the presence of cadmium fundamentally alters the crystal
packing, optical behavior, and enzyme inhibition mechanism.

2 Experimental section

2.1. Synthesis

All the employed chemicals, hydrobromic acid (HBr; 48%),
cadmium bromide tetrahydrate (CdBr,-4H,0; 98%) and di-
ethylenetriamine ((NH,CH,CH,),NH; 99%) were commercial
products (Sigma-Aldrich), which were used without further
purification. The two new hybrid salts DETCdBr and DETBr
were synthesized by the slow evaporation method.

The title compound DETCdBr was synthesized by the reac-
tion of diethylenetriamine (2 mmol: 0.206 g), cadmium bromide
tetrahydrate (1 mmol: 0.344 g) and 10 mL of distilled water. The
compound DETBr was synthesized by combining di-
ethylenetriamine (2 mmol: 0.206 g) with 10 mL of distilled
water. The resulting solutions were acidified with concentrated
hydrobromic acid (1 mmol; 5 drops). The mixtures were then
stirred magnetically for 15 minutes at room temperature,
leading to the formation of homogeneous solutions. A few days
later, some crystals of a size suitable for structural study were
obtained. The product is then filtered, washed with a minimum
of distilled water and air dried. Elemental microanalysis
confirmed the composition of our new materials, giving the
following values: calculated: C, 7.02%; H, 2.65%; N, 6.14%.
Found: C, 6.98%; H, 2.71%; N, 6.08% for DETCdBr and calcu-
lated: C, 12.97%; H, 4.35%; N, 11.34%. Found: C, 13.02%; H,
4.28%; N, 11.41% for the other compound. The synthesis
process of DETCdBr is illustrated in Scheme 1.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.2. Micrographs and X-ray microanalysis

The morphology of the synthesized compounds, DETCdBr and
DETBr, was examined using scanning electron microscopy
(SEM) on a JEOL-6610LV instrument operated at an accelerating
voltage of 20 kV. The system was equipped with an Oxford X-
Max energy-dispersive X-ray (EDX) detector, which was
employed to analyze the elemental composition and assess the
crystal shape and surface features of both materials.

2.3. X-ray powder diffraction

The powder X-ray diffraction (PXRD) pattern of DETCdBr was
recorded in reflection geometry over a 26 range of 5-50°, with
a step size of 0.025°, using a Bruker D8 Advance diffractometer
equipped with a LYNXEYE XE-T detector and a Cu Ko radiation
source. The ceramic tube was operated at 40 kV and 40 maA.

PXRD measurements under controlled atmosphere were
additionally carried out using a PANalytical X'Pert diffractom-
eter in transmission geometry, employing Cu Ko radiation and
an X'Celerator strip detector.

2.4. X-ray data collection

A single colorless block-shaped crystals of DETCdBr (1) and
DETBr (2) were selected for data collection. Each suitable crystal
was mounted on a MITIGEN holder in perfluoroether oil and
measured on a XtaLAB Synergy, Dualflex, HyPix-Arc 100
diffractometer. Both structures were solved using the ShelXT
2018 % solution program with dual methods and refined in
Olex2.” Final refinements were carried out with ShelXL 2018 *°
using full matrix least squares minimization on F>. All non-
hydrogen atoms were refined anisotropically.

Hydrogen atoms bonded to carbon and nitrogen were posi-
tioned geometrically and refined using a riding model, with
fixed C-H and N-H bond lengths of 0.99 A and 0.91 A, respec-
tively. The hydrogen atoms of the water molecules were located
from difference Fourier maps and refined with isotropic
displacement parameters.

The main crystallographic data and refinement parameters
of the two compounds (1) and (2) are summarized in Table S1.
The molecular graphics were prepared using the Diamond 3
software.**

2.5. Hirshfeld surface analysis and fingerprint plots

Hirshfeld surface analysis was conducted to visualize and
quantify the intermolecular interactions present in the crystal
structure of DETCdBr. The three-dimensional Hirshfeld
surfaces and the corresponding two-dimensional fingerprint
plots were generated using the Crystal Explorer program.*

2.6. FT-IR spectroscopy

The infrared (IR) spectrum was recorded at room temperature
using a PerkinElmer BX spectrometer. The sample was prepared
using the conventional KBr pellet technique, and the spectrum
was collected in the 400-4000 cm™' wavenumber range.
Meanwhile, the optical absorption spectra of the films were
recorded at room temperature using a UV-visible

RSC Adv, 2026, 16, 20526-20543 | 20527
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Scheme 1 Schematic representation of the synthesis of the DETCdBr complex.

spectrophotometer (Cary 4000, Version 2.24) over the wave-
length range of 200-800 nm.

2.7. In silico studies

Density Functional Theory (DFT) calculations were carried out
using the B3LYP/6-31G(d) level of theory. Optimized geometries
were used to analyze frontier molecular orbitals (HOMO/
LUMO), energy gaps (AE), and molecular electrostatic poten-
tial (MEP) maps, providing insight into electronic structure,
reactivity, and potential interaction sites, complementing
docking and pharmacokinetic predictions.***

The drug-likeness, pharmacokinetic properties, and physi-
cochemical characteristics of DETBr and DETCdBr were pre-
dicted using SwissADME online platform.** Canonical SMILES
strings were used to calculate molecular weight, lipophilicity
(log P), hydrogen bond donors/acceptors, and topological polar
surface area (TPSA). Drug-likeness was evaluated according to
Lipinski's rule of five, as well as Veber and Ghose criteria. Pre-
dicted pharmacokinetic parameters included gastrointestinal
absorption, blood-brain barrier permeability, P-glycoprotein
substrate recognition, and cytochrome P450 enzyme inhibi-
tion profiles.

Additionally, molecular docking studies were performed to
investigate ligand-o-amylase interactions (PDB ID: 4W93).373®
The protein structure was prepared by removing water mole-
cules and co-crystallized ligands, followed by the addition of
polar hydrogens and assignment of Kollman charges. Ligand
geometries were energy-minimized using Chem3D, with
appropriate charge assignment and definition of rotatable
bonds.

For the metal-containing complex, the ligand structure was
derived from the experimental CIF file to preserve the accurate
coordination environment. Docking simulations were carried
out using AutoDock Vina, with the grid box centered on the
catalytic residues Trp59, Glu63, and Asp300. The best binding
poses were selected based on binding affinity and detailed
interaction analysis, including hydrogen bonding, electrostatic
interactions, and hydrophobic contacts.****

2.8. Biological activity evaluation

2.8.1. Assessment of a-amylase inhibition by DETBr and
DETCdBr. The inhibitory potential of DETBr and DETCdBr
toward o-amylase was assessed using a slightly modified
colorimetric method based on previously published proce-
dures.*” Porcine pancreatic o-amylase was dissolved in 10 mM
phosphate buffer (pH 6.9) to reach a final concentration of 1 mg
mL ™. A starch substrate solution (1%, w/v) was prepared in
phosphate-buffered saline and heated in boiling water for 15

20528 | RSC Adv, 2026, 16, 20526-20543

minutes to ensure complete gelatinization. The solution was
then cooled to room temperature before use.

Test solutions of DETBr and DETCdBr were prepared in
phosphate buffer at concentrations ranging from 0.25 to 2 mg
mL . For each assay, 20 uL of the sample solution was mixed
with 20 pL of the enzyme solution and pre-incubated at 37 °C for
15 minutes. The enzymatic reaction was initiated by adding 100
uL of the starch solution, and the mixture was incubated for an
additional 5 minutes at 37 °C.

The reaction was terminated by adding 0.5 mL of di-
nitrosalicylic acid (DNS) reagent, followed by heating in
a boiling water bath for 15 min to allow color development.
After cooling to room temperature, 1.5 mL of distilled water was
added, and the absorbance was measured at 540 nm using a UV-
visible spectrophotometer. A glucose solution (1 g L") was used
to generate the calibration curve, while acarbose served as the
reference inhibitor.

The percentage of enzyme inhibition was calculated using
the following equation:

Acontrol - Asamplc

Inhibition (%) = x 100

Acontrol

where Acontror represents the absorbance measured without
inhibitor and Ag,mple corresponds to the absorbance obtained in
the presence of DETBr or DETCdBE.

2.8.2. Evaluation of kinetic parameters and mode of
enzyme inhibition. The kinetic properties of a-amylase in the
presence and absence of DETBr and DETCdBr were analyzed
using Lineweaver-Burk double-reciprocal plots derived from
the Michaelis-Menten model.** This graphical approach
enabled the determination of the maximum reaction velocity
(Vinax) and the Michaelis constant (K,).

The inhibition mechanism was identified by comparing the
variations in Ky, and Vi, values obtained in the presence of the
tested samples. Double-reciprocal plots were constructed by
plotting the reciprocal of substrate concentration against the
reciprocal of reaction velocity.

Furthermore, the inhibition constant (K;) was calculated
according to the inhibition model determined from the kinetic
analysis. This constant provides additional information
regarding the affinity between a-amylase and the investigated
inhibitors.

3 Results and discussions
3.1. SEM and EDX characterization of DETCdBr and DETBr

The SEM micrographs in Fig. 1a and b reveal the morphological
features of the DETCdBr compound. At magnifications of x6k
and x15k, the images show densely packed and highly

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra02827f

Open Access Article. Published on 21 April 2026. Downloaded on 6/9/2026 2:48:16 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Advances

WD = 80mm .00KX  Signal A= InLens

cps/eV
BrL

e

Carbon 7.77

Nitrogen 6.80

Oxygen 2.59

Cadmium 18.18 cd
Bromine 64.66

(c)

14
12
cd

10 N

. |

6

i |

; l

RW 93

et

2.0 25

Energy [keV]

Fig.1 Crystal morphology and scanning electron microscopy (a and b) alongside with a energy-dispersive X-ray (EDX) spectrum (c) of DETCdBr.

agglomerated crystalline particles, forming a compact micro-
structure with very low porosity. The material exhibits a high
degree of densification, with crystal fragments displaying sharp
and well-defined edges that appear partially fused into rigid
aggregates. Slight variations in particle size and shape are
observed across the surface; however, the overall morphology
remains homogeneous and tightly packed. This compact
arrangement can be attributed to the presence of an extended
inorganic-organic hybrid framework, where the [Cd,Br;,]®”
dimeric units are strongly interconnected with the organic
cations through electrostatic interactions and hydrogen
bonding, leading to enhanced structural cohesion. The EDX
spectrum (Fig. 1c) confirms the presence of the expected
elements, namely carbon (C), nitrogen (N), cadmium (Cd), and
bromine (Br), in agreement with the chemical composition of
the compound.

By comparing the experimental PXRD pattern of DETCdBr
with the simulated pattern derived from single-crystal data
(Fig. 2), it was possible to confirm that the compound crystal-
lizes as a pure phase. The positions of the experimental
diffraction peaks are in good agreement with the calculated
ones, indicating the absence of detectable secondary phases or
impurities. Moreover, the relative intensities of the main
reflections closely match the theoretical pattern, further sup-
porting the high crystallinity and phase purity of the synthe-
sized material.

In contrast, the morphology of the DETBr compound
(Fig. 3a), recorded at a higher magnification of x115k, clearly

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

differs from that of DETCdBr. The microstructure is composed
of smaller, irregularly shaped crystalline particles that are only
moderately agglomerated, resulting in a less compact and more
porous architecture. The surface exhibits a lower degree of
densification, with grains characterized by smoother contours
and less-defined edges, indicating weaker particle cohesion and
a more flexible structural organization. This behavior reflects
the absence of an extended inorganic framework, as the struc-
ture of DETBr is governed primarily by electrostatic interactions
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Fig. 2 Comparison of calculated and experimental XRD patterns for
(C4H16N3)[CdBrs]-H,O.
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energy-dispersive X-ray (EDX) spectrum of DETBr.

between triprotonated diethylenetriamine cations and bromide
anions, along with N-H---Br hydrogen bonding. Such interac-
tions lead to a more open supramolecular arrangement with
increased surface accessibility. The EDX analysis (Fig. 3b)
further confirms the presence of carbon (C), nitrogen (N), and
bromine (Br), consistent with the composition of the organic
salt.

3.2. Structural investigations of (C,H,;¢N;3)[CdBr;]-H,O and
(C4H;6N3)Br3

A comprehensive elucidation of the crystal structure is essential
for understanding the properties and potential applications of
the novel hybrid materials DETCdBr and DETBr. We have
successfully synthesized these compounds, both characterized
by a crystalline structure in the monoclinic crystal system with
space group P2,/c. In DETCdBr, an inversion center is located
on the [Cd,Bry,]°~ dimer, so the asymmetric unit contains only
half of the full formula unit (Z, = 1), while the unit cell
accommodates four complete formula units (Z = 4). The refined
cell parameters are a = 10.3311(3) A, b = 10.4970(2) A, ¢ =
14.6429(3) A, with 8 = 110.462(3)° (Table S1). Fig. 4, produced
with DIAMOND 3, illustrates the complete formula unit of
DETCdBr. The latter is composed of two triprotonated organic

20530 | RSC Adv, 2026, 16, 20526-20543
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Fig. 4 The formula unit of (C4H1gN3)2[Cd5Bripl-2H,0.

cations (C4H6N3)*", one [Cd,Bryo]°” dimer, and two water
molecules.

The crystal structure consists of dimeric inorganic octahedra
assembled into layers extending along the [101] direction, with
organic cations occupying the interlayer spaces (Fig. 5a). Each
cadmium atom is octahedrally coordinated by six bromine
atoms. The Cd-Br bond lengths range from 2.7422(6) to
2.8462(2) A, while the Br-Cd-Br bond angles vary between
83.462(16)° and 176.362(18)° (Table S2). Neighboring octahedra
share edges via u,-Br bridges, forming [Cd,Br,,]®~ dimeric units
(Fig. 5b). Each dimer consists of two cadmium centers, linked
through symmetric p,-bridging bromine atoms, Br2 and Br2',
where each Br2 atom occupies an equatorial position in one
octahedron and bridges to the adjacent metal center. The
remaining bromine atoms, Brl, Br3, Br4, and Br5, occupy
terminal positions. This layered structural motif is consistent
with related compounds with different metals and
dimensionalities.**~*¢

The degree of structural distortion in the [CdBrs] octahedron
is quantified using the distortion parameter Ad, defined by:

1 /7d, —d\*
Ad_E;( d>

where d is the average Cd-Br bond length (2.784 A) and d,, refers
to the individual Cd-Br bonds in the octahedra. While the
calculated Ad gives a value of 2.4 x 10™*, proving that [CdBrg]
octahedron is nearly regular, with only a slight deviation from
ideal geometry in comparison with other octahedron in 1D
structures such (4-BAPC) (Ad = 1.059 x 10 *),* (mpz),PbBr;,
(Ad = 4.5 x 10~ *),¥” and a-(DMEN)PbBr, (Ad = 1.7 x 10 °).*8
The organic cations are interspersed between the discrete
[Cd,Bry]°~ dimeric units, which are oriented such that their
terminal primary ammonium groups act as hydrogen-bond
donors toward the bromide anions. The supramolecular
hydrogen-bonding network of the compound is illustrated in
Fig. 6 where the interstitial water molecules participate actively
in the hydrogen-bonding scheme, connecting the inorganic and
organic sublattices by forming O-H---Br and O-H---N bridges

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Hydrogen bonds in the compound DETCdBr.

(Table S3). Therefore, these interactions play a crucial role in
the structural stabilization.

In the other hand the corresponding molecular structure of
DETBr is presented in Fig. 7. It crystallizes in the monoclinic
crystal system with the centrosymmetric space group P2,/c. The
asymmetric unit consists of one organic cation, [C4H16N3]3+,
and three bromide anions that are distributed around it
through a network of non-covalent interactions (Fig. 7a). The
organic moiety adopts an extended conformation, in which the
carbon-nitrogen chain displays a nearly linear geometry,
favoring the formation of multiple hydrogen bonds with the
halide ions.

As illustrated in Fig. 7b, the three bromide anions act as
acceptors in several N-H---Br hydrogen bonds, generating
a three-dimensional supramolecular network. These hydrogen-
bonding interactions play a key role in stabilizing the structure
and in linking neighboring cations into infinite chains running
approximately along the [010] and [001] directions. The overall
packing can thus be viewed as an organic-halide framework

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

sustained by moderately strong N-H---Br hydrogen bonds,
which is typical of halogen-containing organic salts (Table S4).
This supramolecular arrangement suggests that electrostatic
and hydrogen-bonding interactions dominate the crystal cohe-
sion, consistent with the aliphatic nature of the DET cation. The
resulting network contributes to the structural rigidity of the
compound and likely influences its optical and thermal prop-
erties, as observed in similar organic halide systems.*>*

3.3. Hirshfeld surface analysis for DETCdBr and DETBr

The Hirshfeld surface is a valuable tool for visualizing and
analyzing the intermolecular interactions that define molecular
packing within a crystal structure. In this work, d,orm, shape
index, curvedness and 2D fingerprint was carried out for both
DETCdBr and DETBr compounds, and the resulting surfaces
are illustrated in Fig. 8. The color of each point on the Hirshfeld
surface corresponds to the relative contribution of that region to
the overall molecular interactions, as defined by the pair of
distance parameters (de, d;). Points with smaller contributions
to the surface are shown in blue, whereas those with the greatest
contributions appear in red, while regions with no contribution
remain uncolored. The d,orm parameter, derived from the
normalized sum of d; and d.; the internal and external distances
from the surface to the nearest atoms, respectively, provides
a quantitative measure of contact distances relative to van der
Waals separations. Accordingly, the mapped d,,m surfaces of
DETCdBr (a) display more intense and widespread red regions
compared to DETBr (b), highlighting the presence of shorter
intermolecular contacts and stronger interactions. The red
regions around the H---O and H---Br contact sites in DETCdBr
reflect significant intermolecular interactions, consistent with
the inclusion of the coordinated water molecule that enhances
hydrogen-bonding connectivity. In contrast, DETBr shows fewer
and less intense red areas, suggesting a relatively weaker
supramolecular network dominated by H---Br and H---H
interactions. The shape index and curvedness maps further

RSC Adv, 2026, 16, 20526-20543 | 20531
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Fig. 7

illustrate the differences in molecular packing between the two
crystals. DETCdBr shows more complex alternating red and
blue patches on the shape index surface, highlighting comple-
mentary hollows and bumps that indicate close contact
matching between neighbouring molecules. Its curvedness map
also displays pronounced low-curvedness regions, reflecting flat
surface areas associated with planar stacking and strong
directional contacts. By contrast, DETBr presents smoother, less
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(a) Asymmetric unit, (b) projection of the structure of DETBr on the (b and c) plane. The dotted lines indicate the hydrogen bonds.

intricate patterns on both maps, implying a simpler packing
arrangement governed mainly by van der Waals interactions.
The corresponding 2D fingerprint plots support these
observations. For DETCdBr, the H---Br interactions contribute
69.1%, followed by H---H (24.2%) and H---O (6.4%), confirming
the predominance of halogen- and hydrogen-bond interactions
in the cadmium complex. Conversely, DETBr exhibits two main
contributions: H---Br (66.4%) and H---H (33.5%), with no

de All (99.7%)

8
H...O (6.4

\ H...Br

di
U6 U8 TU T2 TA 16 T8 20 22 2% 26 2%

de
All (99.9%)

os H...H (33.5%)
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di
U6 U8 TU T2 T3 16 T8 20 27 2% 26 2%

Fig. 8 Hirshfeld surfaces and 2D fingerprint plots for DETCdBr (a) and DETBr (b). For each compound, the Hirshfeld surface is shown mapped

with dnorm (left), curvedness (center), and shape index (right).
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detectable H---O contacts due to the absence of water molecules
in its structure. These findings clearly indicate that coordina-
tion to Cd** and the incorporation of H,O in DETCdBr
strengthen the intermolecular contacts and result in a more
compact and interconnected packing arrangement compared to
the simpler organic salt DETBr.

3.4. Infrared spectroscopy investigations

FTIR spectroscopy was employed to confirm the presence and
coordination of the organic components in both DETCdBr and
the organic salt DETBr (Fig. 9). The assignment of the main
absorption bands was established by comparison with previ-
ously reported data for similar hybrid materials.”*** A key
difference is observed in the high-frequency region; DETCdBr
exhibits a distinct broad band at 3462 cm ™, attributed to »(O-
H) stretching vibrations, which confirms the presence of lattice
water molecules within its hybrid structure, a feature absent in
the precursor DETBT.

Both spectra show broad bands in the region from 3066 to
2339 cm ™', attributed to N-H and C-H stretching modes.
However, the pronounced broadening of the N-H bands in the
DETCdBr compound suggests stronger hydrogen bonding
interactions, consistent with the coordination of amine groups
to the metal center and the presence of water molecules.
Furthermore, the bands in the region of 1629-1581 cm ™" and at
1537 em ™, assigned to the asymmetric and symmetric bending
vibrations 6(NHj), respectively, show noticeable shifts and
intensity changes in DETCdBr compared to DETBr. The
wagging and twisting modes of NH, and CH, groups appear in
the 1392-1477 cm™' range for both compounds. Finally, the
region below 1095 cm ™Y, corresponding to C-C, C-N, C-N-C,
and C-C-N skeletal vibrations, also shows clear modifications
upon metal complexation. These comparative observations
confirm the successful integration of the organic cation into the
inorganic framework in DETCdBEr.
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Fig. 9 FT-IR spectra of DETCdBr and DETBr the 400-4000 cm™*
region.
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3.5. Optical properties

3.5.1. Optical absorption and fundamental gap energy. The
electronic transitions within the two structures were investi-
gated through an analysis of the solid-state optical absorption
properties of both compounds. Diffuse reflectance spectra were
collected and converted into absorption spectra using the
Kubelka-Munk (K-M) function,*

F(R) = (1 — RI2R

where R is the reflectance and F(R) is the K-M absorption.

The UV-visible absorption spectra of the two compounds,
DETCdBr and DETBr, reveal a clear contrast in their optical
responses (Fig. 10). The organic salt DETBr (2) displays a single
intense absorption band in the deep-UV region; 200-220 nm,
which can be attributed to localized n — o* transitions
involving the nitrogen lone pairs of the ammonium and amine
groups. Such transitions are characteristic of non-conjugated
organic systems and occur at high energies due to the
absence of m-delocalized orbitals or charge-transfer processes.
In contrast, the cadmium-based compound (C4H;¢N3)[CdBrs]-
H,O exhibits a much richer and broader absorption profile
extending from the UV to the visible region. The intense bands
observed around 250-320 nm and 360-420 nm can be assigned
to halide-to-metal charge-transfer (LMCT) transitions and to
electronic excitations arising from orbital overlap within the
[CdBr;] coordination units. The broad tail extending into the
visible region reflects the presence of low-energy charge-transfer
or excitonic states introduced by the metal-halide framework
and the structural heterogeneity of the inorganic sublattice,
including variations in bromine coordination and interactions
with lattice water molecules.

These spectral features clearly demonstrate that the incor-
poration of Cd*>" ions profoundly modifies the electronic
structure, creating new intermediate states at lower energy
compared to the purely organic phase. Consistently, the optical
band gaps (E;) determined from Tauc plots confirm this trend
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o
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Wavelengths (nm)
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Fig. 10 Absorption spectra of DETCdBr (black trace) and DETBr (red
trace).
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Fig. 11 Optical band gap determination of DETCdBr and DETBr.

in Fig. 11. The compound DETCdBr exhibits a direct band gap
of approximately 2.85 eV, indicative of semiconducting
behavior, whereas DETBr presents a much wider gap of about
6.08 eV, typical of insulating materials. The significant reduc-
tion in E; upon cadmium coordination highlights the key role of
metal-halide interactions, which enhance orbital overlap and
facilitate charge delocalization, effectively lowering the transi-
tion energy.” Such electronic tuning is well-documented in
hybrid metal-halide frameworks® and provides a promising
pathway for designing materials with tailored optical and
optoelectronic properties.>”

3.5.2. Photoluminescence properties: white light emission.
Fig. 12a presents the excitation-wavelength-dependent photo-
luminescence spectra recorded in the 300-500 nm range. A
pronounced dependence of the emission intensity on the exci-
tation wavelength is observed, whereas the overall spectral
shape remains nearly unchanged. Under shorter-wavelength
excitation, the compound displays a strong PL response,
particularly in the high-energy region below 400 nm. As the
excitation wavelength is increased, a gradual decrease in the PL
intensity is observed across the entire emission window. In
contrast, the broad emission band spanning approximately
450-650 nm preserves its position, showing no detectable
spectral shift, with only a moderate attenuation in intensity.
This behavior indicates that the emission originates from the
same emissive states for all excitation energies, and that the
excitation wavelength primarily affects the excitation efficiency
rather than introducing new radiative recombination pathways.

Fig. 12b displays the CIE 1931 chromaticity diagram corre-
sponding to the emission of DETCdBr compound. The chro-
maticity coordinates of the emitted light are located at
approximately (0.32, 0.34), placing the emission point in the
white-light region, close to the equi-energy point of standard
daylight.”® This position indicates a balanced contribution of
the different emission components, resulting in a near-neutral
white appearance. The proximity of these coordinates to the
reference white point confirms the ability of the compound to
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generate white light, making it a promising candidate for solid-
state lighting applications.

Fig. 12c presents the CIE 1931 chromaticity diagram corre-
sponding to the emission of the organic salt (C4H;¢N;3)Brs
(DETBr). The chromaticity coordinates are located at approxi-
mately (0.30, 0.32), which also fall within the white-light region,
although slightly shifted from the ideal equi-energy white point.
This position suggests that the emitted light retains a quasi-
balanced spectral distribution, but with a minor deviation
that may be associated with a slight dominance of specific
emission components. Compared to DETCdBr, this small shift
reflects differences in the emission origin, as DETBr emission is
primarily governed by the organic moiety rather than inorganic
coordination units. Nevertheless, the coordinates remain close
enough to the reference white point to confirm that DETBr is
also capable of producing near-white light, further supporting
its potential in light-emitting applications.

3.6. In silico study

3.6.1. DFT and energy analysis of DETBr and DETCdBr.
The electronic structure of DETBr and DETCdBr was investi-
gated using density of states (DOS) and frontier molecular
orbital (FMO) analysis, and global reactivity descriptors, as
shown in (Fig. 13 and 14). DETBr exhibits HOMO and LUMO
energies of —22.03 eV and —13.65 eV, respectively, with a wide
energy gap of 8.378 eV, while DETCdBr shows HOMO and
LUMO energies of —17.018 eV and —13.714 eV, resulting in
a reduced gap of 3.304 eV. This significant decrease indicates
enhanced electronic delocalization upon Cd coordination.

The optical band gaps follow the same trend, where DETBr
displays an insulating character (~6.08 eV), whereas DETCdBr
exhibits semiconducting behavior (~2.85 eV), confirming good
agreement between theoretical and experimental results. FMO
analysis reveals a clear spatial separation between HOMO
(localized on electron-rich ligand regions) and LUMO (distrib-
uted over the m-system), suggesting intramolecular charge-
transfer character, which is more pronounced in DETCdBT.

Global reactivity descriptors further support these findings,
where DETCdBr shows lower chemical hardness (n = 1.65 eV)
and higher softness (S = 0.605 eV~ ') compared to DETBr (y =
4.19 eV, S = 0.239 eV ). Additionally, the higher electrophilicity
index of DETCdBr (v = 71.5 eV) indicates stronger electron-
accepting ability and enhanced reactivity (Table S5). Overall,
Cd coordination effectively turns the electronic structure from
a wide-gap insulating system (DETBr) to a narrower-gap semi-
conducting system (DETCdBr) with improved charge-transfer
properties.

3.6.2. Estimation of biological availability. The molecular
behavior of DETBr and DETCdBr in biological systems was
evaluated by predicting their key physicochemical and phar-
macokinetic properties using SwissADME (Table S6 and
Fig. 15). DETBr exhibited a molecular weight (MW) of 345.93 ¢
mol ™" and a topological polar surface area (TPSA) of 71.89 A%,
reflecting ideal drug-like dimensions, whereas the hybrid
cadmium complex DETCdBr displayed considerably higher
values (MW 636.16 g mol ™, TPSA 162.24 A%) due to its bulky

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Excitation wavelength dependence of PL spectra of DETCdBr (a) CIE coordinates of the DETCdBr (b) CIE coordinates of the DETBr (c).

binuclear cadmium framework. Both compounds are highly
hydrophilic, with consensus log P values of —4.75 and —10.58,
favoring interactions with the polar residues of the a-amylase
active site. DETBr showed superior water solubility (Ali log S =
—1.92) and full compliance with Lipinski's and Veber's rules,
yielding a high bioavailability score (0.55). The pharmacokinetic
profile predicted low gastrointestinal (GI) absorption and no
blood-brain barrier (BBB) permeation for both molecules,
a desirable feature for localized intestinal enzyme inhibition
while minimizing systemic toxicity. Additionally, the low
synthetic accessibility (SA) score for DETBr (1.42) indicates ease
of synthesis compared to the more complex coordination
environment of DETCdBr (4.17).

3.6.3. Molecular docking with a-amylase (PDB ID: 4W93).
Docking studies evaluated the interactions of DETBr and
DETCdBr with human pancreatic a-amylase (Table S7 and
Fig. 16, 17). The reference inhibitor, acarbose, exhibited the
highest binding affinity (—8.32 kcal mol "), stabilized by
hydrogen bonds with Asp300, Thr163, and Gln63, and H-7

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

interactions with Trp59, consistent with its known inhibitory
mechanism.

DETBE, modeled as the tri-protonated di-
ethylenetriammonium, showed a binding affinity of
—4.84 keal mol ™", Its inhibition is mainly driven by hydrogen
bonds and electrostatic interactions between the terminal —
NH;" groups and the catalytic residues Asp197 and Asp300,
effectively neutralizing the catalytic nucleophiles and impeding
starch hydrolysis.

The hybrid cadmium complex DETCdBr exhibited a slightly
stronger binding affinity (—5.43 kcal mol "), with additional
stabilization from bromide-mediated hydrogen-acceptor and
ionic contacts involving His305 and Asn298. While the
cadmium cluster serves as a structural scaffold orienting the
bioactive cations, its bulk imposes steric limitations, preventing
full access of the pharmacophore to the catalytic pocket.

Overall, both DETBr and DETCdBr target key catalytic resi-
dues, confirming their potential as a-amylase inhibitors. DETBr
offers a more drug-like profile with lower molecular weight and
higher solubility, whereas DETCdBr benefits from enhanced

RSC Adv, 2026, 16, 20526-20543 | 20535
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increasing starch concentration affects a-amylase activity both
without and with DETBr and DETCdBr. In the control, enzyme
activity rises quickly with substrate concentration, following
typical ~Michaelis-Menten  kinetics. = Conversely, both
compounds significantly decrease a-amylase activity across all
tested concentrations, although the reaction rate still increases
with substrate concentration, indicating that the inhibition can
be partially overcome by excess substrate behavior typical of
competitive inhibition. Notably, DETBr shows a stronger
inhibitory effect than DETCdBr. Their structural features
explain this difference: DETBr consists of discrete ionic units of
triprotonated diethylenetriamine and bromide ions, offering
a more accessible and flexible structure that may interact more

effectively with the enzyme. In contrast, DETCdBr forms
a compact hybrid inorganic-organic framework made of one-
dimensional [CdBr;],>~ chains stabilized by extensive
hydrogen bonds, which could limit access to active functional
groups for the enzyme. Overall, these results suggest that the
molecular organization of these compounds plays an important
role in modifying their inhibitory activity toward a-amylase.
3.7.2. Concentration-dependent inhibition behavior of
DETBr and DETCdBr compared to acarbose. DETBr has a uni-
que inhibitory profile against a-amylase compared to acarbose
(Fig. 19a). DETBr demonstrated strong inhibition at the lowest
tested concentration (about 70% at 0.25 mg mL™ "), then grad-
ually decreased as the concentration increased, indicating

Fig. 16 2D, 3D for molecular docking of acarbose with a-amylase.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 2D, 3D for molecular docking of (a) DETBr, and (b) DETCdBr with a-amylase (PDB ID: 4W93).
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Fig. 18 Evolution of a-amylase enzymatic activity in the presence and
absence of DETBr and DETCdBr.

a non-traditional dose-response pattern. In contrast, acarbose
exhibited a typical concentration-dependent inhibition,
increasing steadily to nearly 80% at 2 mg mL™ ", consistent with
its well-known role as a competitive a-amylase inhibitor.

This unusual inhibitory behavior of DETBr can be explained
by its structural features. Crystallographic analysis showed that
DETBr consists of distinct ionic units formed by triprotonated
diethylenetriamine cations and bromide anions, stabilized by
N-H---Br hydrogen bonds. The multiple protonated amine

20538 | RSC Adv,, 2026, 16, 20526-20543

groups create positively charged sites capable of interacting
with negatively charged residues near the catalytic region of o-
amylase, especially Asp197, Glu233, and Asp300, which are
involved in substrate binding and catalysis. These electrostatic
and hydrogen-bonding interactions likely account for the
strong inhibition observed at low concentrations.

SEM observations showing small, relatively porous particles,
along with Hirshfeld surface analysis highlighting the domi-
nance of N-H---Br interactions, further suggest that the
molecular organization of DETBr promotes surface accessibility
and enzyme interactions. However, the decrease in inhibition at
higher concentrations might be due to intermolecular associa-
tions or partial aggregation in solution, which can reduce the
availability of active protonated sites. Overall, these findings
emphasize a clear structure-activity relationship, indicating
that the accessibility of protonated amine groups in DETBr
plays a crucial role in modulating its a-amylase inhibitory
activity.

In the other hand, Fig. 19b illustrates the inhibitory activity
of DETCdBr against oa-amylase in comparison to acarbose.
DETCdBr showed the highest inhibition at the lowest concen-
tration (around 65% at 0.25 mg mL '), with a gradual decrease
as the concentration increased, indicating a negative concen-
tration-response trend. Conversely, acarbose demonstrated
a typical dose-dependent inhibition, rising steadily to nearly
80% at 2 mg mL~". Although DETCdBr is more effective than
acarbose at very low concentrations, its inhibitory ability

© 2026 The Author(s). Published by the Royal Society of Chemistry
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diminishes at higher doses, suggesting reduced access to the
enzyme's active site or possible molecular aggregation.

The structural features of DETCdBr explain these results.
Crystallographic analysis showed a one-dimensional hybrid
inorganic-organic framework made of [CdBrs],>~ chains con-
nected through hydrogen bonds with triprotonated di-
ethylenetriamine cations and water molecules in the lattice. The
rigid, tightly packed supramolecular structure, supported by
SEM and Hirshfeld surface analyses, may reduce the availability
of functional amine groups for interaction with the catalytic
residues of a-amylase (Asp197, Glu233, and Asp300), which
explains the decrease in inhibition at higher concentrations.

Overall, the biological activity of DETCdBr reflects a clear
structure-function relationship: while the accessible proton-
ated amine groups enable significant inhibition at low
concentrations, the compact hybrid framework limits enzyme
interactions at higher doses, unlike the flexible and more
accessible structure of DETBr or the substrate-mimicking
structure of acarbose.
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Fig. 20 Lineweaver—Burk plots of a-amylase inhibition at different substrate (starch) concentrations in the presence of DETBr.
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3.7.3. Kinetic analysis of a-amylase inhibition by DETBr
(competitive mechanism) and DETCdBr (non-competitive
mechanism). Fig. 20 shows Lineweaver-Burk plots used to
examine how DETBr inhibits a-amylase. The lines intersect near
the y-axis, indicating that Vj,,, remains unchanged, while the
apparent K, increases from 1.25 mg mL ™" (starch alone) to
5 mg mL ™' in the presence of DETBr, supporting a competitive
inhibition mechanism. The estimated inhibition constant (K; =
0.33 mg mL™") suggests a moderate binding affinity of DETBr
for the enzyme's active site. This behavior can be explained by
the structural features of DETBr, which consists of discrete
ionic units of triprotonated diethylenetriamine cations and
bromide anions stabilized by N-H---Br hydrogen bonds. The
positively charged amine groups can interact with negatively
charged residues in the catalytic site of a-amylase (Asp197,
Glu233, and Asp300), effectively competing with the substrate
without affecting the catalytic turnover. SEM and Hirshfeld
analyses further support this by revealing a morphology and
hydrogen-bonding network that favor such interactions. In

Competitive inhibitor
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0,33

*Vmax (maximum velocity)
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Fig. 21 Lineweaver—Burk plots of a-amylase inhibition at different substrate (starch) concentrations in the presence of DETCdBr.

contrast, Fig. 5 presents the kinetic behavior of DETCdBr, where
the Lineweaver-Burk plots intersect on the x-axis, indicating
that K., remains constant at 1.67 mg mL ™" while V., decreases
from 100 to 33.33 U, characteristic of a non-competitive inhi-
bition mechanism. The corresponding inhibition constant (K; =
0.25 mg mL ") reflects a moderate interaction with the enzyme.

Unlike DETBr, DETCdBr does not affect substrate binding
but reduces catalytic efficiency, likely due to conformational
changes induced upon binding, as shown in Fig. 21. The kinetic
behavior of DETCdBr toward o-amylase was studied using
Lineweaver-Burk double-reciprocal plots. In the presence of
DETCdBr, the plots intersect on the x-axis, indicating that the
Michaelis constant (K,,) remains unchanged at 1.67 mg mL ™",
while the maximum reaction velocity (Vi,ax) decreases from 100
to 33.33 U. This pattern is typical of non-competitive inhibition,
where the inhibitor binds to an allosteric site separate from the
catalytic center and can interact with both the free enzyme and
the enzyme-substrate complex.

The inhibition constant calculated from the reduction in
Vinax Was K; = 0.25 mg mL™", indicating a moderate yet signif-
icant interaction between DETCdBr and o-amylase. The pres-
ervation of K;,, suggests that substrate binding to the catalytic
pocket remains unaffected, while the decrease in Vi, reflects
a reduction in catalytic turnover, likely caused by conforma-
tional changes induced by inhibitor binding.

From a structural standpoint, this inhibitory behavior may
relate to the rigid supramolecular architecture of DETCdBT,
which consists of [Cd,Bry,]®” dimeric units stabilized by
hydrogen bonds with triprotonated diethylenetriamine cations
and lattice water molecules. This extended hybrid framework
might restrict direct entry into the enzyme's active site while
promoting interactions with peripheral or regulatory regions of
the enzyme. Such interactions can cause structural changes that
modify enzymatic activity without disrupting substrate recog-
nition. Interestingly, this mode of inhibition differs from the
behavior observed for DETBr, which functions as a competitive
inhibitor. The difference likely stems from structural flexibility:
DETBr has more accessible protonated amine groups that can
directly interact with the catalytic pocket, whereas the more

20540 | RSC Adv, 2026, 16, 20526-20543

rigid, sterically hindered structure of DETCdBr promotes allo-
steric interactions. Taken together, these observations highlight
a clear structure-function relationship, where the molecular
organization and accessibility of functional groups govern the
inhibition mechanism and efficiency of bromide-based di-
ethylenetriamine derivatives toward o-amylase.

4 Conclusion

Two new diethylenetriamine-derived bromide compounds were
successfully synthesized and characterized: the hybrid inor-
ganic-organic material (C4H;6N;)[CdBr5]-H,O (DETCdBr) and
the organic salt (C4H;¢N;)Br; (DETBr). Single-crystal X-ray
diffraction shows that both crystallize in the monoclinic
system (P24/c) but exhibit distinct structural organizations.
DETCdBr is built from dimeric [Cd,Br;,]®” units forming
hydrogen-bonded networks, whereas DETBr consists of discrete
ions stabilized by N-H---Br interactions. Phase purity and
morphology analyses confirm a more compact and cohesive
structure for DETCdBr compared to the more porous DETBT, in
agreement with Hirshfeld surface results highlighting stronger
intermolecular interactions in the hybrid compound. Optical
measurements reveal a marked contrast between the two
systems: DETBr behaves as a wide-band-gap material with deep-
UV absorption, while DETCdBr exhibits a reduced band gap
(~2.85 eV) and extended absorption into the visible region,
characteristic of charge-transfer transitions. Both compounds
display near white-light emission, supporting their potential in
solid-state lighting applications. In silico investigations corrob-
orate these findings, showing enhanced electronic delocaliza-
tion and reactivity for DETCdBr, while DETBr exhibits more
favorable drug-like properties. Molecular docking and biolog-
ical assays demonstrate that both compounds inhibit a-amylase
through distinct mechanisms: competitive for DETBr and non-
competitive for DETCdBr. Overall, these results highlight the
key role of metal coordination in tuning structural, optical, and
biological properties, offering a rational strategy for designing
multifunctional hybrid materials.

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