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pound (C6H10N2)(H2PO4)2: insights
into its structural, optical, and electrical behavior
for electronic applications

Arafet Ghoudi, a Najoua Weslati, a Nourah A. Alsobai,b Noweir Ahmad Alghamdi,c

Walid Rekikd and Abderrazek Oueslati *a

This study reports the synthesis, structural analysis, and optical and electrical characterization of a novel

organic–inorganic hybrid compound: o-phenylenediammonium bis(dihydrogenophosphate)

(C6H10N2)(H2PO4)2. Single-crystal X-ray diffraction analysis reveals that the compound crystallizes in the

triclinic system within the centrosymmetric space group P�1. Its crystal structure is stabilized by a three-

dimensional hydrogen-bonding network involving both N–H/O and O–H/O interactions, which

significantly enhance the material's structural cohesion and interionic connectivity. Optical

characterization via UV–Visible spectroscopy demonstrates strong light absorption and reveals a direct

optical band gap of 2.13 eV, suggesting promising potential for optoelectronic applications. In parallel,

complex impedance spectroscopy highlights favorable electrical and dielectric behavior over various

frequencies and temperatures. The AC conductivity of the polycrystalline sample was found to follow

Jonscher's universal power law. Moreover, the asymmetrical shape of the imaginary part of the electric

modulus, analyzed using the Kohlrausch–Williams–Watts (KWW) model, confirms the presence of non-

Debye relaxation dynamics. The material exhibits a remarkably high dielectric permittivity (30 z 8 × 104),

underscoring its strong potential for energy storage applications. These results underline the strong

interplay between the compound's electrical and optical properties, positioning it as a promising

multifunctional material for future electronic, photonic, and energy-related applications.
1 Introduction

The study of charged species, particularly cations and anions,
has emerged as a signicant area of interest in both organic
chemistry and biological sciences.1 These ionic entities play
essential structural roles in mediating molecular associations
and stabilizing the tertiary conformations of biomolecules such
as proteins and nucleic acids.2 Among the various families of
compounds, those involving monophosphate anions paired
with highly polarizable organic cations have received consid-
erable attention.2–5 One of the most distinctive characteristics of
these materials is the dense hydrogen-bonding network formed
around the monophosphate units, which are oen surrounded
by numerous hydrogen-bond donors.6 Hydrogen bonding has
been widely recognized as a key factor inuencing not only
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crystal packing and stability7 but also the emergence of
nonlinear optical properties in phosphate-based materials.8,9 In
recent years, organic–inorganic monophosphate salts have
been extensively investigated due to their potential in various
functional applications. In these systems, phosphoric anions
are typically interconnected through strong hydrogen bonds,
forming innite anionic frameworks with diverse structural
topologies. A notable example is the compound (C12H19N2)
H2PO4$H2O,10 which crystallizes in the monoclinic space group
P21/c (Z= 4) with lattice parameters a= 15.226(2) Å, b= 6.984(3)
Å, c = 15.359(5) Å, and b = 95.44(2)°. Its crystal structure
features (H4P2O8)

2− dimers that associate with water molecules
through hydrogen bonding to form layered inorganic networks.
These layers are interleaved with (C12H19N2)

+ cations, which
participate in both van der Waals interactions and strong
hydrogen bonds with the oxygen atoms of the anionic layers.
Another example is meta-carboxyphenylammonium phosphite
(m-CPAMP), (C7H8NO2)H2PO3, whose structure has been
investigated across a temperature range of 100–345 K.2 A rst-
order phase transition was identied at 246 K by Bendeif
et al.,11 attributed to structural changes in the molecular
conguration. In yet another case, the cyanostar–phosphate
complex12 displays a stack of four cyanostar macrocycles
threaded by three hydrogen phosphate anions, forming
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Crystal data and structure refinement parameters for
(C6H10N2)(H2PO4)2

Formula (C6H10N2)(H2PO4)2

Color/shape Colorless/prism
Formula weight (g mol−1) 304.13
Crystal system Triclinic
Space group P�1
Density 1.756
Crystal size (mm) 0.23 × 0.19 × 0.14
Temperature (K) 296(2)
Diffractometer Bruker APEXII CCD
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a trianionic trimer assembly [H2PO4/H2PO4/H2PO4]
3− stabi-

lized by hydrogen bonding. The average O/O separation of
2.57 Å between phosphate units indicates the presence of
strong, directional hydrogen bonds. Considering the pivotal
role of hydrogen bonding in shaping the chemical and struc-
tural properties of such systems, the present work is dedicated
to the synthesis and characterization of a new hybrid material
based on o-phenylenediammonium and phosphoric acid. We
report the synthesis, crystal structure, and investigation of the
optical and electrical properties of the novel compound o-
phenylenediammonium bis(dihydrogenophosphate).
a (Å) 6.7147(3)
b (Å) 9.8221(5)
c (Å) 10.1044(6)
a 66.861(3)
b (°) 73.272(2)
g 73.338(3)
V (Å3) 575.35(5)
Z 2
Radiation type Mo Ka (0.71073 Å)
Absorption correction Multi-scan
q range for data collection (°) 2.237 # q # 28.526
Measured reections 21 646
Independent reections 2914
Observed data [I > 2s (I)] 2475
Index ranges h = −8/9

k = −13/13
l = −13/13

F (000) 316
Number of parameters 181
R1 0.0355
wR2 0.0938
Goof 1.038
2 Experimental section
2.1. Synthesis and crystal growth

Single crystals of the hybrid compound (C6H10N2)(H2PO4)2 were
obtained by slow evaporation of an aqueous solution. In
a typical synthesis, o-phenylenediamine (1 mmol, 0.108 g) was
dissolved in 20 mL of demineralized water under continuous
stirring at room temperature. Subsequently, phosphoric acid
(2 mmol, 0.196 g of H3PO4 solution) was added dropwise to the
solution. The resulting mixture was stirred for approximately
30 min until a clear homogeneous solution was obtained.

The solution was then ltered and le to evaporate slowly at
ambient temperature (∼298 K) under undisturbed conditions.
Aer about 5–7 days, colorless transparent crystals suitable for
single-crystal X-ray diffraction were formed. The crystals were
collected by ltration and dried at room temperature. The
reaction yield was approximately 78%. The obtained crystals
were visually free of impurities and exhibited good morpho-
logical quality.

This synthesis approach follows a procedure similar to those
reported for related hybrid dihydrogen phosphate materials,13,14

with slight modications in reagent proportions and crystalli-
zation conditions.
Table 2 Fractional atomic coordinates and equivalent isotropic
temperature factors (Å2)

x Y z Ueq

C1 0.7554(3) 0.5347(3) −0.0742(2) 0.0375(5)
C2 0.8213(3) 0.3870(3) −0.0710(2) 0.0391(5)
C3 0.8395(3) 0.2705(2) 0.0607(2) 0.0315(4)
C4 0.7915(3) 0.3030(2) 0.18869(19) 0.0211(3)
N1 0.81436(2) 0.17963(17) 0.32795(18) 0.0267(3)
N2 0.6627(2) 0.48501(17) 0.32221(17) 0.0246(3)
C7 0.7214(3) 0.45104(19) 0.18620(19) 0.0202(3)
C8 0.7041(3) 0.5676(2) 0.0539(2) 0.0288(4)
P1 0.22099(7) 0.24993(5) 0.49933(5) 0.01938(12)
O1 0.1894(2) 0.13008(17) 0.65826(15) 0.0335(3)
O2 0.0049(2) 0.30143(15) 0.45955(14) 0.0269(3)
O3 0.3287(2) 0.36658(15) 0.49198(15) 0.0297(3)
O4 0.3778(2) 0.16280(17) 0.39643(17) 0.0310(3)
P2 0.66398(7) 0.09056(5) 0.77567(5) 0.02296(13)
O5 0.7763(2) 0.0295(2) 0.90893(18) 0.0440(4)
O6 0.4286(2) 0.09685(19) 0.83070(14) 0.0367(4)
O7 0.6935(2) 0.25839(15) 0.69674(16) 0.0314(3)
O8 0.7741(2) 0.00427(18) 0.67265(18) 0.0417(4)
2.2. Single-crystal diffraction data collection and structure
determination

Single-crystal diffraction data for (C6H10N2)(H2PO4)2 were
collected for a high-quality single-crystal with a four-circle
BRUKER APEX II area-detector diffractometer (l = 0.71073 Å).
Intensity data were collected at 296(2) K through the APEX 2
program.15 An Empirical absorption correction of multi-scan
type was performed with the SADABS program.16 The title
compound adopts triclinic symmetry and crystallizes in the
centrosymmetric space group P�1, according to the ShelxT-2018
program17 integrated into the WINGX interface.18 The structure
solution was developed by successive difference Fourier
syntheses and rened by full-matrix least-squares on all jFj2
data using the ShelxL-2014 program.19 Hydrogen atoms linked
to oxygen atoms were located in the difference Fourier map, and
their positions and isotropic displacement parameters were
rened. In contrast, the hydrogen atoms of the organic moiety
were placed geometrically and allowed to ride on their parent
atoms with N–H = 0.89 Å and C–H = 0.93 Å, using the HFIX
instruction available in the ShelxL-2014 program.19 All drawings
© 2026 The Author(s). Published by the Royal Society of Chemistry
of the crystal structure were made using the Diamond3.2
program.20 The crystallographic data and the experimental
details of the structure determination and nal renements are
summarized in Table 1. The fractional atomic coordinates and
RSC Adv., 2026, 16, 22514–22529 | 22515
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Table 3 Selected bond distances (Å) and angles (°)

Distances (Å) Angles (°)

C1–C2 1.381(3) C2–C1–C8 120.46(19)
C1–C8 1.381(3) C1–C2–C3 120.16(19)
C2–C3 1.383(3) C4–C3–C2 119.54(19)
C3–C4 1.380(3) C3–C4–C7 120.44(17)
C4–C7 1.386(2) C3–C4–N1 119.50(17)
C4–N1 1.465(2) C7–C4–N1 120.06(16)
N2–C7 1.459(2) C8–C7–C4 119.85(17)
C7–C8 1.386(2) C8–C7–N2 119.68(16)
P1–O3 1.4898(13) C4–C7–N2 120.46(15)
P1–O2 1.5093(13) C1–C8–C7 119.52(19)
P1–O1 1.5719(14) O3–P1–O2 118.15(8)
P1–O4 1.5730(15) O3–P1–O1 110.99(8)
P2–O8 1.4966(15) O2–P1–O1 105.03(8)
P2–O6 1.5087(14) O3–P1–O4 106.24(8)
P2–O5 1.5596(16) O2–P1–O4 109.51(8)
P2–O7 1.5671(15) O1–P1–O4 106.39(9)

O8–P2–O7 116.89(9)
O8–P2–O5 109.75(10)
O6–P2–O5 109.51(8)
O8–P2–O7 108.82(9)
O6–P2–O7 106.28(9)
O5–P2–O7 104.86(9)

Table 4 Hydrogen bonding geometry (Å, °)a

D—H$$$A D—H H/A D/A D—H$$$A

N1–H1A/O4 0.89 2.01 2.845(2) 155.4
N1–H1B/O2ii 0.89 1.95 2.822(2) 165.3
N1–H1C/O1iii 0.89 2.41 2.996(2) 123.9
N1–H1C/O8i 0.89 2.12 2.839(2) 137.1
N2–H2A/O7iv 0.89 2.23 2.922(2) 134.8
N2–H2B/O2ii 0.89 1.98 2.819(2) 155.9
N2–H2C/O3 0.89 1.77 2.653(2) 173.1
O1–H41B/O6 0.90(3) 1.67(3) 2.5661(19) 176(3)
O4–H31/O8iii 0.81(3) 1.74(3) 2.547(2) 171(3)
O7–H6/O2ii 0.81(3) 1.86(3) 2.669(2) 172(3)
O5–H5/O6V 0.78(3) 1.81(3) 2.585(2) 173(3)

a Symmetry codes: i −x + 2,−y,−z + 1; ii x + 1, y, z; iii −x + 1,−y,−z + 1; iv

−x + 1, −y + 1, −z + 1; v −x + 1, −y, −z + 2.

Fig. 1 Asymmetric unit of (C6H10N2)(H2PO4)2. Displacement ellipsoids
are drawn at the 50% probability level. Hydrogen bonds are repre-
sented as dashed lines.
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equivalent isotropic temperature factors are presented in Table
2. Selected bond distances and angles and hydrogen bonds are
shown in Tables 3 and 4, respectively.

2.3. Instrumentation and methodologies for morphological,
UV-visible, and complex impedance analyses

The elemental composition and chemical nature of the
synthesized compound were thoroughly investigated using
energy-dispersive X-ray spectroscopy (EDX), performed with
a Bruker Quantax 100 Easy EDX detector.

The optical properties of the compound were investigated
using a Shimadzu UV-3101PC UV-Vis-NIR spectrophotometer.
The measurements were carried out in both absorbance and
diffuse reectance modes using a LISR-3100 integrating sphere
attachment. A BaSO4 standard was employed as the reference
material for reectance measurements. The spectra were
22516 | RSC Adv., 2026, 16, 22514–22529
recorded with a slit width of 20 nm over the selected wavelength
range under ambient laboratory conditions. The sample was
nely ground before analysis to ensure uniform optical
response and reliable spectral acquisition.

The electrical properties of the compound were investigated
using complex impedance spectroscopy. The measurements
were performed using a precision Solartron 1260 frequency
response analyzer over a frequency range from 102 to 106 Hz.
The sample was prepared in pellet form (8 mm in diameter and
1.1 mm thick) by pressing the powdered material into a circular
disk under uniaxial pressure. Both surfaces of the pellet were
coated with a thin layer of silver paste to ensure good electrical
contact and to form blocking electrodes.

The impedance measurements were carried out in the
temperature range of 358–398 K using a temperature-controlled
chamber with an accuracy of ±1 K. The temperature was
stabilized for approximately 10 min at each measurement point
before recording the impedance spectra to ensure thermal
equilibrium.
3 Results and discussion
3.1. Structure description

The hybrid compound investigated in this work has the chem-
ical formula (C6H10N2)(H2PO4)2, consisting of a doubly
protonated o-phenylenediammonium cation (C6H10N2)

2+ asso-
ciated with two dihydrogen phosphate anions (H2PO4)

−. The
asymmetric unit, shown in Fig. 1, contains one doubly proton-
ated o-phenylenediammonium cation and two dihydrogen
phosphate anions. All atoms of the asymmetric unit occupy
general positions in the crystal lattice (Wyckoff site: 2i).

The o-phenylenediammonium bis(dihydrogenophosphate)
(C6H10N2)(H2PO4)2, adopts the triclinic symmetry and crystal-
lizes at 296(2) K in the centrosymmetric P�1 space group with the
following unit cell parameters: a = 6.7147(3) Å; b = 9.8221(5) Å;
© 2026 The Author(s). Published by the Royal Society of Chemistry
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c = 10.1044(6) Å; a = 66.861(3)°; b = 73.272(2)°; g = 73.338(3)°;
V = 575.35(5) Å3 and Z = 2. Its 0D structure is built of isolated
dihydrogenophosphate anions and protonated diamine
(C6H10N2)

2+. The structure cohesion is established by N–H/O
and O–H/O hydrogen bonds (Fig. 2).

The asymmetric unit contains two crystallographically
independent phosphorus atoms, each of which is surrounded
by two terminal oxygen atoms and two hydroxyl groups to form
the dihydrogenphosphate anion (H2PO4)

−. The main bond
lengths P–O and angles O–P–O in these inorganic anions are
given in Table 3. It should be noted that the short distances
(1.4898(13) Å and 1.5093(13) Å for H2P1O4 and 1.4966(15) Å and
1.5087(14) Å for H2P2O4) are attributed to the terminal P–O
bonds, whereas the longer distances (1.5719(14) Å and
1.5730(15) Å for H2P1O4 and 1.5596(16) Å and 1.5671(15) Å for
H2P2O4) correspond to P–OH bonds of the hydroxyl groups.21

Within these inorganic anions, the O–P–O angles vary between
105.03(8) and 118.15(8)° for H2P1O4 and between 104.86(9) and
116.89(9)° for H2P2O4 (Table 3). These geometrical character-
istics of (H2PO4)

− anions are in good agreement with those
observed in other compounds containing the di-
hydrogenophosphate groups,22–24 conrming that the phos-
phate tetrahedra maintain the typical distortion commonly
encountered in hydrogen-bonded phosphate frameworks.

To better position the present material within the family of
organic–inorganic dihydrogenophosphate hybrids, a compar-
ison with structurally related compounds is useful. In several
previously reported organic monophosphates, (H2PO4)

− anions
associate through hydrogen bonds to form extended inorganic
networks.10,13,14,25,26 For example, in (C12H19N2)H2PO4$H2O, the
Fig. 2 Projection of the structure of (C6H10N2)(H2PO4)2 along the
crystallographic c-axis.

© 2026 The Author(s). Published by the Royal Society of Chemistry
(H2PO4)
− anions aggregate in pairs to form [(H4P2O8)

2−] units,
which, together with water molecules, generate inorganic layers
parallel to the plane x= 1/2.10 The organic cations, derived from
piperazine in this case, are inserted between these layers and
establish additional N–H/O hydrogen bonds with the phos-
phate groups. Similarly, in (FC6H4CH2NH3)H2PO4 (4-uoro-
benzylammonium dihydrogen phosphate), the PO4 tetrahedra
are linked via O–H/O hydrogen bonds, forming corrugated
layers parallel to the ab plane,27 while aromatic cations occupy
the regions between inorganic layers. Another example is the
salt 2-aminobenzamide $ H2PO4, where (H2PO4)

− anions form
[(H4P2O8)

2−] dimers separated by organic ion dimers connected
through multiple hydrogen bonds.28 These examples illustrate
the structural richness of dihydrogenophosphate-based mate-
rials, where chains, layers, or cage-like architectures may arise
depending on the arrangement of the O–H/O hydrogen bonds,
highlighting the versatility of phosphate units in determining
crystal network dimensionality.10,28

As seen in Fig. 2 and 3, the dihydrogenophosphate anions
are stacked so that they form anionic layers parallel to the ac-
plane at y = 0 and y = 1. Within the inorganic layers, the di-
hydrogenophosphate anions are linked together through strong
O–H/O hydrogen bonds. Indeed, within these intermolecular
bonds, the O/O distances are between 2.547(2) and 2.669(2) Å
and the O–H/O angles range from 171(3) to 176(3)° (Table 4).

The negative charges of the dihydrogenophosphate anions
(H2PO4)

− are compensated by the doubly protonated diamine
cations (C6H10N2)

2+. As shown in Fig. 2, these protonated
diamines are arranged in such a way that they form an organic
cationic layer parallel to the ac-plane at y = 1/2. Consequently,
the crystal structure of (C6H10N2)(H2PO4)2 can be described as
an alternation along the crystallographic b-axis of organic
cationic layers, built from protonated diamines (C6H10N2)

2+,
Fig. 3 Projection of the inorganic group structure along the crystal-
lographic a-axis.

RSC Adv., 2026, 16, 22514–22529 | 22517
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Fig. 5 Hydrogen bonds established by the protonated diamine in
(C6H10N2)(H2PO4)2.
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and inorganic anionic layers parallel to the (0 1 0) plane
composed of dihydrogenophosphate anions (H2PO4)

−. The
main bond distances and angles of the organic cations are
summarized in Table 3.

The protonated diamine cations (C6H10N2)
2+ are further

stabilized by p–p interactions involving a parallel-displaced
conguration arrangement of adjacent aromatic rings.29,30 The
shortest centroid–centroid distance between two parallel
aromatic rings is 3.5407(2) Å (Fig. 4), conrming the presence of
signicant aromatic stacking interactions.

The aromatic o-phenylenediammonium cation, therefore,
provides additional stabilization through p–p interactions,
complementing the N–H/O hydrogen bonds established with
the phosphate framework. A similar situation has been reported
in the 2,4,6-trimethylpyridinium dihydrogen phosphate salt,
where pyridinium cations align via p–p stacking interactions
(centroid–centroid distance = 3.46 Å), forming parallel chains
within the structure.31 Such p–p interactions between aromatic
rings are well known to enhance structural cohesion and
increase the rigidity of crystal packings by reinforcing the
organic–inorganic network.31 In the present compound, the
combined effect of N–H/O hydrogen bonds and p–p stacking
interactions acts cooperatively to strengthen the overall crystal
structure, a feature that is less common in phosphate hybrids
containing non-aromatic cations.

On the other hand, the protonated diamine cations are
linked to the dihydrogenophosphate anions through an exten-
sive N–H/O hydrogen bonding network. Indeed, each
protonated diamine uses its nitrogen-bound hydrogen atoms to
establish N–H/O hydrogen bonds with ve neighboring
(H2PO4)

− anions (Fig. 5). Within these intermolecular interac-
tions, the N/O distances range from 2.653(2) to 2.996(2) Å,
while the N–H/O angles vary between 123.9° and 173.1° (Table
4), indicating hydrogen bonds of variable strength that
contribute signicantly to the stabilization of the three-
dimensional supramolecular framework. The cooperative
effect between O–H/O bonds linking phosphate units and
N–H/O interactions connecting organic and inorganic
components generates a highly interconnected structure,
ensuring strong coupling between the two sublattices.
Fig. 4 p–p interactions in the structure of (C6H10N2)(H2PO4)2.

22518 | RSC Adv., 2026, 16, 22514–22529
From a structure–property perspective, comparison with
analogous phosphate-based hybrids highlights the key role of
crystal organization in governing functional behavior. While
several organic dihydrogenophosphate materials exhibit
conventional dielectric responses and moderate electrical
conductivity,23 the present compound displays pronounced
non-Debye relaxation behavior together with relatively high
conductivity and high dielectric permittivity. This difference
can be rationalized by the structural arrangement: the dense
hydrogen-bonded network of (H2PO4)

− units interconnected
through O–H/O interactions, combined with the compact
stacking of aromatic cations, favors localized charge hopping
and interfacial polarization effects. In other words, the observed
electrical properties arise directly from the crystal architecture,
namely, the extended hydrogen-bond network and the cooper-
ative inuence of aromatic interactions, rather than from
chemical composition alone. This contrast highlights the
importance of considering phosphate network topology when
interpreting and predicting the functional properties of hybrid
phosphate systems.
3.2. EDX results

The EDX spectrum, presented in Fig. 6, clearly displays distinct
and well-dened peaks corresponding to carbon (C), phosphate
(P), nitrogen (N), and oxygen (O). Each of these peaks represents
the specic energy levels associated with the respective
elements, conrming their presence in the synthesized
compound. The quantitative analysis yields: C (35.46 wt%, 43.14
at%), N (16.02 wt%, 16.71 at%), O (39.08 wt%, 35.69 at%), and P
(9.44 wt%, 4.45 at%). These values are consistent with the ex-
pected stoichiometric ratios within the semi-quantitative accu-
racy of EDX measurements. The lower atomic percentage of
phosphorus reects its proportion in the total number of atoms
in the molecular formula and does not indicate compositional
deciency.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 EDX analysis of (C6H10N2)(H2PO4)2.
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Moreover, minor peaks of gold (Au) were also detected in the
spectrum. These do not correspond to the compound's intrinsic
composition but are instead attributed to the thin gold coating
applied to the sample surface before EDX analysis.32 This
coating process is a standard preparation step aimed at
enhancing surface conductivity and preventing charging effects
under the electron beam, thus ensuring improved spectral
quality and signal accuracy.

Overall, the EDX results conrm the expected elemental
composition of the material, further supporting the successful
formation of the desired hybrid compound.
3.3. Optical properties

The optical response of hybrid organic–inorganic materials is
strongly inuenced by their crystal architecture, intermolecular
interactions, and electronic coupling between organic and
inorganic building units.33 In this study, the optical investiga-
tion of (C6H10N2)(H2PO4)2 was carried out not only to determine
its band-gap energy but also to establish a correlation between
its structural organization and the electronic transitions gov-
erning its optical behavior.

Fig. 7 presents the UV-Vis-NIR absorption spectrum of
(C6H10N2)(H2PO4)2. The spectrum shows a distinct absorption
Fig. 7 UV-Vis spectra of (C6H10N2)(H2PO4)2.

© 2026 The Author(s). Published by the Royal Society of Chemistry
region in the 700–1000 nm wavelength range, followed by
a nearly constant low-absorption region, which is characteristic
of semiconducting hybrid systems in which the optical
response arises from both the inorganic phosphate framework
and the organic aromatic cations.33,34 The shoulder features
observed near the absorption edge should be considered
intrinsic to the material rather than measurement artefacts. In
hybrid molecular systems, the coexistence of aromatic units,
phosphate groups, and extended hydrogen-bonding networks
may generate localized electronic states and band-tail absorp-
tion, which commonly appear as shoulder features in UV-Vis
spectra.

From an orbital perspective, the optical absorption of the
studied compound can be mainly attributed to transitions
involving the electronic states of the aromatic o-phenyl-
enediammonium cations and their interaction with the
surrounding phosphate environment. The aromatic rings
provide delocalized p orbitals, while non-bonding lone-pair
electrons located on nitrogen and oxygen atoms introduce n
states. Therefore, the absorption edge can be associated with
a combination of p–p* transitions within the aromatic system
and n–p* transitions involving lone-pair orbitals coupled to
antibonding p* states. Similar orbital contributions have been
reported in aromatic-phosphate hybrid materials, where the
optical response is dominated by transitions originating from
aromatic molecular orbitals inuenced by hydrogen bonding
and inorganic surroundings.35 These interactions can slightly
perturb the frontier orbitals and contribute to the observed
shoulder features.

The optical band gap is commonly extracted using the Tauc
method, based on the following relationship:36

FðRÞ ¼ ð1� RÞ2
2R

(1)

[F(R)hn]1/n = A(hn − Eg) (2)

where R denotes the reectance percentage, hn represents the
photon energy, and Eg corresponds to the optical band gap
energy. The terms A and n are constants, where n takes the value
of 1/2 for direct transitions and 2 for indirect ones. In semi-
conductors with a direct band gap (n = 1/2), photon absorption
and emission occur through allowed transitions without the
need for momentum change. Conversely, in indirect band-gap
materials, the processes of absorption and recombination
involve both photons and phonons to conserve momentum, as
illustrated in Fig. 8.

The band gap of (C6H10N2)(H2PO4)2 can be determined using
eqn (2). As depicted in the inset of Fig. 9, the Tauc plot derived
from the absorption spectrum of (C6H10N2)(H2PO4)2 allows the
estimation of Eg values. Through linear extrapolation, the band
gap is found to be approximately 2.13 eV for a direct transition
(n = 1/2) and 1.84 eV for an indirect transition (n = 2).

To accurately determine the band gap, it is essential rst to
identify the nature of the transition. According to the ndings
of Marotti, Henrique, and their collaborators,37,38 Eg can be
estimated from the reectance spectrum, R(l), particularly by
RSC Adv., 2026, 16, 22514–22529 | 22519
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Fig. 8 : Direct and indirect band gaps.

Fig. 9 Tauc plots for (C6H10N2)(H2PO4)2.

Fig. 10 Variation of (1/R(l))(dR(l)/dl) as a function of wavelength for
the hybrid compound (C6H10N2)(H2PO4)2.
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locating the maximum of the function (1/R(l)) × (dR(l)/dl). As
illustrated in Fig. 10, the compound (C6H10N2)(H2PO4)2 exhibits
a signicant peak around 559 nm. Applying the standard rela-

tion between photon energy and wavelength, EðeVÞ ¼ 1240
lðnmÞ ;

the band gap is estimated to be approximately 2.21 eV. This
value closely matches that obtained for n = 1/2, conrming that
the compound exhibits a direct-type band gap. Such a band gap
is consistent with those found in typical semiconducting
materials, particularly those with relatively narrow band gaps.
Interestingly, this Eg is larger than that reported for C11H17N4-
$H2PO4 (1.33 eV),39 but smaller than that of
(C6H10N2)2MnCl6$2H2O (2.71 eV).40

The differences in band-gap values among these compounds
can be attributed to variations in the crystal structure, inter-
molecular interactions, and the electronic coupling between the
organic cations and the inorganic framework, which inuence
the frontier molecular orbitals involved in the optical
transitions.

From a physical perspective, assigning a direct allowed
transition is reasonable for this molecular crystal. The structure
consists of alternating inorganic dihydrogenophosphate layers
22520 | RSC Adv., 2026, 16, 22514–22529
and protonated aromatic diammonium cations interconnected
through an extended hydrogen-bonding network.7–9 Such an
arrangement promotes electronic coupling between neigh-
boring structural units and reduces momentum constraints
during optical excitation. In addition, p–p stacking interactions
between aromatic rings29,30 enhance orbital overlap and facili-
tate charge delocalization within the organic layers. In molec-
ular crystals, where electronic bands are generally weakly
dispersed, optical transitions commonly occur between local-
ized frontier orbitals (HOMO–LUMO type),39 making direct
transitions more probable than indirect ones. Therefore, the
structural characteristics of the compound provide a physically
consistent explanation for the observed direct allowed
transition.

The measured band gap is thus not merely an isolated
optical parameter but reects the cooperative effect of hydrogen
bonding, organic–inorganic layering, and aromatic interactions
within the crystal lattice. This demonstrates that the optical
properties of (C6H10N2)(H2PO4)2 arise from its specic supra-
molecular organization, highlighting a clear structure–property
correlation. Such understanding is important for the rational
design of hybrid phosphate materials, where optical absorption
and electronic behavior can be tuned through structural
engineering.

Overall, the combination of a direct band gap and strong
structural cohesion indicates that this hybrid compound is
a promising candidate for optoelectronic applications, where
controlled intermolecular interactions play a key role in opti-
mizing optical performance.
3.4. Electrical properties

The electrical behavior of hybrid organic–inorganic materials is
strongly governed by their structural organization, particularly
hydrogen-bond networks, interfacial heterogeneity, and
molecular packing effects, which collectively inuence charge
transport and dielectric polarization mechanisms.41,42
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Frequency dependence of the ac conductivity sac at various
temperatures for the (C6H10N2)(H2PO4)2 compound.

Fig. 12 Temperature evolution of the s parameter.
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3.4.1. AC electrical conductivity and conduction mecha-
nism analysis. The analysis of AC conductivity was carried out to
better understand how the material's electrical properties
respond to changes in frequency. The relationship between AC
conductivity and frequency serves as a valuable tool for identi-
fying the nature of the charge carriers.43 Fig. 11 displays the
variation of sac with frequency at different temperatures. The
studied hybrid compound demonstrates conductivity values
ranging from 10−4 to 10−3 S cm−1, supporting its classication
as a semiconductor. As shown in Fig. 10, the conductivity
spectra reveal two characteristic regions. In the low-frequency
domain (100–104 rad s−1), sac appears nearly constant, indi-
cating frequency independence and suggesting a thermally
activated process that intensies as temperature rises, likely
due to the DC component.44–46 At higher frequencies, the sac

curve reveals a dispersion region. These are attributed to charge
carriers within the grains gaining sufficient energy to surmount
potential barriers across short distances. Under these condi-
tions, the behavior of the compound conforms to Jonscher's
universal power law:42

sac = sdc + Aus (3)

where, sdc represents the direct current conductivity observed at
low frequencies, while A is a parameter inuenced by temper-
ature. The exponent s, which lies between 0 and 1, characterizes
the extent of interaction between charge carriers and their
surrounding environment.

From the tting of the experimental AC conductivity data
using Jonscher's power law, important information can be
extracted from the temperature dependence of the frequency
exponent s, as illustrated in Fig. 12. The exponent s is a key
parameter in AC conductivity analysis because it provides
insight into the dominant charge-transport mechanism in the
material.41,47 In particular, its value and temperature evolution
allow the identication of the conduction model governing the
electrical response, such as correlated barrier hopping (CBH)
© 2026 The Author(s). Published by the Royal Society of Chemistry
mechanism (s decreases with temperature), quantum mechan-
ical tunneling (QMT) (s stays close to 0.8 and/or increases
slightly with temperature), non-overlapping small polaron
tunneling (NSPT) (s increases with temperature), and over-
lapping large polaron tunneling (OLPT) (s decreases until
a minimum value and then increases upon temperature
increase).48–51

As shown in Fig. 12, the variation of s reveals two distinct
thermal regions, indicating a change in the dominant conduc-
tion mechanism.

� In the range 358 K# T# 383 K, the value of s increases with
temperature. This behavior aligns with the non-overlapping
small polaron tunneling (NSPT) model. If we denote s0 as the
characteristic relaxation time and WH as the polaron hopping
energy, then s is given by the following relation:52

sðTÞ ¼ 1þ 4

WH

kBT
� lnðus0Þ

(4)

when WH/kBT becomes signicantly large, this expression for s
can be simplied.

sðTÞ ¼ 1þ 4kBT

WH

(5)

� For temperatures in the interval 383 K # T # 398 K, s
decreases as temperature rises, which is indicative of the
correlated barrier hopping (CBH) mechanism governing the
conductivity in this range. In this regime, the expression for s is
provided by ref. 53,

sðTÞ ¼ 1� 6kBT

WM þ kBT lnðus0Þ (6)

and under the condition WM >> kBT ln(us0), the relation
simplies accordingly.

sðTÞ ¼ 1� 6kBT

WM

(7)
RSC Adv., 2026, 16, 22514–22529 | 22521
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The crossover temperature (383 K) was identied from the
maximum of the s(T) curve, where the temperature dependence
of the frequency exponent changes from increasing to
decreasing. This turning point indicates a transition from NSPT
behavior at lower temperatures to a CBH mechanism at higher
temperatures, reecting a change in the dominant charge-
transport regime. Physically, this transition arises from the
increase in thermal energy, which progressively reduces carrier
localization and facilitates hopping over potential barriers.

The linear dependence of the parameter (1 s) on temperature
was used to estimate the activation energies associated with the
conduction process. The extracted values of WM and WH are
0.04 eV and 0.06 eV, respectively. These relatively low activation
energies indicate that the electrical conduction is dominated by
localized short-range hopping rather than long-range band
transport. This behavior is consistent with the crystal structure
of the compound, in which the extended O–H/O hydrogen-
bonded phosphate network forms continuous pathways that
facilitate charge transfer between closely spaced localized
states. As a result, charge carriers require only small energy
barriers to move within the hydrogen-bonded framework.

Moreover, the coexistence of hydrogen-bonded inorganic
units and organic cations creates a heterogeneous energy
landscape that supports both tunneling and barrier-hopping
processes, thereby explaining the transition between NSPT
and CBH mechanisms. The fact that s remains below unity
throughout the studied temperature range further supports
a hopping-dominated conduction mechanism,54,55 consistent
with Funke's jump-relaxation model.56

3.4.2. DC conductivity study. Fig. 13 illustrates an affine
plot of ln(sdc) versus 1000/T, which follows the Arrhenius
equation.

sdc ¼ s0 exp

�
� Ea

kBT

�
(8)

where s0 is the pre-exponential factor, kB is the Boltzmann
constant, and Ea is the activation energy.
Fig. 13 Evolution of ln(sdc) vs. (1000/T).

22522 | RSC Adv., 2026, 16, 22514–22529
By applying this linear model, the activation energy (Ea) was
estimated to be 0.67 (±0.03) eV within the temperature range of
358 to 398 K. This result highlights that the charge transport is
driven by a thermally activated hopping mechanism. The elec-
trical conductivity of the studied compound, ranging from 10−4

to 10−3 S cm−1 is notably higher than that of the hybrid
compound [C12H13N2O]H2PO4, whose conductivity lies between
10−8 and 10−4 S cm−1 (for T = 291–393 K).3 This difference can
be attributed to structural variations between the two materials,
particularly their organic components. In [C12H13N2O]H2PO4,
the hydrogen-bonding network is arranged differently
compared to our compound. Likely, hydrogen atoms are more
easily delocalized in the current material, thereby enhancing
charge mobility and contributing to higher conductivity. This
inference is further supported by the lower activation energy
found in our compound compared to that of [C12H13N2O]
H2PO4, which has Ea > 1 eV.

3.4.3. Complex impedance results. The complex imped-
ance of a dielectric material can be expressed as follows:

Z(u) = Z0(u) + iZ00(u) (9)

Fig. 14 illustrates the frequency-dependent behavior of the
real part of the impedance, Z0(u), at various temperatures. At
low frequencies, Z0 remains nearly constant, indicating that the
material's ac conductivity (sac) does not vary signicantly in this
range. As the frequency increases, Z0 begins to decline and
eventually stabilizes at a constant value. This reduction at high
frequencies is commonly associated with the relaxation of space
charge polarization effects.57

In Fig. 15, we illustrated the frequency dependence of (Z00)
across various temperatures. The Z00 spectra demonstrate an
initial increase with frequency across all temperatures, reaching
a maximum at the material's characteristic relaxation
frequency, umax, the point where resistance equals reactance.
Beyond this frequency, Z00 begins to decline. The observed
relaxation peaks are distinct, broad, and asymmetric, indicating
a deviation from ideal Debye-type relaxation behavior. With
Fig. 14 Frequency evolution of Z0 at various temperatures.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Frequency evolution of Z00 at various temperatures.

Fig. 17 Nyquist plots of the (C6H10N2)(H2PO4)2 compound at different
temperatures. The inset shows the equivalent circuit and c2 value for T
= 363 K.
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increasing temperature, the height of the relaxation peak
diminishes, and the peak shis toward higher frequencies. This
trend conrms that (C6H10N2)(H2PO4)2 exhibits thermally acti-
vated relaxation mechanisms, where the electron-hopping rate
accelerates as temperature increases. At elevated temperatures,
the relaxation time associated with hopping electrons becomes
shorter, making them less able to follow the oscillations of the
external eld. Consequently, polarization decreases at higher
frequencies.41

To assess whether the relaxation frequencies of Z0 and Z00

coincide, we calculated the derivative dðZ 0
=Z

0
maxÞdu; and

plotted its variation with frequency alongside Z
0
=Z

00
max in Fig. 16.

The resulting curves clearly show that the relaxation frequencies
of Z0 and −Z0 differ signicantly, conrming a departure from
the ideal Debye behavior.58

The Nyquist plots (−Z00 versus Z0) for the (C6H10N2)(H2PO4)2
compound, measured at various temperatures, are presented in
Fig. 16. These plots reveal the presence of a primary semi-
circular arc and a low-frequency tail that appears to suggest the
Fig. 16 Frequency evolution of Z
00
=Z

00
max and dðZ 0

=Z
0
maxÞdu:

© 2026 The Author(s). Published by the Royal Society of Chemistry
onset of a second arc. The rst arc corresponds to the grain-
boundary response, while the second is attributed to the elec-
trode effects. Notably, the arcs are centered below the real axis,
indicating a broad distribution of relaxation times, a hallmark
of non-Debye-type relaxation.59

Fig. 17 presents the Nyquist plots (−Z00 versus Z0) of
(C6H10N2)(H2PO4)2 recorded at different temperatures. The
spectra exhibit a well-dened semicircular arc in the high-
frequency region, attributed to the material's intrinsic
response. In addition, a second contribution appears in the low-
frequency region; however, this arc is not fully resolved and
manifests as a partially developed semicircle.

The low-frequency contribution is assigned to the electrode-
sample interface rather than to grain effects. In hybrid materials,
electrode polarization arises from charge accumulation at the
blocking electrodes, producing a large interfacial capacitance and
a distinct relaxation process. Because this interfacial relaxation
RSC Adv., 2026, 16, 22514–22529 | 22523
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Fig. 18 Frequency evolution of Z0 and Z00.
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occurs predominantly at low frequencies and extends beyond the
accessible frequency window, only a portion of the corresponding
semicircle is observed in the Nyquist representation.

To analyze the impedance data quantitatively, the experi-
mental Nyquist plots were tted using the ZView soware60

based on a complex nonlinear least-squares (CNLS) method.
The tting procedure was carried out over the entire investi-
gated frequency range to ensure consistency and reliability of
the extracted parameters.

The impedance spectra exhibit a depressed semicircular arc at
high frequencies, followed by a low-frequency contribution
attributed to electrode polarization. To accurately reproduce
these features, an equivalent circuit consisting of a grain-
boundary resistance (R1) in parallel with a constant-phase
element (CPE1) and an ideal capacitor (C1), connected in series
with an electrode-related component (CPE2), was employed. The
use of a constant-phase element is justied by the non-ideal
nature of the semicircular arcs, which indicates a distribution
of relaxation times arising from structural heterogeneity and
interfacial effects within the hybrid framework.

Several alternative equivalent circuits, including simple R1-
CPE1 and R2-CPE2 models, were tested during the tting
process. However, these models either failed to reproduce the
depressed character of the semicircle or resulted in physically
unrealistic parameter values. The selected R1//C1//CPE1
conguration in series with the electrode contribution
provided the best agreement between experimental and simu-
lated data, as conrmed by the low c2 (2.6 × 10−4) (inset of
Fig. 17 for T = 363 K) values and the excellent overlap between
calculated and measured curves in Fig. 17.

The impedance of the CPE is described according to the
formulation provided in ref. 61:

ZCPE ¼ 1

QðjuÞa ; ð�1#a$ 1Þ (10)

In this relation, Q represents the capacitance associated with
the CPE impedance, while a quanties the extent of deviation
from the ideal Debye behavior. Consequently, the real and
imaginary components of the impedance Z can be expressed by
the following equations:

Z
0 ¼

1

R1

þQ1u
a1 cos

�a1p

2

�
�

1

R1

þQ1u
a1 cos

�a1p

2

��2

þ
�
Q1ua1 sin

�a1p

2

�
þ uC1

�2

þ
cos
�a2p

2

�
Q2ua2

(11)

Z
00 ¼

Q1u
a1 sin

�a1p

2

�
þ uC1�

1

R1

þQ1u
a1 cos

�a1p

2

��2

þ
�
Q1ua1 sin

�a1p

2

�
þ uC1

�2

þ
sin
�a2p

2

�
Q2ua2

(12)
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Fig. 18 also demonstrates a strong agreement between the
experimental data and the simulated curves of Z0(u) and Z00(u).
The theoretical curves were obtained by tting the impedance
spectra using the Z-View soware through a complex nonlinear
least-squares procedure based on the proposed equivalent
circuit model. The excellent overlap between the experimental
and calculated data conrms that the selected equivalent circuit
provides an appropriate description of the electrical response of
the studied material.

From a structural viewpoint, this non-Debye behavior origi-
nates from the heterogeneous nature of the hybrid framework,
where inorganic phosphate regions, organic aromatic layers,
and hydrogen-bond interfaces contribute differently to polari-
zation and charge transport. This structural complexity results
in a broad distribution of relaxation times.

To directly distinguish the different contributions to the
conduction process, we calculated the frequency dependence of
the phase angle q of the complex impedance at various
temperatures, using the following relation:58

qðuÞ ¼ tan�1
 
Z

00

Z
0

!
(13)

The corresponding results are presented in Fig. 19. As
shown, a single peak appears in the q spectrum. This peak,
located in the low-frequency region, is associated with the grain
boundary response.

3.4.4. Complex modulus analysis. The electrical behavior
of the (C6H10N2)(H2PO4)2 compound as a function of frequency
at a xed temperature can also be analyzed through the complex
electric modulus M, as dened in ref. 62,

M(u) = M0(u) + iM00(u) (14)

where M0 and M00 represent the real and imaginary parts,
respectively.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 Bode plots of the phase q of the complex impedance versus
frequency at various temperatures.

Fig. 20 (a) Complex modulus spectrum as a function of frequency at
several temperatures, and (b) frequency evolution of Z00 and M00 at T =

378 K.
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Fig. 20(a) illustrates the frequency-dependent evolution of
M00 at various temperatures for the studied compound. The
curves reveal the presence of a single asymmetric relaxation
peak at each temperature throughout the entire frequency
range. As the temperature increases, the peaks shi towards
higher frequencies, indicating a reduction in relaxation time.
Using the expression presented in eqn (15), which involves
applying the Laplace transformation to the complex electric
modulus, the frequency dependence of the M00 data was
analyzed:

M ¼ MN

�
1�

ðN
0

e�ift
�
d4

dt

�
dt

�
(15)

Here, 4(t) represents the relaxation function that describes the
temporal evolution of the internal electric eld E,63 while MN

(=1/3N) corresponds to the inverse of the high-frequency limit
of the real part of the dielectric permittivity.

The asymmetric proles observed in Fig. 20(a) suggest a non-
exponential relaxation behavior, which can be described by
a stretched exponential decay function, known as the Kohl-
rausch–Williams–Watts (KWW) model:64,65

4ðtÞ ¼ exp

"
�
�
t

s0

�b
#

(16)

In this model, the parameter b (0 < b < 1) quanties the devia-
tion from ideal Debye behavior. A value of b approaching 1
indicates Debye-type relaxation, while values closer to 0 imply
stronger ionic interactions within the system.

To directly t the modulus data in the frequency domain, we
adopted Bergman's modied version of the KWW model:66

M
00 ðuÞ ¼ M

00
max�

ð1� bÞ þ
�

b

1þ b

��
b
�umax

u

�
þ
�umax

u

�b�� (17)
© 2026 The Author(s). Published by the Royal Society of Chemistry
Here, M
00
max denotes the peak value of M00 corresponding to the

characteristic frequency umax.
The red solid lines in Fig. 20(a) represent the nonlinear

tting of this model to the experimental modulus data. The
tted parameters, summarized in Table 5, show that b values
range between 0.67 and 0.87, conrming the dominance of non-
Debye relaxation processes in the system.42

Additionally, the comparative analysis depicted in Fig. 20(b)
demonstrates that the maxima of the Z00 and M00 curves do not
coincide for the (C6H10N2)(H2PO4)2 sample. This observation
indicates that the relaxation mechanism is governed by short-
range charge carrier motion. The considerable separation
between these peaks further supports the non-Debye nature of
the relaxation behavior.42,67–70

3.4.5. Dielectric study. The dielectric behavior of a semi-
conductor material is oen characterized using the complex
permittivity, as dened by:

3 = 30 − i300 (18)
RSC Adv., 2026, 16, 22514–22529 | 22525
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Table 5 Parameters obtained by fitting the modified KWW function to
the frequency-dependent modulus (M00) data

T (K) M
00
max (×10−3) b umax (×106 rad s−1)

358 4.32 0.67 0.478
363 4.47 0.71 0.553
368 4.57 0.73 0.638
373 4.67 0.76 0.746
378 4.76 0.78 0.898
383 4.86 0.81 1.097
388 4.95 0.83 1.371
393 5.03 0.86 1.753
398 5.13 0.87 2.293
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where 30 and 300 represent the real and imaginary parts, corre-
sponding to the energy storage and energy loss within the
material, respectively. These components can be mathemati-
cally expressed as follows:

3
0 ¼ Z

00

2pfC0

�
Z

02 þ Z
002
� (19)

3
00 ¼ Z

0

2pfC0

�
Z

02 þ Z
002
� (20)

Fig. 21 presents the frequency dependence of the real part of
the dielectric permittivity (30) at different temperatures. Very
high 30 values, reaching approximately 104 at low frequencies,
are observed, which are comparable to those reported for
related hybrid systems.41,42 Such large dielectric constants are
commonly associated with Maxwell–Wagner interfacial polari-
zation in heterogeneous systems rather than with intrinsic
lattice polarization.41,71

In the present compound, the giant low-frequency 30 values
are therefore considered predominantly extrinsic in origin. The
hybrid crystal structure consists of alternating inorganic
Fig. 21 Frequency evolution of the real part 30 of the dielectric
constant at several temperatures.

22526 | RSC Adv., 2026, 16, 22514–22529
dihydrogenophosphate layers and organic aromatic cations
linked through an extended hydrogen-bond network. This
structural heterogeneity generates internal interfaces between
regions of differing conductivity, promoting charge accumula-
tion under an applied electric eld. As a result, Maxwell–Wag-
ner polarization develops, leading to an apparent enhancement
of the dielectric permittivity at low frequencies.42,72,73

Additionally, electrode polarization may further contribute
in the extremely low-frequency region due to space-charge
accumulation at the electrode-sample interface. However, the
dominant contribution to the giant 30 values arises from inter-
facial polarization within the bulk material rather than from
intrinsic dipolar or ionic lattice polarization.

As the frequency increases, interfacial charges are no longer
able to follow the alternating electric eld, and 30 decreases
progressively toward a nearly constant value corresponding to
the intrinsic dielectric response of the material. This high-
frequency plateau reects the true lattice and dipolar contri-
butions, which are signicantly smaller than the low-frequency
extrinsic enhancement.74,75

The complex dielectric measurements recorded across
various temperatures were analyzed using the Cole–Cole model
to explore the temperature dependence of dipolar polarization
and the associated relaxation mechanisms. The Cole–Cole
expression is given by:76

3 ¼ 3N þ 3s � 3N

1þ ðius0Þ1�a
(21)

The real and imaginary parts of the dielectric permittivity are
expressed as:

3
0 ¼ 3N þ

ð3s � 3NÞ
h
1þ ðus0Þmcos

�mp

2

�i
1þ 2ðus0Þmcos

�mp

2

�
þ ðus0Þ2m

(22)

3
00 ¼ 3N þ

ð3s � 3NÞðus0Þmsin
�mp

2

�
1þ 2ðus0Þmcos

�mp

2

�
þ ðus0Þ2m

(23)

where u is the angular frequency, s0 denotes the relaxation
time, and a is a material-specic parameter representing the
degree of relaxation time distribution broadening, withm= 1−
a.77 Here, 3s and 3N correspond to the static (low-frequency) and
high-frequency dielectric constants, respectively.

Eqn (22) was applied to t the experimental data for the real
part of the dielectric constant as a function of frequency
(Fig. 21) to determine the dielectric and relaxation parameters
of the (C6H10N2)(H2PO4)2 compound. The extracted parameters
from the tting procedure are presented in Table 6.

The frequency dependence of 300 for the (C6H10N2)(H2PO4)2
compound at various temperatures is shown in Fig. 22. The
resulting curves exhibit straight lines with nearly identical
slopes, which indicates that the sdc conduction mechanism
predominates in this material. As temperature increases, the 300

values show a marked increase. Furthermore, the frequency
variation of 300 at different temperatures can be analyzed using
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Extracted fitting parameters obtained from the Cole–Cole
equation

T (K) 3s (×104) 3N s0 (s) Α

358 1.504 207.20 0.978 0.012
363 2.105 197.13 0.841 0.090
368 2.643 222.29 0.635 0.180
373 3.098 202.30 0.553 0.278
378 3.553 198.92 0.480 0.344
383 4.298 190.94 0.441 0.382
388 5.457 191.53 0.418 0.405
393 7.102 189.12 0.418 0.404
398 8.273 199.12 0.408 0.412

Fig. 22 Evolution of ln(300) versus ln(u) at several temperatures. The
inset represents WG values as a function of temperature.
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Giuntini's law.78 The Giuntini equation can be simplied as
follows,

300 = C(T)um (24)

where C(T) is a temperature-dependent constant andm, dened
as m = 4kBT/WG, is an exponent that characterizes the interac-
tion between electric dipoles.WG represents the energy required
for charge carriers to overcome the potential barrier. To deter-
mine the WG values, we tted the ln(300) versus ln(u) curves to
eqn (24), as shown in Fig. 22 for our sample. The extracted WG

values as a function of temperature are presented in the inset of
Fig. 21. We found that the variation of m was temperature-
dependent. Specically, in the temperature range of 353–378
K, the exponent m decreased, consistent with the small polaron
tunneling model. However, in the intermediate temperature
range, m increased, indicating that the correlated barrier
hopping (CBH) mechanism becomes dominant. These obser-
vations are consistent with our earlier electrical measurements
for this material.

Overall, the dielectric behavior of (C6H10N2)(H2PO4)2 results
directly from its crystal architecture. The combination of
© 2026 The Author(s). Published by the Royal Society of Chemistry
a hydrogen-bonded phosphate framework, organic–inorganic
layering, and internal interfaces creates favorable conditions for
interfacial polarization, hopping conduction, and non-Debye
relaxation. Therefore, the observed giant dielectric permittivity
is not an isolated experimental observation but a direct conse-
quence of the structural organization of the hybrid material,
highlighting a clear and meaningful structure–property
correlation.

4 Conclusion

This work presents a comprehensive investigation of the
synthesis, crystal structure, and functional properties of the
hybrid compound o-phenylenediammonium bi-
s(dihydrogenophosphate). The material was successfully
synthesized and structurally characterized by single-crystal X-
ray diffraction, revealing crystallization in the triclinic system
with centrosymmetric P�1 space group symmetry. The crystal
structure is characterized by alternating organic and inorganic
layers, stabilized by an extended network of hydrogen bonds
and aromatic interactions.

Optical analysis performed using UV-Visible absorption
spectroscopy revealed a direct optical band gap of approxi-
mately 2.13 eV, indicating the semiconducting nature of the
material and suggesting its potential applicability in optoelec-
tronic devices. Electrical investigations based on complex
impedance spectroscopy demonstrated a strong dependence of
the electrical response on both frequency and temperature. The
thermally activated AC conductivity follows a non-Debye relax-
ation mechanism consistent with Jonscher's universal power
law. Moreover, the asymmetric shape of the imaginary part of
the electric modulus, analyzed using the Kohlrausch–Williams–
Watts (KWW) formalism, conrms the presence of distributed
relaxation processes typical of structurally heterogeneous
hybrid materials. The compound also exhibits relatively high
dielectric permittivity, highlighting its sensitivity to external
electric elds and indicating potential interest for energy
storage and conversion applications.

In comparison to previously reported phosphate-based
hybrids, the present compound is distinguished by the combi-
nation of three key structural features: a strongly connected
(H2PO4)

− hydrogen-bonded network, p–p interactions between
aromatic cations, and an alternating organic–inorganic layered
architecture. The cooperative effect of these structural charac-
teristics results in both enhanced dielectric response and
semiconducting behavior (band gap = 2.13 eV), demonstrating
how control of phosphate connectivity and intermolecular
interactions can effectively modulate material properties. These
observations highlight that phosphate units play an active role
in governing charge transport and polarization phenomena
rather than acting solely as passive structural building blocks.

Overall, o-phenylenediammonium bi-
s(dihydrogenophosphate) not only contributes to the funda-
mental understanding of organic–inorganic phosphate hybrids
but also demonstrates promising multifunctional properties
relevant to electronic, photonic, and energy-related applica-
tions. This study provides valuable design insights for future
RSC Adv., 2026, 16, 22514–22529 | 22527
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research aimed at exploiting the structural exibility and
tunable physicochemical properties of phosphate-based hybrid
materials for advanced technological applications.
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