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Abstract
The use of the organic aromatic amine molecule 5-amino-3-methyl-1-phe-
nyl-1H-1,2,4-triazole to synthesize a dihydrogen arsenate hybrid salt leads to a 
supramolecular structure type. Single crystals of  (C9H11N4)H2AsO4 were grown 
through slow evaporation in solution. The synthesized compound crystallizes in 
the monoclinic system with the non-centrosymmetric P21 space group according 
to the following parameters; a = 9.655 (3) Å, b = 4.7090 (15) Å, c = 14.022 (4) Å, 
β = 108.147 (5)° and Z = 4. The mineral part building from dihydrogen arsenate ani-
ons  [H2AsO4]− is linked together and to the organic cations  [C9H11N4]+ by hydrogen 
bonds only. The results of Hirshfeld’s analysis show that in all possible molecular 
contacts, the hydrogen–hydrogen and the oxygen–hydrogen are the most impor-
tant interaction in the crystal (37.5 and 31.9%, respectively). The Fourier transform 
infrared (FT-IR) confirms the existence of vibrational modes corresponding to the 
organic amine molecule and mineral arsenate tetrahedron. The optimized molecu-
lar structure and the vibrational spectra were calculated by the density functional 
theory DFT methods and the semi-empirical PM3 calculations. Dielectric study of 
this compound has been measured in order to determine the electrical conductivity 
type giving rise to an activation energy of ΔEσ = 0.17 eV.
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Introduction

Organic–inorganic hybrid materials, constructed from the simultaneous incorpo-
ration of inorganic and organic components in a material, cover a broad range 
of application areas such as electrical [1, 2] magnetic [3, 4], optical and nonlin-
ear optical [5, 6] electroluminescence [7] and ions [8, 9]. In class I of hybrids, 
according to Sanchez, the interaction between the organic and inorganic parts 
only occurs with weak bonds such as hydrogen, van der Waals or ionics [10]. 
Thus, these compounds with the characteristic of having supramolecular struc-
tures have interesting properties, like ferroelectricity [11] or optical properties 
[12]. The incorporation of an organic molecule, especially an amine, usually pro-
tonated, as the organic part provided many kinds of materials. The templating 
role of protonated amines [13–15] makes them important for optical and dielec-
tric applications [16, 17]. In most of these materials, the amino cations interact 
with the inorganic part by weak hydrogen bonds. The synthesized hybrid com-
pounds using arsenic acid and the organic molecule with aromatic rings lead to 
the different dimensionalities of the supramolecular structure, mostly maintained 
through strong hydrogen bonds like ribbons [18], chains [19–21], two-dimen-
sional network [22, 23] and three-dimensional network [24]. In this context, we 
are interested in mixed hybrid salts of arsenate combining aromatic amine. Het-
erocyclic aminotriazole 5-amino-3-methyl-1-phenyl-1H-1,2,4-triazole  (C9H10N4), 
with a conformation that can be described as a phenyl ring linked to the triazole 
ring with the presence of one aliphatic C atom, was employed. This form would 
allow the contribution of the aromaticity, i.e., delocalization of electrons from 
the amine molecule in the case of dielectric behavior. The synthetic reaction with 
such amine provided a supramolecular structure type with non-centrosymmetric 
crystalline symmetry [21]. In general, optimizing the dielectric properties of 
supramolecular hybrid materials depends on many factors including the crystal-
line symmetry, the influence of the inorganic coordination polyhedron and hyper-
polarizability of organic molecules. In this study, we synthesis a supramolecular 
hybrid dihydrogen arsenate salt using 5-amino-3-methyl-1-phenyl-1H-1,2,4-tria-
zole. The XRD analysis shows that the obtained compound crystallizes in mono-
clinic symmetry, space group P21 with the formula  (C9H11N4)H2AsO4. The crys-
tal structure of the novel compound is described in detail, and the most important 
interaction in the crystal is approved with the Hirshfeld surface analysis. The 
theoretical characterizations are carried out by using density functional theory 
DFT and the semi-empirical PM3 methods. A dielectric study including electrical 
conductivity is also presented.
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Experimental section

Materials

5-Amino-3-methyl-1-phenyl-1H-1,2,4-triazole  (C9H10N4) is synthesized in the 
Laboratory [25] and used as received; arsenic acid  (H3AsO4) is acquired from 
commercial sources and used as received.

Chemical preparation

The compound  (C9H11N4)H2AsO4 is obtained by slow evaporation at room tempera-
ture. 5-Amino-3-methyl-1-phenyl-1H-1,2,4-triazole is dissolved in 10  ml of water 
and arsenic acid with the appropriate molar ratio 1:1. The clear solution is stirred 
until the complete dissolution and is allowed to stand at room temperature. Single 
transparent colorless parallelepiped crystals appeared after a few days. Then, the 
products were filtered off and washed with a small amount of distilled water.

Reaction scheme:

Infrared spectroscopy

Spectrum was recorded in the wavenumber range of 4000–500   cm−1 with a “Per-
kin–Elmer FTIR” spectrophotometer 1000 using a dispersed sample in spectroscopi-
cally pure KBr pellet.

X‑ray data collection and structure determination

A suitable crystal of the compound was glued to a glass fiber mounted on a Bruker 
APEX-II Kappa CCD diffractometer. Intensity data sets were collected using AgK 
radiation (λ = 0.56087 Å) at 293 K. The crystal structure of  (C9H11N4)H2AsO4 was 
solved in the monoclinic symmetry space group P21. The structure was solved with 
a direct method from the SHELXS-97 programs [26], which permitted the identifi-
cation of the location of the  AsO4 group. The remaining non-hydrogen atoms were 
located by successive difference Fourier maps using the SHELXL-97 programs 
[27]. The hydrogen atoms were fixed geometrically by the appropriate instructions 
of the SHELXL-97 programs. The figures of the structural part were performed 
with Diamonds software [28]. The crystal data and structure solution and refinement 
information are listed in Table 1.

Hirshfeld surfaces calculations

Hirshfeld surface analysis [29–36] is performed with CrystalExplorer (Version 3.1) 
[37] to further understand the relative contributions of intermolecular interactions 
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by various molecular contacts in the crystal packing of the synthesized hybrid com-
pound  (C9H11N4)H2AsO4.

Impedance analysis

The electrical impedances were measured in the range between 1 kHz and 13 MHz 
using a Hewlett-Packard 4192A LF automatic bridge interfaced to compatible HP 
Vectra microcomputer. Moreover, complex impedance measurements were per-
formed using a compressed pellet of 5 mm diameter. Metallic silver was deposited 
on both sides of served electrodes. The electrical properties were collected under 
stagnant air atmosphere and determined by impedance and modulus method using a 
frequency response analyzer.

Theoretical calculation method

Density functional theory DFT and semi-empirical PM3 calculations methods 
were performed using the GAMESS series of programs [38] without any symmetry 
restrictions (Figs. S1 and S2). We have tested the B3LYP functional in reproduc-
ing the observed values of the vibrational frequencies of  (C9H11N4)H2AsO4. In our 
study, there is a spectral overlap between the vibration areas of organic and inor-
ganic ions. Therefore, owing to the difficulty of precise allocation of the observed 

Table 1  Crystal data and structure refinement details of  (C9H11N4)H2AsO4

Formula/formula weight C9H11AsN4O4/314.031  gmol−1

Crystal system Monolinic
Space group/Z P21/2
Lattice parameters a = 9.655 (3) Å; b = 4.7090 

(15) Å; c = 14.022 (4) Å
Volume Å3 605.8 (3)
Density (calculated) (g/cm3) 1.722
Absorption coefficient  (mm−1) 2.82
F(0 0 0) 316
Wavelength, Mo Kα = 0.71073 Å
Temperature 100 K
Theta range 1.5°/28.1°
h, k, l range  − 12/12, − 6/5, − 16/18
No. of independent reflections 2501
Unique reflections included: (I > 2σI) 2389
No. of refined parameters 176
R 0.032
Rw 0.089
Drmin./Drmax. (e/Å3)  − 0.79/0.88
CCDC number 2181160
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IR bands, we resorted to calculations ab initio, density functional theory and semi-
empirical, so as to determine harmonic frequencies of vibration modes. The calcu-
lated frequencies are corrected by a scale factor “F.” The factor F is determined after 
the frequency comparison calculated with the method ab initio (MP2//accpvdz) and 
the PM3 method of the anion  [H2AsO4]− (F value = MP2/value PM3). The results 
reported in Table S1 show that the F factor is more than 1 for stretching modes and 
lower than 1 for the deformation modes. Therefore, we adopted two F values (F1 
and F2). F1 is the average value of the scaled factors for stretching modes (F1 = 0.93) 
and  F2 corresponding to the scaled factors for deformation modes (F2 = 1.14). We 
performed calculations of density functional theory DFT with a aug-ccpVDZ base 
and the semi-empirical method PM3, taking into account the effect of intermolecu-
lar interactions on geometrical parameters. We have considered that the compound 
built up from one  [H2AsO4]− anion and one  C9H11N4 cation linked by N–H…O et 
O–H⋯O hydrogen bonds. All observed vibrational bands have been discussed and 
assigned to normal mode or to combinations on the basis of our density functional 
theory DFT and semi-empirical PM3 calculations in Table 2. To identify the calcu-
lated modes, we used the Molden [39] graphical package.

Results and discussion

Structural crystallography

Hybrid dihydrogen arsenate salt with formula  (C9H11N4)H2AsO4 crystallizes in the 
monoclinic symmetry, with the non-centrosymmetric space groupP21. The asym-
metric unit of the supramolecular structure (Fig. 1) is formed by one organic mono-
protonated amine  [C9H11N4]+ and one inorganic anion  [H2AsO4]−. In the crystal 
packing, anionic inorganic dimers are formed by two adjacent dihydrogen arsenate 
tetrahedron  [H2AsO4]− interconnected by O–H···O hydrogen bonds ranging between 
1.710 and 1.760 Å, while the organic molecules are bonded to these mineral dimers 
entities through N–H⋯O hydrogen bonds ranging between 1.799 Å and 2.129 Å. 
The association of organic and inorganic parts gives rise to a crystal structure with 
a fully supramolecular network. The inorganic and organic parts alternate along 
the crystallographic c axis (Fig.  2). Protonated amine molecules are incorporated 
parallel to (a, b) plane, to ensure electroneutrality with mineral dimers of anions. 
Within the  [H2AsO4]− tetrahedra, the distance of the two As–OH bonds (1.701 
and 1.715 Å) is significantly longer than of the other two As–O bonds (1.660 and 
1.672  Å) depending on the nature of the oxygen atom. Within the organic amine 
molecule, the C–N, C–C and C = S distances are close to the usual values observed 
in others homologous derivatives.

Hirshfeld surface analysis

Hirshfeld surface analysis is performed to further explain intermolecular interac-
tions in the crystal packing. The results, shown in Fig. 3, revealed that in all possible 
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molecular contacts, hydrogen–hydrogen contacts predominate, contributing 37.5% 
of the overall intermolecular interactions. The second most significant intermolecu-
lar interaction is oxygen–hydrogen, resulting in 31.9% of the sum of intermolecular 
interactions. In addition, H⋯C and H⋯N interactions also contribute to the total 

Table 2  Experimental and calculated infrared vibration wavenumbers  (cm−1) of  (C9H11N4)H2AsO4 with 
proposed assignments

ν (stretching); δ (in plane bending); γ (out of plane bending); ar ( aromatic ring); met (methyl group)

Experimental Calculated Calculated Attribution
Semi-empiric DFT

3267 3356 3223 ν(OH(
2980 2941 2994 νs(C–H) met + νs(N4–H)
2970 2863 2864 νas (C–H)met + νs(C–H)ar

2907 2902 2860 νas  (N4–H)
2745 2847 2757 νas(C–H)ar

2842 2744
2840

2697 2564 2733 ν(N3–H)
1816 1822 1806 δ(NH2)
1655 1653 1651 ν(C = C)

1646
1597 1579 1599 (CH3)

1573 1590
1591 1635 1651 ν(C–N)
1502 1560 1535 ν(C–NH2)
1451 1451 1442 δ(NH)
1398 1385 1388 ν(C–C–N)

1341 1376
1325 1228 1324 δ(C–H)ar

1225 1236 1246 ν(C–N) + ν(C–C)
1221 1229

1092 1069 1064 γ(C–H)ar
1030 991 1027 δ(NH2)
1002 959 992 γ(CH)ar
919 850 855
864 895 890 γ(CH)ar + δ(NH2)

820 818 δ(N3–H) + δ(OH)
792 818 814 ν3(AsO4)
755 760 751 υ1(AsO4)
696 712 687 δ(CCC)ar

684 646 678 γ(CCC)ar

651 612 650
574 557 579
629 518 620 ν4(AsO4)
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Fig. 1  Asymmetric unit repre-
sentation of  (C9H11N4)H2AsO4

Fig. 2  Projection of the structure of  (C9H11N4)H2AsO4 along the crystallographic b axis, showing its 
supramolecular aspect
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intermolecular interactions with 13.6% and 9%, respectively. In general, the crystal-
line structure is stabilized by different interactions.

Vibrational analysis

For visual comparison, the observed and simulated IR spectra are presented in 
Fig. 4. All observed vibrational bands have been discussed and assigned to nor-
mal mode or to combinations on the basis of density functional theory DFT and 
semi-empirical PM3 calculations (Table  2) as a primary source of attribution 
and also by comparison with the previous results for similar compound [40]. 
The arsenate ion in solution is known to have tetrahedral symmetry, its molecu-
lar group being Td [41, 42]. Its four fundamental bands have the following fre-
quencies: υ3(F2) = 805, υ1(A1) = 775, υ4(F2) = 396 and υ2(E) = 335  cm−1. Due to 
the lowering of the symmetry from an ideal configuration and the crystal field 
effect, the splitting can be observed for the doubly degenerated υ2 mode for, the 
triply degenerated υ3 and υ4 modes. Bands derived from internal vibrations of 
arsenate anions were detected, and their assignment is given in Table 2. The ν1 
mode is observed as a strong peak at 755  cm−1 in the IR observed spectrum and 
appears at 751   cm−1 and 760   cm−1 from DFT and MP3 calculations, respec-
tively. The medium band which that occurs at 792   cm−1 is characteristic for ν3 
 (AsO4), while the theoretically computed values by the DFT method appears at 
814  cm−1 and by semi-empirical PM3 method appears at 818  cm−1. These values 
are similar to those observed in the structure of  C3H9AsN6O4 [43]. The stretch-
ing vibration of C = C is observed at 1655  cm−1 from the IR spectrum in accord-
ance with the semi-empirical PM3 calculations detected at 1653 and 1646  cm−1, 
and with DFT calculations detected at 1651   cm−1. The C–N bond asymmetric 
stretching vibration is observed in the IR spectrum at 1591 and 1225  cm−1 and is 
evidenced by calculated values with density functional theory DFT at 1651 and 
1246   cm−1 and calculated values by the semi-empirical method MP3 at 1635 
and 1236  cm−1. The IR observed spectrum reveals also a broad and strong band 

Fig. 3  Fingerprint plots and percentage contributions of the various intermolecular contacts contributing 
to the Hirshfeld surfaces of  (C9H11N4)H2AsO4
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at 3660  cm−1, which may be assigned to the stretching mode ν (OH). The theo-
retically computed identified this assignment at 3223  cm−1 and at 3356  cm−1 by 
the DFT method and semi-empirical PM3 method, respectively. The asymmetric 
stretching modes corresponding to (C–H)ar are observed from bands located at 
2980, 2970 and2745  cm−1 in observed IR spectra. These values are calculated at 
2994, 2864 and 2757  cm−1 by the density functional theory DFT method, and at 
2941, 2863 and 2847  cm−1 from the semi-empirical method MP3.

Fig. 4  Experimental (a) and calculated (b) infrared spectra of  (C9H11N4)H2AsO4 recorded at room tem-
perature in the range of 4000–500  cm−1
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Electrical conductivity

Typical impedance spectra were obtained at different temperatures ranging from 299 
to 408  K for  (C9H11N4)H2AsO4 (Fig.  5a, b). The bulk ohmic resistance relative to 
each experimental temperature is the intercept on the real axis of the zero-phase angle 
extrapolation of the highest-frequency curve. The resistance was determined by extrap-
olation of the circular arc centered under the  Z0 axis to zero frequency which defines an 

Fig. 5  Complex impedance diagrams –Z″ versus Z′ for  (C9H11N4)H2AsO4 from 299 to 333  K (a) and 
from 343 to 363 K (b)
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[α(π/2)] dispersion angle (α = 0.3) [44]. This shows that  (C9H11N4)  (H2AsO4) follows 
the Cole–Cole law.

ε* = ε∞ + (ε∞ − εs)/(1 + (jωτ)1−α) where ε* is the complex dielectric constant, εs and 
ε∞ are the “static” and “infinite frequency” dielectric constants, ω is the angular fre-
quency and τ is a time constant. The coefficient at which characterizes the deviation of 
the Cole–Cole from the Debye law.

ε = ε∞ + (ε∞ − εs)/(1 + jωτ) is determined from the complex impedance spectrum. 
These curves show the temperature dependence of the resistance proving the high con-
ductivity properties of  [C9H11N4]  [H2AsO4].

Figure 6 shows the temperature dependence of the conductivity in a log (σT) versus 
–log1000/T indicating an Arrhenius type behavior. In order to understand the conduc-
tion phenomenon, we used the Arrhenius modeling equation: σ(T) = A exp(− Ea/kbT), 
where Ea is the activation energy, σ is the conductivity (obtained from R by means 
of the relation: σ = e/RS, where e/S represents the geometrical ratio sample), A is the 
pre-exponential factor, kb is the Boltzmann constant, and T is the temperature [45]. 
The conductivity plot, in this region, exhibits one part. The activation energy is of 
ΔEσ = 0.17 eV.

Fig. 6  Temperature dependences of log(σT) = f (− log  103/T) for  (C9H11N4)H2AsO4
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Conclusion

The present research work reported the synthesis and the crystal structure deter-
mination of a new hybrid dihydrogen arsenate material that combines the organic 
amine molecule 5-amino-3-methyl-1-phenyl-1H-1,2,4-triazole, with the formula 
 (C9H11N4)H2AsO4. The crystallographic study showed that this compound crys-
tallizes in the non-centrosymmetric monoclinic system, space group  P21. The 
supramolecular structural feature built from isolated inorganic anionic entities 
and organic cationic molecules are linked together with hydrogen bonds and 
weak interactions only. A good correlation is found between the theoretical cal-
culation (density functional theory DFT and semi-empirical PM3 methods) and 
the experimental results. The dielectric measurement according to the tempera-
ture has demonstrated that the conductivity measurement follows the Arrhenius 
approach and the activation energy is ΔEσ = 0.17 eV.

Supplementary Information The online version contains supplementary material available at https:// doi. 
org/ 10. 1007/ s00289- 023- 04670-3.
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