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Abstract

The reinvestigation of the EDA-HIO3-H>O system using a different stoichiometric ratio gives rise
to a new iodate salt CoH1oN2(I103)2.HIO3 denoted as EBIMIA. In this study, we reported the
structural properties of ethylenediammonium bis iodate mono iodic acid using X-ray powder and
single crystal diffraction at room temperature. The Hirshfeld and the potential energy surface
analysis reveal that I...O and N-H...O are the most noticeable interactions that took place inside
the crystal and contribute to the cohesion and stability of the synthesized compound. The DSC
measurement shows that this iodate salt undergoes two phase transitions, the first at T =290 K and
the second at T = 363 K. The dielectric analysis confirms the second transition that occurs at the
studied temperature domain 338-413K. The impedance data obey a circuit model consisting of a
parallel combination of a bulk resistance and CPE. The frequency dispersion of the conductivity
follows Jonscher’s law and the charge carrier transport may be interpreted using the correlation

barrier hopping mechanism (CBH). Moreover, the electronic properties and the vibrational



analysis of this novel iodate salt are studied using DFT and compared to the experimental data

given by the FT-IR, Raman and UV-visible spectroscopies.
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optical study.
1. Introduction

The isolation, identification and characterization of different crystal forms staring from the
same molecular entities represent an interesting issue of modern solid-state chemistry. It’s
important to mention that the variability of physical and chemical properties as a function of
different crystal forms may be exploited for different scopes and lead to different applications and
utilization of the solid materials [1]. Moreover, the iodate salts may be employed for many
industrial applications, such as solid electrolyte used for fuel cells and supercapacitors [2] due to
their high proton conductivity [3]. The present work aims via the synthesis of new hybrid materials
to combine the advantages of the iodate anions, which are used as building blocks to generate non-
centrosymmetric structure exhibiting ferroelectric and nonlinear optical properties [4], and the
EDA molecule that displays high flexibility and reactivity. In keeping more closely with the spirit
of our previous study in which, the interaction of iodic acid with ethylenediammonium in aqueous
solution yielded to the EBITIA [5] and the two polymorphs a-EBI and B-EBI [6], this study is set
out to reinvestigate the EDA+HIO3;+H>O system using a different stoichiometric ratio. This
attempt gives rise to the new iodate salt, which is the ethylenediammonium bis iodate mono iodic
acid crystal C2HioN2(103)2.HIO; denoted as EBIMIA. At the first sight, this work looks
conceptually similar to our previous mentioned studies, because of the use of the same
investigation procedure, i.e., the utilization of standard techniques (XRD, DSC, CIS UV-Vis, FT-
IR and Raman spectroscopies) and computational DFT approach. However, this work presents
many original findings concerning especially the novel crystal structure of EBIMIA. Besides,
additional analyses are undertaken to characterize the iodate salts such as the potential energy
surface scanning (PES) and the molecular electrostatic potential (MESP) which are carried to find
out the energetically most stable molecular arrangement and to determine the most reactive
molecular sites within the studied compound. We also extend the structural investigation by using
Hirschfeld surface analysis to study the nature of interactions and their quantitative contributions

towards the crystal packing. Moreover, a detailed analysis of electronic structure is carried out
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based on DFT using of the generalized gradient approximation (GGA) in order to determine the
band gap energy and the partial contribution of each molecular component to the valence and

conduction bands of the studied material.
1. Experimental details
1. 1. Synthesis of C2H10N2(103)2.HIO3

The ethylenediammonium bis iodate mono-iodic acid [C2H1oN2(IO3)2-HIO3]> was obtained by
neutralizing 20 ml of a diluted amine solution (ImmolL') with a stoichiometric volume of iodic
acid solution (1mmolL™).The chemical reaction of syntheses can be described by the following

chemical equation:

C2HgN> + 3 HIO3 e CoHioN2 (103)2 .HIO;

1.2. Thermal analysis

Cyclic differential scanning calorimetry (DSC) analysis was applied to a mass sample of 5.12 mg
of EBIMIA in the temperature domain 243-500K using PerkinElmer\Pyris DSC 4000 apparatus at

a rate of cooling and heating of 5°C/min.
1. 3. XRD analyses

The X-ray powder diffraction (XRPD) measurement was performed at room temperature on a
Bruker D8 X-ray diffractometer in the 20 range from 5 to 60° with a scanning step width of 0.02°

at a rate time of 0.1 s/step.

The single-crystal X-ray data of EBIMIA were measured on a Bruker APEX II diffractometer with
Mo-Ka radiation (A =0.71073 A) equipped with an APEX2 CCD area detector [7]. Suitable crystal
of the EBIMIA was scanned by w/20 method in the 0 range from 1.24 to 32.02°. The collected X-
ray data were interpreted using SHELXT [8] software included in the WinGX package [9]. The
crystallographic characterization on single crystal at room temperature shows that
C>2H10N2(103)2-HIO; crystallizes in the monoclinic system with the cell parameters: a = 16.692(2)
A, b=6.392209) A, c =21.927(3) A, p = 101.178 (2)° and the unit cell of EBIMIA contains 8
formula units (Z = 8). The inspection of reflection intensity statistics and of systematic absences

using the SHELXT software led to a centrosymmetric the P21/c space group (No. 14). Additional



analysis of these data using PLATON/ADDSYM software [10] shows a new pseudo symmetry
P2i/n. However, our choice settled on ‘P21/c’ as revealed by the statistical analysis. Moreover, the
interpretation of the X-ray data using the ‘P21/c’ symmetry seems accurately enough, especially
that the structure resolution displayed a satisfactory values of the reliabilities factors (Rin =0.059,
R1=0.034, wR> =0.091 and S=1.04) which, clearly justify the choice of the proposed space group
and prove the stability of the least-squares refinement. All atoms except the hydrogen atoms have
been refined anisotropically. The positions of the hydrogen atoms of the (C2H;oN2)** cation were
generated geometrically from the ideal models and attached to the carbon and nitrogen atoms at
distances of C-H: 0.97A and N-H: 0.89A. The experimental details of the XRD analysis are
depicted in Table 1. The CIF file, including all crystal data of the EBIMIA crystal has been
deposited at the Cambridge Crystallographic Data Centre with deposition number: (CCDC
1911972).

1.4. Spectroscopic Measurements

The IR and Raman vibrational spectra were measured using an ATR- Perkin-Elmer spectrometer

and (LABRAM, HR800) spectrometer with He" ion excitation radiation (A=633 nm), respectively.

The UV-Visible absorption spectrum of the spin-coated films was deduced from direct
transmission measurements undertaken on the UV—Vis spectrophotometer (HITACHI, U-3300).
The thin film is prepared by spin-coating technique using a solution of EBIMIA diluted in ethanol.

1.5. Computational details

After an initial overview of related works treating hybrid compounds [11], the DFT calculations
were performed at B3PWO91 [12] level, with the split valence 6-31G and 6-311G basis sets for
hydrogen, carbon, oxygen and nitrogen atoms and LanlD2Z (ECP) for the iodine atoms using
GAUSSIAN 09 program [13]. The [Kr] core electrons of iodine were replaced by an effective core
potential and DZ quality Hay and Wadt Los Alamos ECP basis set (LANL2DZ) was used for the
valence electrons [14]. These basis sets are expanded by diffuse and polarization functions [i.e. 6-
31+G*, 6-311+G* and LanLD2Z (d, p)] which are useful to describe properly the chemical bonds
and long-range interactions (dispersion, hydrogen bonds, etc...). The initial structural parameters
used for geometry optimization are taken from the XRD analysis. Optimized structural parameters

are used in the vibrational frequency calculations at the DFT level to confirm the structure as



minima. The careful attribution of the FT-IR and Raman spectra are performed with the aid of the
molecular visualization Gauss View 5.0 [15] and the potential energy distributions (PEDs)
analysis (VEDA) [16] programs and then compared to the predicted wavenumbers computed by
the DFT/B3PW91 method. None of the predicted vibrational motion has any imaginary frequency,
implying that the optimized geometry is located at the local minimum point on the potential energy
surface. To compare the computed geometrical parameters and frequencies with experimental

results, Root mean square RMS were calculated using the following expression [17].

neycal_y€XPy2
RMS = |2 g (1)

Where X!, X®*P and ‘n’ are the calculated, the experimental and the total number of data set,
respectively.

Moreover, in numerous current quantum mechanical calculations vibrational spectra performed at
different levels of approximation, calculated frequencies are, as a rule, higher than their
experimental counter parts. This outcome is due to the more or less systematic overestimation of
the force constants. This overestimation of the force constants commonly depends on the used
basis set [18], consequently, these calculations will require an empirical corrections. To improve
agreement with experiment, quantum mechanical force fields are corrected in one way or another,
e.g. using empirical corrections called scale factors, which are estimated from the experimental
vibrational spectra of small molecules with reliable frequency assignments. The calculated
vibrational frequencies at the B3PW91 level of theory were scaled by a factor (K) equal to 0.965.
To determine the scale factor (K), we follow the method used by P.Merrik et al, [19] that minimize
the residual separating experimental and calculated frequencies. The optimum scale factors for

vibrational frequencies were determined by a least- squares procedure, minimizing the residual.
2
A= (kofheo —97*P")" : Eq (2)

Where 9/"¢° and 19ie *P! are the i™ theoretical harmonic frequency and the i experimental
fundamental frequency (in cm™), respectively, which leads to:

all gtheor gexpt
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Moreover, the calculations of excited state properties reported in this paper were performed using
the DMOL3 program. The exchange correlation energy was calculated by Perdew Burke Ernzerhof
(PBE) [20] variant of the generalized gradient approximation (GGA) [21] and all the electrons are
included in the orbital basis set of double numerical plus polarization (DNP) [22]. We have used
1x2x1 k-point sampling of the Brillouin zone. The total energy of the system was converged in

5.04x10-6 Ha (Hartree) in the simulation experiments.
1.6. Electrical characterization

The powdered samples of EBIMIA were pressed at a pressure of SMPa to prepare a pellet of 7 mm
of diameter and 1 mm of thickness. A silver paste was applied into the two pellet surfaces and
heated at 50 °C to reduce the surface roughness and ensure the better electrical contact with the
electrodes. The electrical properties of the sample were studied by measuring the AC conductivity
in the temperature and frequency range from 338 K to 413 K and from 100HZ to 1 MHZ
respectively using a HP 4284A precision LCR meter.

The measured admittance of the studied compound is defined as follows:

Y=G+jwC Eq4)
where G, C and o are respectively the conductance, the susceptance (Siemens) and the angular
frequency respectively. The other electrical characteristics are deduced using the following

expressions:
o' (w,T) = § G Eq (5)

c"(w,T) = é.a)C Eq (6)

7' =—5 Eq(7)

T G2+w2c?
wo_ -wC
T G2+w2C?

Eq(8)
where ¢6’(®,T), 6” (0,T), Z’ and Z” represent the real and the imaginary parts of the total
conductance and impedance, respectively, and the ‘t/s’ represents the geometrical ratio of the

thickness and the cross area of the pellet sample, respectively.
2. Result and discussion

2.1 XRPD analysis



The synthesized sample was crushed into a fine powder and analyzed using XRD diffraction to
ensure about the novelty and the good crystallinity of the present iodate salt. The diffraction pattern
was indexed using DICVOLO04 [23] program and the precise lattice parameters were determined
using the CELREF software [24], which employs a least-squares refinement of the unit cell
dimensions. Later, the experimental spectra shown in Fig.1 was compared to the calculated one
using the data obtained from the single-crystal X-ray diffraction analysis. The two DRX patterns
are in good agreement, which indicates the purity of the obtained material. The refinement of the
cell parameters and the regeneration of the inter-reticular distances dnxi are depicted in Tables S1-

2.

2.2. Structure description

The asymmetric unit of EBIMIA shown in Fig.2 contains four iodate groups, two doubly
protonated ethylénediammonium cations having an eclipsed configuration and two neutral iodic
acid molecules, therefore, this compound has the following stoichiometric formula
[C2H10N2(I03)2.HIOs]2. However, the two short bonds 1(1)-O(35) [2.477(3) A] and 1(2)-O(33)
[2.346(3)] can be considered as intermediate between the first [1.779(3)-1.925(3)A] and the second
coordination sphere [2.564(3) -2.890(3) A] of iodine atoms [25]. In such conditions, each of the
three iodine atoms completes its coordination sphere on the lone electron pair ‘LEP’ side by
secondary I --- O interactions whose lengths are less than the sum of Van der Waals radius (3.55A).
Under these conditions, the two combinations HI(1)O3.1(5)O3 and HI(2)O3.1(3)O3 can be
considered as two complex anions (IOsOH)". Thus, the EBIMIA crystal can also be described by
the following chemical formula (C2H10N2)2(I03)2 (HI2Os).. By taking into account all the vicinal
oxygens to the iodine atoms; I(1), I(2) and I(6) and I(3), 1(4) and I(5) acquire octahedral and
pyramidal distorted geometry, respectively. The O-I-O angles of these polyhedra range from
92.5(2)° to 100.6 (1)°. The main geometric characteristics of iodine polyhedra are given in Table
S3. The 105 and 106 polyhedra are associated with each other, sharing vertices to build up layers
parallel to the (ab) plane as shown in Fig. 3. The (C2HsN2)?* cations are housed between the anionic
layers and establish weak N-H ... O hydrogen bridges with the oxygen atoms of (I03)” and HIO3
entities which contribute to the cohesion and the strengthening of the three dimension crystal

network. The geometrical parameters including distances and angles of the EDA*" cationic and



hydrogen bands depicted in Tables S4-5, respectively are comparable to those reported in similar

iodate salts [5, 6, 23, 24].
2.3.Hirschfeld analysis

The Hirschfeld surfaces and the two-dimensional fingerprint plots shown in Fig. S1 are used to
analyze the intermolecular interactions [28] in the new iodate salt structure. These analyses reveal
that hydrogen bands O...H and I...O halogen interactions in EBIMIA outnumber the other
contacts in this structure with a contribution of 57.7% and 21.0% respectively. Besides, it is clear
from these data that the N—H...O hydrogen bonds and the [-—O...I halogen bonds appearing as
large red spots on the Hirschfeld surface maps, are the most prominent interactions. Also, the
O...0 contacts in structure (I) are about 13.8%, whereas I...H give a negligible contribution to the

total interactions in the molecular system.

2.4. Analysis of frontier molecular orbitals (FMOs) and molecular electrostatic potential
(MESP)

The molecular electrostatic potential surface (MESP) shown in Fig. S2 provides a visual method
to understand the relative polarity of the molecule [29]. Electrostatic potential maps illustrate the
charge distributions of molecules three dimensionally. One of the purposes of finding the
electrostatic potential is to find the reactive site of a molecule. The color-coded values are then
projected onto the 0.002 a.u isodensity surface to produce a three-dimensional electrostatic
potential model. Local negative electrostatic potentials (red) signals appear on oxygen atoms of
iodate and iodic acid groups with lone pairs whereas, green areas cover the rest of the molecular
entities (.i.e., I, C, N and H atoms) where electrostatic potentials are close to zero. Moreover, the
surfaces for the frontier orbital HOMOs and the LUMOs named as FMOs were drawn and shown
in Fig. S3. From this Figure, it is clear that the HOMO and LUMO are both localized on oxygen
and iodine atoms of (I03) anions and HIO; molecules, whereas, the only little delocalization of
HOMO is shown on the nitrogen atom of EDA%*. The MESP and FMO analysis indicate without
doubt that iodine, oxygen and nitrogen atoms are the most reactive sites in the EBIMIA crystal.
These results are in good agreements with the structural analysis, which indicates that, I...O and
O...H-N interactions have the major contribution to the stability and the cohesion of the crystal

structure of EBIMIA.



2.5. Geometry optimization

The DFT calculations results normally complement the information obtained by chemical
experiments. These approaches are not only providing deeper understanding of molecular and
crystal structures, but also are widely used to study many several properties such as vibrational
frequencies, reactivity and other spectroscopic quantities. We tried in this section to discuss in

details the geometric and the vibrational characteristics of the EBIMIA crystal.

In this section, we choose to compute only the moiety of the asymmetric unit of EBIMIA (.
i.e. one (C2H10N2)*" cation, two (IO3) anions, one HIO3; molecule) due to the computational cost,
assuming that these molecules are sufficient to represent the entire molecular system. We tried to
take into account the hydrogen bonds and the crystal packing effects during these calculations by
fixing the position of the vicinal molecules to the asymmetric unit. The adopted DFT approach
seems adequate for these calculations because the standard density-functionals DFT/B3PW91
developed for covalent systems are largely successful in treating hydrogen bonding and other
electrostatically dominated noncovalent interactions that act over similarly short length scales (<2
A) [30, 31]. By increasing basis set size like the triple-{ 6-311G the systematic error in these
calculations should be small enough, so, we do not need to apply the Counterpoise corrections
neither dispersion or basis set superposition error (BSSE). The Table S6 reported the calculated
bond lengths and internal angle with the RMS errors using DFT/B3PW91 associated to the double-
£ 6-31G and triple-{ 6-311G basis sets. As one can see, the computed geometrical parameters of
EBIMIA are satisfactory reproduced. In fact, the initial eclipsed configuration of [C2HioN2]*
cation and the pyramidal geometry of iodate and acidic molecules have been preserved. The RMS
errors of the bond lengths and internal angles are about 0.03A and 5.61° respectively. From these
data, one can see that there is a good agreement between calculated and experimental band length,
however, the computed angles show small discrepancies compared to the real structure. It is clear
from these data that both computed geometries show big similarities to the experimental structure,
especially, that computed using triple £ 6-311G basis set as revealed by the closest torsion angle
for the EDA?" cation. The best optimized geometry of EBIMIA shown in Fig. S4 is used to predict
the vibrational frequencies. The mean square error R? of linear correlation plotted in Fig. S5,
between experimental and theoretical bond lengths and internal angles are 0.978 and 0.746

respectively.



In order to gain more information about the interaction between the EDA?" cations and the
inorganic entities, the conformational analysis of the ethylenediammine cation were carried out in
order to find out the energetically and thermodynamically most stable configuration. The potential
energy barrier of EDA?" of the three different conformers, (the trans, the eclipsed and the cis
configuration) obtained by the rotation of the ammonium group with the dihedral angle N(13)-
C(1)-C(4)-N(14), is depicted in Fig. 4. As we can see, the trans-configuration of EDA?*, which
has the lower energy, is the most stable conformer. This result is in good agreement with previous
studies of ethylenediammonium iodate salts [5, 6]. However, the minima of energy in the current
compound as shown in Fig. S4 corresponds to the eclipsed conformer of EDA?". This result reveals
that the hydrogen bands N-H....O-I overcome the other interactions and have a decisive

contribution to the stability and the cohesion of the EBIMIA's crystal.
2.6. Vibrational study

The vibrational frequencies of EBIMIA are performed based on the optimized geometry. Each
component of CoH10N2(103)2-HIO; exhibits (3N-6) motions contributing to a total number of 57
frequencies. A scale factor of 0.965 is applied to the computed wavenumber in order to compensate
the systematic errors caused by the approximate nature of the basis set describing the electronic
structure. The RMS errors of the experimental IR and Raman bands are 4.2 and 3.8 cm’
respectively, which reveal a good agreement between the experimental and calculated vibrational
modes. For more accuracy in the RMS calculations, we have accounted only the frequencies
characteristic to the studied compound appeared in the fingerprint region < 1600 cm™. Detailed
assignment of observed and calculated wavenumbers is reported in Table 2. The experimental and

computed vibrational spectra are shown in Fig. 5.
2.6.1. Vibrations Assignment
2.6.1.1.The iodate (I03) internal modes vibrations

The iodate anion (I03) has Csy symmetry, so it has six vibrational modes; three [-O stretching
vibrations (one symmetric vi and the two asymmetric v3 modes) and three bending O-1-O
deformations (the symmetric v and the two asymmetric v4 binding modes). The asymmetric and
symmetrical stretching vibrations v3 and v; of the iodate (I03)” for the EBIMIA compound appear
in the IR and in Raman at 779-734 cm™ and at 673-593 cm’! respectively as intense bands with
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PED>52%. The symmetric and asymmetric deformations v2 and vs4 of the angles (O-I-O) appear
as weak and medium IR bands and Raman peaks at 414-388 cm™ and at 330-286 cm™ with PED>
32%. This assignment is in good agreement with previous studies of homologous compounds [5,

6, 26] as well as predicted wavenumbers.
2.6.1.2. The HIOs internal modes vibrations

The HIO; molecule defined as 102-O’H has a Cs symmetry, which contribute to nine vibrational
modes. Assuming the OH group as a single point mass (X), it can be described by a simple
nonlinear triatomic (N = 3) molecule of Cs point group symmetry. Three O-H group vibrations,
[i.e. O-H stretching (v), O-H angle bending (8), and O-H deformation (y)] are part of the nine
fundamental vibrations in HIO; molecule. The three (I-O) stretching vibrations [two symmetric
(v’1, v’2) and one asymmetric vs modes] and the three (O-1-O) bending modes (two symmetric
(v’3,v’4) and one asymmetric vs mode) define its other six vibrational modes. The weak and broad
IR band observed at 3225 cm! is attributed to O-H stretching vibrations with PED = 99%. The IR
band and the Raman peak observed around 1111 cm™ correspond to the in-plane symmetrical
deformation SOH with PED = 43%. The broad IR band and the weak Raman line appearing at 816
cm! are attributed to the out-of-plane asymmetric deformation y OH with PED = 39%. The intense
IR and Raman bands observed at 711 cm™ were attributed to asymmetric stretching vibrations vs
with PED = 75%. The symmetric stretching vibrations v'> appear in IR and Raman at 696 cm™ and
at 702 cm™' respectively with PED = 71%. The strong IR band and the medium intensity Raman
peak observed at 580 cm™ and 585 cm™!, respectively, were attributed to v'| stretching vibrations
with PED = 69%. The above assignments agree well with the literature [5, 31] and show that these
frequencies appear as pure stretching vibrations as revealed by the high PED value. Finally, the
two symmetrical deformation vibrations v'; and v's appear in Raman at 385 cm™! and at 358 cm™!
with PED = 38% and PED = 42% respectively, while, the asymmetric deformation vibration vs is
observed in Raman at 264 cm™! with PED=27%.

2.6.1.3. (C2H oN2)*" vibrations

The isolated ethylenediammonium cation (EDA)?* has 36 fundamental vibrations, which
are distributed as follows: {6 vibration modes related to each methylene group [vas (CH2), vs (CH2),

8sci (CH2), p (CH2), 8w (CH>), 8; (CH>)]; 9 vibration modes related to each NH3 group [2 vas (NH3)",

11



vs (NH3)*, 2 8as (NH3)", 8s (NH3)", 2 p (NH3)" 17 (NH3) ] and 6 vibration modes of the NCCN
skeleton [2 v (NC), 1v (CC), 2 & (NCC), 1T (CCO)]}, [6]

e Skeletal Vibration (NCCN)

The C-C and C-N stretching vibrations usually appear in the region from 1300 to 1000 cm!. These
modes are usually overlapped because carbon and nitrogen atoms have similar weights and bonds
force constant. However, we try to carry out the following attributions based on computed
vibrational spectra and previous studies of similar aliphatic organic cations [33]: the FT-IR and
Raman signals appeared around 1051 cm™ are assigned to the v (C-C) stretching vibrations. The
DFT calculation predicts this mode at 1047 cm 'with PED= 76%. The asymmetric vas (N-C) and
the symmetric vs (N-C) stretching vibration modes appear in FT-IR and in Raman around 1038
cm™! and 1003 cm™! respectively. The DFT calculation predicts these two modes at 1031 cm™ and
at 995 cm™! with PED= 63% and 68% respectively. The symmetric §s (NCC) and asymmetric 8as
(NCC) bending modes appear in FT-IR and Raman around 431 cm™ and 419 cm™ respectively.
The DFT calculations compute the 8 (NCC) and 8,5 (NCC) modes respectively at 436 cm™ with
PED =32% and at 423 cm™' with PED=27%. Finally, the torsion mode 1t (CC) appears in Raman
at 264 cm™ with PED=27%.

e Vibrations of (NH3)" group

The N-H stretching vibrations generally occur around 3400 cm’!. However, the extensive
association due to hydrogen bridges established between amino groups and neighboring iodate
anions generally gives rise to very broad infrared bands and decrease the wave number to lower
frequencies; a shift up to =2,500 cm™ is observed for similar hybrid compounds [26, 34]. The
complex and very broad band observed in the IR spectrum at 2400-3300 cm™' due probably to the
overlap of the CH, OH and NHj3 stretching vibrations is deconvoluted into Gaussian curves. Based
on the presumed and calculated wavenumbers, iterative calculations give the band positions that
correspond to the best fit between the IR spectrum and the sum of calculated bands. Therefore,
curves obtained from the decomposed broad IR band at 3134, 2818, 2775 and 2753 cm™! and those
appeared at 2624 and 2577 cm™! are attributed to the asymmetric vas(NH3)" and symmetric vs(NH3)"
stretching vibrations, respectively. The corresponding theoretical vas(NH3)" and vs(NH3)" scaled

frequencies are calculated at 3216, 2861, 2847 and 2809 cm™ with 92< PED < 98% and at 2792

12



and 2786 cm™ with 89 < PED < 95 cm’!, respectively. The comparison between the observed and
calculated wavenumbers show a small discrepancy, which comes most likely from the
approximation nature of the of the quantum mechanical methods. The asymmetric das (NH3) and
symmetrical 8s (NH3) deformation vibrations for the EDA?" cation are observed at 1602-1514
cm ' and at 1496-1488 cm', respectively. These wavenumbers are in agreement with the
theoretical frequencies calculated at 1609, 1572, 1560, 1518, 1494 and 1490 cm™!, with PED >51%.
The rocking-type deformation vibrations, p (NH3), often interfere with methylene deformation
vibrations and the skeletal stretching modes of the EDA?" cation as revealed by the low values of
PED < 41%. These bands appear in FT-IR spectrum at 1232 cm™, 1178 cm™, 1063 cm™ and at 848
cm’!. Finally, the two frequencies observed in IR and Raman around 483 and 477 cm'and those
calculated at 490 and at 475 cm™ with 11<PED < 27% correspond to the torsion T (NH3) modes.
These attributions are in good agreement with previous studies [5, 6] as well as calculated

frequencies.
e Vibration of -CHz- group

By comparison with similar compounds containing vicinal CH> groups [35] , the asymmetric
stretching vas CHa vibrations are generally observed in the region 3100-3000 cm™!, while the
symmetric stretching vs CH» will appear between 3060 and 2855 cm™. In addition, it is expected
that the scissoring vibration dsci CH» of the methylene group of aliphatic hydrocarbons occurs
between 1500 and 1350 cm™ while wagging 8wCH, occurs generally between 1400 and 1100 cm
!, the twisting 8:CH, vibration are expected to appear at 1260-1030 cm™ and the rocking
deformation 8;CH, occurs at 1180-750 cm™'. In accordance with the above statements, the
asymmetric v,sCH> stretching mode are observed in IR at 3058 and at 3010 cm™, while the
symmetric vsCH> stretching mode are observed at 2961 and at 2880 cm™'. These attributions are in
line with calculated frequencies at 3041, 2921, 2907 and at 2883 cm™! with PED > 79%. IR and
Raman intensities appeared at 1470 and around 1454 cm™ are assigned to the CH, scissoring
vibrations with 57 < PED<61%, while those occurred around 1411 and 1342 cm™ with 41 <
PED<43% are assigned to CH2 wagging vibrations. The CHz twisting modes are shifted to a higher
frequency range and they appear in the IR spectrum at 1333 and 1314 cm™ with 39< PED<42%,.
Finally, the rocking vibrations of the CH, appear in IR and Raman around 837 and 783 cm™ with
31< PED<36 seemed to mix with yOH vibrations.

13



2.7. UV-visible, density of state and Frontier molecular orbitals study
2.7.1. UV-Visible spectroscopy

In this study, the optical spectrum of EBIMIA shown in Fig. 6 was recorded on deposit thin film
using a well dispersed solution of the EBIMIA in ethanol, in the range 200-800 nm. The cutoff of
the absorption band illustrated by the UV-Visible spectrum is 286 nm. The optical band gap of the

film was estimated using the Tauc relation which has the following equation [36]:
ah9 = A(h9 — E;)" Eq(9)

where h, v and Eg are the Plank’s constant, photon frequency and energy band gap, respectively,
“A” is an energy-independent constant and the exponent ‘n’ characterizes the optical absorption
process. Considering n = 0.5 in the above equation, the value of the optical band gap of a direct
transition was evaluated to be 4.6 eV. Similar band gap energies are observed for analogous iodate
salts [5, 6, 26, 27]. The frontier orbital energy gaps (ELumo-Enomo) between the HOMO and
LUMO orbitals shown in Fig.S3 was 4.52 eV. As one can see, there is a good agreement between
the fundamental and optical band gap energies, contrary to the expected discrepancy of ~1eV that

was observed for previous studied iodate salts [5, 26].
2.7.2. Band structure and density of state (DOS) spectrum

In this section, the DFT study was undertaken overall the crystal lattice using the generalized
gradient common approximation (GGA), this approximation is a computationally less demanding
scheme, less expansive in calculation time and allow us to perform calculation on big periodic
system [37]. The electronic analysis of the crystal structure was carried out using standard band
theory and total/partial density of state calculation. Fig. S7 (a) shows the band structure of EBIMIA
calculated using the primitive cell and Brillouin zone [38] described in Fig.S6. The labeled k-
points corresponding to high symmetry points of the first Brillouin zone are Z(0,0,1/2); G(0,0,0);
Y(0,1/2,0), A(-1/2,1/2,0); B(-1/2,0,0); D(-1/2,0,1/2); E(-1/2,1/2,1/2) and C(0,1/2,1/2). The
conduction-band minimum and the valence band maximum are both located on the Z-G and B-D
lines. Consequently, the fundamental band gap, which is direct, has a magnitude of 3.587 eV. The
deviation of the current value from both experimental and calculated band gaps using

B3PWO1/DFT method, which is about 1 eV may be due to the well-known band gap
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underestimation of PBE-GGA/DFT compared to hybrid DFT [39]. The electronic state distribution
in both valence and conduction bands can be characterized with the PDOS shown in Fig. S7 (b).
The p-state of I, O and N atoms have the major contribution to the conduction band, while only

the p-state of the N atom have the greatest contribution to the valence band.
2.8. Thermal and dielectric study
2.8.1. DSC analysis

Thermal Analysis, particularly differential scanning calorimetry (DSC), is widely used because of
the unique set of qualities that offers. It is highly relevant in order to examine the originality and
stability of the compound, as transitions or melting point. The cyclic DSC analysis of EBIMIA
given in Fig.7 shows two peaks: the first endothermic peak appears in both the heating and the
cooling curves around 287 K corresponds to a first-order reversible phase transition. The second
peak observed only during the cooling at 365K, corresponds to an irreversible phase transition.
The enthalpies of these two transitions are AH=1.2474 (J / g) and AH = 1.7429 (J / g), respectively.
The degradation of this compound gives rise to an exothermic peak at 438 K with AH =-506.3801
(J/ g) to release I, O> molecules and a black residue of carbon. Previous studied iodate salts show
similar thermal behavior above room temperature [6, 27] (.i.e., structural phase transitions,
decomposition,) however, the EBIMIA is the unique compound which exhibits a reversible phase

transition nearby the ambient temperature.
2.8.2. Dielectric study

The dielectric characterization of iodate salts has received considerable scientific interest due to
the enormous applications of these materials as proton conductors [40] and as electrolytes for fuel
cells and supercapacitors [41]. In this section detailed studies of dielectric properties of the
proposed compound as a function of frequency and temperature have been discussed, which may
provide information regarding the charge transfer properties, the electric conduction and the

structural phase transitions.
2.8.2.1. Impedance analysis

The Nyquist diagram representing the variation of the imaginary component -Z" as a function of

the real part Z' of the impedance at different temperatures is shown in Fig. 8 (a). These curves have
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the shape of a semicircle whose center is located below the real axis; such behavior is consistent
with the Cole-Cole model. Moreover, the rays of the semicircles decrease when temperature
increasing which corresponds to a decrease of the intergranular resistance R, and consequently the
increase of the electrical conductance in this compound. In order to better describe the electrical
behavior of the material, the experimental curves -Z "= f (Z ') are fitted to an equivalent electrical
circuit model which consists of a parallel combination of a resistance R, and a fractal capacitance
CPE. The CPE element is introduced in order to compensate for certain imperfections such as the

roughness of the electrode surfaces and the non-uniformity of the charge carrier distribution.

The real and imaginary components of the whole impedance of this circuit were calculated

according the following expressions [42]:

r_ Rp(1+RpQw% cos(am/ ))
"~ (1+RpQuw@cos(am/ ))2+(RpQwsin(am/ ))? Eq(10)
"o_ RZQw%sinam/ ) Eq(11)

- (1+RpQuw® cos(am/2))?+(RpQw® sin(an/ ))?

The iterative nonlinear least-squares fits of -Z’’=f (Z’) by means of Eqs (10-11) are both
represented in Fig.8(a) (red line) and they are in better agreement with the experiments. This result
proves the adequacy of the chosen equivalent circuit Model. The thermal variation of fitted
parameters (Rp, Q, o) for EBIMIA summarized in Table 3 are comparable to those observed in
similar iodate salts [5, 27]. Based on these results, we can observe that the resistance R, decreases
when the temperature increases, which illustrates the high temperature conductivity of this
materials. Moreover, the opc is around Picofarad (1pF = 10"'2F) which confirms the intra-granular
behavior of the electrical conduction mechanism. Finally, the variation of a parameter from 0.814
to 0.983 confirms the capacitive nature of the ZCPE impedances and therefore the dipole

interactions within this material cannot be ignored.
2.8.2.2. Conductivity study

The dependence of electrical conductivity as a function of frequency for solid electrolytes can
generally be described by a frequency-independent component opc that represents the DC
conductivity and a frequency-dependent component. Indeed, in the low-frequency domain, the

conductivity (opc) remains constant, whereas in the high-frequency domain the conductivity
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increases with frequency according to the Jonscher power law which has the following expression

[43]:

' (w,T) = opc(T) + A(T)w*D Eq (12)

where opc is the DC conductivity, A (T) is the pre-exponential factor,  is the angular frequency,
and S (T) is a dimensionless exponent with value lies between 0 to 1 [44].

The frequency dependence of the real part of the conductivity ¢'T (®, T) at different temperatures
shown in Fig. 8 (b) are fitted using Eq (12). The values of the fitted parameters opc, A (T) and S
(T) deduced from the universal law of Jonscher are reported in Table 4. These data reveal that the
conductivity of the EBIMIA is particularly lower than that of similar iodate salts, which is about
10° S cm™ especially in the high temperature phases [5, 27]. The temperature dependence the
exponent S(T) displayed in Fig.9 (b), shows that S(T) decreases progressively from 0.978 to 0.582
as the temperature increases and changes the slope around 378K which corresponds to the
structural phase transition. Such behavior which corresponds to a proton hopping mechanism [40]
is similar to those reported in previous studied iodate salts [5, 6]. Indeed, the conduction of charge
carriers in this material can be interpreted using the CBH model (correlated barrier hopping). This
model suggests that the charge carriers jump over a potential barrier separating two sites of a
distance ‘R’ to move from one well to another, the height of the potential barrier is reduced by the
Coulomb attraction. According to this model the temperature variation of S (T) is described by the

following equation [45]:

6Kp.T

STy =1-= Eq(13)

where wwm represents the height of the potential barrier that should be overcome by the charges

located in the localized sites.

The bulk conduction 6, of the synthesized materials was calculated using the following expression:

e
O'p = E Eq (14)

where e and s represent the thickness and the surface of the electrode respectively, and R;, is the

bulk resistance of the material.
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The logarithmic variations of the bulk conduction 6, and of direct current opc as a function of the
inverse of the absolute temperature (1000 / T) for the EBIMIA compound are shown in Fig. 9 (a).
The variation of Ln op and Ln opc in the studied temperature range follows the Arrhenius Law
which has the following expression [45]:

Eq
o)

o XT =ayexp (— Eq(15)
where o,: pre-exponential factor, Ea: charge carrier activation energy, kg: the Boltzmann

constant, T: absolute temperature in K.

The activation energies E. and pre-exponential factors o, determined from these curves are
reported in Table 5. As one can see, both opc and o, increase with temperature increasing,
indicating a decrease of the resistance of EBIMIA at high temperature. A slope break is observed
around 378K, which confirms the phase transition already detected by the DSC analysis. The near
values of activation energies obtained from the conductivity and impedance measurements
affirmed that the electrical conductivity in the EBITIA might be due to the ion hopping mechanism
[46].

Conclusion

The interaction of the ethylénediammine with iodic acid in aqueous medium gives rise to a novel
iodate salt C2Hi1oN2(103)2.HIO3 denoted as EBIMIA, which is the fourth compound obtained
during the investigation of the EDA-HIO3-H20 system. Despite a number of apparent similarities
with previous studies, the present research confirms previous findings and contributes additional
exploration in order to better understand the structure and further study the physicochemical
properties of this kind of materials. For such purpose, a rapid X-ray powder diffraction (XRD)
analysis is undertaken for the phase identification. The comparison of the recorded powder pattern
to that of recently studied iodate salts proves the novelty of the present compound and the purity
of the synthesized material. Moreover, the Single crystal XRD analysis shows that EBIMIA
crystallizes in the monoclinic system having P2i/c symmetry. This crystal has a layered anionic
network of iodate anions and iodic acid molecules linked together via I-O...I halogens bonds. It
found that the iodine atoms kept their ordinary octahedral 106 and pentahedral 105 coordination,
however, the shortest I...O weak interaction was 2.346(3)A which is clearly smaller than those
observed for similar iodate salts [5]. Moreover, the EDA?" cation in the present compound exhibits

an eclipsed configuration and was linked to the anionic network via weak and strong N-H...O
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hydrogen bonds. In contrast to the previous studies, the eclipsed conformer, which does not
theoretically correspond to the most stable configuration of the organic cation EDA 2+, contributes
to the lowest energy of the molecular set in the EBIMIA crystal. This directly implies that N-H...O
hydrogen bridges and I...O interactions play a decisive role in the stability and the cohesion of
this compound as revealed by the Hirschfeld and Molecular electrostatic potential (MESP)
analysis. Besides, the computed molecular geometry, vibrational spectra and the optical band gap
of EBIMIA using DFT/B3PW91 method show a good agreement with the experiments.
Furthermore, the band structure and the density of state spectrum (DOS) are calculated using the
GGA/PBE DFT functional. The obtained results reinforce the facts evince by the frontier orbital
results which confirm that the HOMO and LUMO of this material have significant contribution of
electron density on the oxygen and iodine atoms of (IO3)” and HIO3 molecules, but the HOMO
orbital arises on EDA?" cation and resides over the nitrogen atoms with small contributions. Thus,
the excitation within the range of energy of about 4.5 eV causes the transfer of electrons. Finally,
DSC measurement showed that EBIMIA undergoes two structural phase transitions. However,
only the second transition occurred at 378K was confirmed by the complex impedance
spectroscopy (CIS) since the first transition lies out of the studied temperature domain.
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Fig. 3. Projection along a axis (a) and b axis (b) of the atomic arrangement in EBIMIA crystal,
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