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Abstract

The new hybrid material tetrapropylammonium hydrogen selenate bis (selenic acid),
N(C3H;)4[HSeO,][H2Se04], (hereafter abbreviated TPSe) has been synthesized by slow
evaporation technique at room temperature. Crystal structure, DTA-TGA measurements,
Raman, Infrared spectroscopy, nuclear magnetic resonance (NMR) electrical properties, and
optical properties were provided to characterize the TPSe. This crystal structure contains one
organic cation [N(CsH7)4]", one [HSeO,] tetrahedra, and two neutral selenic acids H,SeOs,.
The inorganic [HSeO,4]” and H,SeQ, species consist of infinite two-dimensional inter-linkers
via strong hydrogen bonds (O-H...0), giving birth to trimmers [(H,SeO4), HSeO4],"". The IR
and Raman spectra of the compound recorded at room temperature were studied in regard to
the literature data, and on the basis of theoretical group analysis. The theoretical calculations
using the density functional theory DFT at the B3LYP/6-31G(d) level, are made to study the
optimized molecular structure, the vibrational spectra, and the optical properties of TPSe
compound. Good agreements were found between the theoretical results and the experimental
Raman, IR spectra and the molecular structure. The polarizability «, the hyperpolarizability f,
and the electric dipole u calculated using DFT/B3LYP-31G(d) exhibit the non-zero
hyperpolarizability g of the TPSe, indicating that this material could be used in certain NLO
applications. The thermal DTA-TGA analyses did not show any phase transition in the 333-
500 K temperature domain. The complex impedance spectroscopy is measured and discussed
in the temperature (290-363K) and frequency (1kHz -13MHz) domains to study the electrical

propreties of the compound.

Keywords: Tetrapropylammonium, structural analysis, DFT calculations, NLO, impedance

spectroscopy, conduction mechanism.



1. Introduction

During the two past decades, great importance has been paid to the organic—inorganic
hybrid materials (10), which have been found to present important properties such as
electronic, nonlinear optical, magnetic, luminescence and ferroelectric [1-8]. While the needs
of NLO materials has been increased, and has attracted the attention of many researchers
because of their great applications in different fields like in optical communication,
optoelectronics, laser technology, optical data storage, photonics, and optical signal
processing [9-14]. These physical properties depend on the used inorganic acids with organic
compounds; therefore considerable efforts have been made to produce materials having a non-
centrosymmetric cell, strong non-linear optical coefficients, and large polarizability. In recent
literature of theoretical and experimental studies are appropriate to the organic, inorganic, and
organic-inorganic NLO materials. Due to the structure flexibility, the ability to form
multidirectional hydrogen interactions and the reports of macroscopic and microscopic
responses non-linearity property, tetra-alkylammonium cations of the general formula
(CaH2n+1)aN™, such as (CH3)sN*, (C2Hs)N', (C3H7)N', are one of important organic parts
which were selected to synthesis nonlinear materials. Recently, the specific geometry of these
cations can generate supramolecular networks in one (1D), two (2D) or three (3D)
dimensions. Besides, numerous stabilized compounds belonging to the [(R)sN]J(HXOy),
[(R)4N](HXO4)(H2XO4)2, [(R)aN] (H2XO4)(H3XO,), families (where R= CH3, C,Hs, C3Hy,
and X = Se, S, As, P) present interesting physical properties such as electrical conductivity,
vibrational spectroscopy, theoretical calculations, and non-linear optical properties [15-20].

The present work focuses on the synthesis and the study of a new organic-inorganic
N(C3H7)(HSeO4)(H2Se0,), compound. Then, the results of the structural study by X-ray
diffraction, vibrational spectroscopy, NLO response as well as DFT calculations, NMR

characterization, thermal analysis, and electrical properties, are discussed in this paper.



2. Experimental
2. 1. Synthesis
All chemicals and solvents were traded from Sigma-Aldrich; single crystals are

synthesized at room temperature (29°C) by slow evaporation method.

The reaction mixture obtained was prepared from an aqueous solution of selenic acid
H,SeO, (144.97 g/mol, 1.407 g/cm3, purity 99.95% SIGMA ALDRICH) and
tetrapropylammonium hydroxide (CsH;)4sNOH (203.37g /mol, 1.012 g/cm3, purity 100%
SIGMA ALDRICH) and mixed magnetically for 1 hour. After the agitation, the solution was
left to slowly evaporate at room temperature. Following a period of about fifteen days,
colorless transparent parallelepiped TPSe crystals were isolated from the solution. This
synthesis method was enough effective to have high-quality crystals of the material with a
good yield. As the crystals are hygroscopic, therefore the method of crystal growing was
carried out in the desiccator with the P,Os. The synthesis reaction scheme of TPSe is given in

the following equation:

(C3H7)sNOH + 3H,Se0, —> N(CsH7)4[HSeO4][H,Se04], + H,0
The density of the synthesized compound was measured at room temperature by
pycnometry by flotation in toluene. The mean value of the measured density, D, = 1.623, is in
good accordance with that obtained from the crystal-structure determination (see in Table 1).
2. 2. X-ray data collection
A suitable single crystal of the title compound with sizes of 0.28x0.17x0.10 mm® has
been carefully selected under an optical examination for structure determination. The data file
managed was using a Bruker Kappa CCD diffractometer with graphite-monochromated Mo
Ka radiation (A = 0.71073A) was used in order to study its structural analysis. The crystal
structure has been resolved by direct methods using SHELXS-97 [21], and has been refined
by full-matrix least square with SHELXL-97 [22]. The detailed crystallographic data and

structure refinement parameters are listed in Table 1. All the hydrogen positions were fixed
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geometrically, with (O-H = 0.82 A and C—H = 0.96-0.97A), the structure analysis has been
carried in the monoclinic symmetry, according to the auto-methods search for space group
available in the WINGX environment [23]. All figures were made using DIAMOND program
[24]. Crystallographic parameters for the structural analysis reported in this work are also
deposited in Cambridge Crystallographic Data Centre and can be freely accessed at
www.ccdc.cam.ac.uk (CCDC no. 1584929).

2. 3. Spectroscopic measurements

At room temperature, the vibrational measurements were carried out. The infrared
absorption (FT-IR) spectrum of TPSe was recorded in the range 4000-400 cm™, on a
PERKIN-ELMER FT-IR spectrometer. Samples were diluted with spectroscopic grade KBr
and pressed into a pellet, with a spectral resolution of 2 cm™. The Raman spectrum (FT-
Raman) of this compound was recorded using Horiba Jobin Yvon LabRAM HR 800 Dual
Spectrophotometer. The excitation line was the 630 nm from a Neon laser in the range 50-
4000 cm™. The laser beam was focused on the sample through a 50x LF objective microscope
and the incident power was limited to 5 mW to avoid sample heating degradation.

The NMR-magic-angle spinning (MAS) experiments have been done at room
temperature on a Bruker WB 300 MHz. Then, the powdered sample was wrapped in a 4 mm
diameter rotor and set to rotate at a speed up to 8 kHz in a Doty MAS probe head. The *C
spectrum was collected by a cross-polarization of the proton with 15.6 pus contact time.

The crystals TPSe are grinded and were pressed at room temperature under 200MPa
stress, giving into a cylindrical pellet of 10mm in diameter and 1.9mm in thickness. The
Measurements of the electrical transport properties of this compound were measured on this
pellet in the frequency range of 1 kHz to 13 MHz frequency using a Hewlett-Packard 4192
ALF automatic bridge monitored by an HP Vectra microcomputer. The measurements were

done over the temperature range of 290-373K.



2. 4. Computational details
The geometry and frequencies of TPSe were obtained from the density functional

(DFT/B3LYP) with the 31G(d) level basis set. Any, the calculations have gone to an
optimized geometry which, coincides to a true energy minimum disclosed by the absence of
imaginary values in the wavenumbers calculations. All these calculations were employed
using the Gaussian 03 program [25]. Vibration modes assignments have been expressed by
visual inspection of eigenvectors animated using the Molekel program [26] and as well by
comparison with the results of the similar compounds.
2. 5. Thermal analysis

Setaram thermoanalyser, TGA-DTA92 (Pt crucibles, Al,O3 as a reference) under air
flow (100ml/min), was used to make thermal analyses of the sample TPSe. The TGA-DTA
thermograms were made with 21.35 mg in a closed capsule from 333 K to 500 K for this
hygroscopic sample; with heating rate of 5 °C mn™.
3. Results and discussion
3. 1. Structural analysis

The novel compound TPSe belongs to the monoclinic space group la (Z=4) with the
lattice parameters: a = 7.3160(2) A, b = 31.7630(4) A, ¢ = 8.6890(2) A, B = 95.340(2)°. The
representation of the basic unit of the material (Figure 1a) is formed up of one protonated
cation [(CH3sCH,CH,);N]*, one [HSeO,] anion and two neutral selenic acids H,SeQy, all
placed in general positions, corresponding to the Wyckoff position (4a) of the la space group.
Figure 2 illustrates that the organic groups alternate with those of the inorganic groups along
the c axis. The geometry of the cation presents a broken cross configuration, and shows that is
formed by four aliphatic carbon chains parallel to the c direction and is located at at z = ¥4 and
z = %. Whereas the inorganic layer is built up by infinite chains of [(H,SeO,),HSeO,] ", anions

parallel to the [010] direction. The midplanes of these selenates groups, are located at z = ¥4



and z = %. Whereas the inorganic layer is built up by infinite sheets of trimmers
[(H2Se0,),HSeO,] as seen in Fig.3. These groups bonded together by strong interlayer O-
H...O hydrogen bonds and contribute to the cohesion of the structure. In the
tetraethylammonium selenate N(C,Hs)4[HSeO4][H2SeO4), (TESe) crystallized in the Cc
(Z=4) space group [a=19.705(1) A; b=7.5420(3) A; ¢=19.199(1) A, B=115°] [20], the
[HSeO4] and H,SeO4 forming [(H2Se0,),HSeO4] , layers tetrahedra planes, and alternating

with the "N(CHs),4 organic groups planes, have been found to be perpendicular to the a-axis.

In the tetraalkylammonium selenates, the negative charge of the anionic species is
generally contra balanced by the positive charge of the organic cation. In the TPSe compound,
the Se atom is four-fold coordinated by terminal oxygen atoms and forms two tetrahedral
[HSeO,] and [H,SeO,], forming a tetrahedral arrangement. Indeed, within the first selenate
tetranedron, the Se-O distances range from 1.559(1) A to 1.617(2)A. Such coordination
geometry is typical of selenate groups and was observed in the structures of N(CH3);HSeO,,
C12H12NHSeO4, C(NH,)3HSeO, , and N(C,Hs)4[HSeO4][H2SeOq], [20, 27- 29].

For the second tetrahedron, the Se-O distances range from 1.524(12) A to 1.656(11) A;
in the K(HSeO,)(H2SeO,) and Cs(HSeO.)(H.SeO,) compounds [30], the H,SeO, groups have
a similar coordination geometry. Moreover, the O-Se-O bond angles vary from 104.2(7) to
114.7(5) of [HSeO4]" and from 102.4(8) to 116.2(7) of H,SeO,4, which suggests a slight
distortion of [HSe(1)O4]; H2Se(2)O, and H,Se(3)O, tetrahedra. The deformation of the
square planar is probably resulting from hydrogen bond interactions. In the crystal structure,
the tetrahedra of [HSeO,4] and [H2.SeO4] show an extensive network made of strong hydrogen
bonding O-He++O, due to numerous acceptor and donor atoms, which give rise to trimmers,
made up of [(H.SeO,);HSeO4]" as seen in Figure 3. In the present TPSe compound, the
various hydrogen bond parameters vary from 2.29(2) A to 2.42(2) A for d(D...A), as

summarized in Table 2. While in the TESe compound studied recently [20], the same



parametrs are ranging from 2.480(16) to 2.480(16), which implies clearly that the hydrogen
bonding are more strong in the TPSe rather than in the TESe.

Within the organic cation, the C-C bond lengths values vary from 1.38(3) to 1.47(2) A,
the C-N distances vary from 1.43(2) to 1.45(2)A, and the C-C-C, N-C-C angles are between
102.5 (13)° and 121.4 (16)°. The obtained values do not show remarkable defects, since they
are in good agreement with the data of compounds having a linear chain [15-20].

To interpretate theoretically the structural and vibrational properties of the material, we
have used the density functional theory (DFT), which is a cost-effective general procedure for
interpreting. The optimized geometry of the title material model is displayed in Figure 1b.
The measured bond lengths and bond angles together with the calculated ones are enunciated
in Tables 3 and 4. After an attentive comparison, a good coherency between the bond lengths
calculated and experimental of the molecular structure is found.

3. 2. Vibrational studies of N(C3H7)s[HSeO4][H.SeO4].

The Infrared and Raman spectra of N(C3H;)4[HSeO4][H,SeO4], have been recorded at
room temperature (Figures 4 and 5). The assignement of the observed bands, arising from the
internal vibrations of organic cations, selenate species, and O—He++O hydrogen bonds, is
supported by developing the density functional theory DFT (B3LYP/6-31G(d)) frequencies
calculations of the TPSe compound. The obtained theoretical IR and Raman spectra are
associated and compared to experimental spectra (Figure 4, and 5). The different vibrational
modes have been realized by the visual inspection of animated modes by using the Molekel
program [26], and then compared with precedent experimental and theoretical results
mentioned in the literature for similar compounds [31-32]. Reliable correspondences between
experimental and calculated frequencies were made. The Table 5 contains the wavenumbers

and the purposed bands assignments. Furthermore, the theoretical group analysis is used to



predict the different species vibrational modes, which could be Raman and Infrared actives in
the TPSe crystal.
* [HSeO,4] " and H,SeQ, vibrational modes

The free [SeO,]* anion considered in T4 symmetry posses 9 internal vibrational modes
described as: A; (Ra) + E (Ra) + 2F, (Ra, IR), which correspond to two stretching modes
v1(A1: vs Se-0), va(F2: vas Se-0), and two bending modes v,(E: 65 O-Se-0), v4(F2: 855 O-Se-0).

The free [H2SeO4] and [HSeO4]” groups are considered in C,, and Cs, symmetry,
respectively. Inside the crystal, these species are too situated in the general sites of symmetry
(Cy). Of the 15 internal modes (6A; + 4 By + 2A; + 3 B,) of [H2SeO,4] described in its
symmetry Cay, nine are due to the vibrational modes (A; + E + 2F,) of the free [SeO4]*
considered in T4 symmetry, and 6 vibrations (4 A; + 2 B;) coresponding to OH vibrations of
H.SeO4 in C,, symmetry. The site symmetry correlation leads to 9 (A) modes due to the
[Se0,]* anion, and six (A) modes of OH groups of [H,SeO,] (Table 6).

In the same way, among the 12 internal modes (4A; + 2A, + 3E) of the [HSeO,4] taken
in its Ca, symmetry, nine are associated with the vibrational modes (3A; + 3E) of the [SeO,]*
of T4 symmetry, and three (A1 + 2A;) with OH vibrations of [HSeO,] in Cgy symmetry. The
site symmetry approach (Table 7) leads to nine (A) modes of the [HSeO4]" and three
vibrations (A) associated to the OH group of [HSeO,] .

In fact the representation of the [(H,SeO,4),HSeO,] vibrational modes illustrated in the
Table 8 predicts 27 (A) vibrational modes coming from SeO,* groups (5A; + 5E + 4F,), and
15 (A) modes originated by OH groups of H,SeO, and [HSeO,4]". All these modes should be
active as well as in Raman and Infrared spectra.

It is to note that the free selenate ion SeO,* of Ty symmetry leads to four fundamentals
normal modes: vi (A;) = 837 cm™ and v, (E) = 345 cm™ actives in Raman, and vs (F2) = 873

cm™ and v4 (F,) = 413 cm™, too Raman and Infrared actives [15]. In the selenate stretching



modes region, the asymmetric stretching mode of the selenate anion vz [vas (Se-O)], is
observed of one strong band in the Raman spectrum at 918 cm™ and a weak band in the IR
spectrum at 845 cm™, and a weak band in the IR spectrum at 845 cm™, which is assigned to
the symmetric stretching mode v, [vs (Se-O)] of this anion. It is worthy to note that no bands
are observed in the Raman spectrum of the title compound in the frequency range of the
symmetric vibrational modes v; (A1), actives theoretically in Raman as well as in H,SeO,
(Coy), [HSeO4] (Csy) and [SeO4]* (Tq). The internal vibrational modes of “isolated selenate”
are considerably differents from those of the hydrogen selenate species. The most
characteristic is the medium band appeared at around 765 cm™ due to the stretching v(Se—OH)
of the longest Se-OH bonds in the [HSeO4]” and H,SeQ, species, which is considered as a
component of the v3 [vas (Se-O)] [33].

In the bending modes region, the band of medium intensity observed in the Raman
spectrum at 420 cm™ and the two weak bands observed in the Infrared spectrum at 425 at 470
cm™ can be assigned to the asymmetric bending modes vy [8as (O-Se-O)]. The observation of
two Infrared components in this region may be due to the splitting of the degenerate modes
v4(F2) under the site symmetry effect. This observation is an indication that the selenate
species [HSeO,]” and H,SeQ, are distorted in the compound. The symmetric mode v; [3s (O-
Se-0)] is observed with a weak band in the Raman spectrum at 275 cm™even if it is shifted
from the known region (320-340 cm™) mentioned in the litterature for the v, (E) selenate
vibrations [33, 15]. The weak band observed in the Infrared spectrum at 1000 may be due to
the “out-of-plane bending” SeOH, i.e. y(OH) modes coming from the [H,SeO,4] and [HSeO,]
species. While the “in-plane bending” 6(OH) vibrational modes of these species are observed
as strong Infrared bands at 1600 and 1645 cm™, and as a weak Raman band at 1600 cm™. The
0(OH) modes may be either the origin of the medium Infrared band appeared at 1300 cm™,

and the Raman one observed at 1299 cm™ in Raman.
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In the Raman spectrum of the title compound, the strong band appeared as a doublet
around 100 cm™ is undoubtedly due to the external vibrational modes (lattice modes),
especially to the rotational modes. The strong intensity of this band suggests the important
rotational motions in the title compound, and this could affected the neighbouring internal
vibrational modes v, [6s (O-Se-O)] of [(H,SeO,4),HSeO,4]" anions, which are not observed in
its known region (320-350 cm™).

* Vibrational modes of [(CH3CH,CH>);N]" cations

The free tetrapropylammonium is considered to be of S; symmetry. So, the internal
vibrational modes of this cation are determined as: 29 A (Ra) + 30 B (Ra, IR) + 29 E (IR,
Ra). In the structure of the title compound [space group la (Z=4)], the tetrapropylammonium
cations are observed in positions generals corresponding to the sites of symmetry C;. The
change in symmetry from S, to C; gives for each cation 117 A vibrational modes in the site
group (Table 9). Each of these vibrations should split into two components in the group factor
Con, giving 117 A+ 117 A’’modes, all Raman and infrared actives.

The internal vibrational modes of the tetrapropylammonium cations are assigned by
comparison with like compounds [34-41]. As predicted by the theoretical group analysis, all
the cationic modes are active as well as in Raman and Infrared spectra.

In the C-H spectral region (2800-3100 cm™), the IR and Raman spectra present weak
and broad bands. Indeed, in the IR spectrum, the weak Infrared band appeared at (2995 cm™ is
assigned to the asymmetric stretching modes vas(CH2) and v,(CH3); the band observed at
2925 cm? is due to the symmetric stretching modes v,5(CH) and v,(CH3). In the Raman
spectrum, the asymmetric modes of these groups appear as a weak band at 3072 cm™, 2956
cm™ in the Raman spectrum, while the symmetric modes vs(CH,) and vs(CH3) give rise to
medium and broad band at 2900 cm™. At low frequencies (2700-1700 cm™), the Raman

spectrum presents several bands of different intensities (Table 5). Excepted for the strong
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band observed at 2435 cm™, the medium band at 2650 cm™, and the weak bands at 2290 cm™,
which could be due to the v (O-H----O) corresponding to the hydrogen bonding effect in the
compound [33]; the remaining bands, generally of weak intensities can be originated from
the non-fundamental modes.

In the 1630-400 cm™ spectral region, the band of medium intensity observed in the
Infrared spectrum at 1488 cm™ is assigned to the asymmetric deformation modes 8,5(CH3) and
das(CHy), which did not appear in the Raman spectrum. The medium Infrared band observed
at 1400 cm™, and the weak Raman band appeared at 1393 are due to the symmetric
deformation modes 8s(CH3) and 8s(CH>). The twisting modes t(CH;) give rise one weak band
at 1297 cm™ in the Raman spectrum and two bands (1324, 1300 cm™) in the Infrared
spectrum, and the rocking pr (CH3) vibration modes are observed as two medium bands, at
1200 cm™ in the Raman spectrum, and at 1195 cm™ in the infrared spectrum. The skeletal
stretching modes [v(C-N), v(C-C)] and the bending skeletal ones [6(N-C-C)/ 8(C-C-C)] are
observed in the Infrared and Raman spectra of this compound over the spectral range (1130 -
400 cm™) as illustrated in the Table 5. To note that below 1000 cm™, are observed the internal
modes of the [HSeO,4] and H,SeO, species, which certainly made the bands assignement in
this region more difficult.

* Hydrogen bonding vibrations (3100-3850 cm™)

In this region of the IR and Raman spectra of TPSe compound, appeared several bands
of weak to medium intensities, as given in the table 5. The assignement of such bands seems
to be difficult, since two types of OH vibrational modes are involved in this region: the
v(OH...O) modes due to the hydrogen bonding in the crystal, and the stretching modes v(OH)
of the selenate [HSeO,4] and H,SeQ, species, which are not implied in the hydrogen bonding.
Hence, the medium bands located at 3540 cm™ in the infrared spectrum, and at (3825, 3530

cm™) in the Raman spectrum may be due to the stretching modes v(OH), which are rarely
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observed in the litterature above 3700 cm™. The criterion for a free OH is a narrow band with
a significant intensity and a weak dependence on the medium. The harmonic modes may be
seen in this region, but especially if strong vibrational bands are observed at around 1400 cm’
! which is not stated in the TPSe compound, characterized by weak bands near 1400 cm™;
this favourites the assumption assigning the observed band at 3800 cm™ to the stretching O-H
of selenate species. To note that the explanation provided here needs to be investigated
carefully by studying the deuteration effect on the OH stretching modes.

The calculated DFT frequency of the v(OH) is 3540 cm™, in good agreement with the
observed IR band. The remaining bands, generally observed in the Infrared spectrum (3430,
3375, 3335, 3200, 3140 cm™), could be assigned to the modes originated by the hydrogen
bonding (OH...0), which have been found structurally very strong (2.29(2) A - 2.42(2) A).
For these modes, the DFT calculation gives strong and well structured bands at frequencies
(3365, 3350, 3218, 3100 cm™). At last, it is to note that the distinction between the two types
of vibrational modes observed in this spectral region is difficult, and the assignement made
here is not considered as rigorously definitive and complete.

3. 3. NMR spectroscopy

The Figure 6 represents the solid-statel3C MAS-NMR spectrum of the
tetrapropylammonium hydrogen selenate bis (selenic acid). The first peak P1 exhibits a signal
located at 8.31 ppm is assigned to the CH3 groups. Signal P2, which appeared at around 55.47
ppm is due to the CH, carbon groups. Finally, signal P3 situated 58.51ppm is attributed to the
CH, groups. The presence of these peaks suggest the presence of three types of carbon in the
structure and also these results are compared to some works which contain these different

groups CH3 and CH, [42-43].
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3. 4. Hyperpolarizability calculations
The DFT/B3LYP/6-31G(d) was used to calculate the total dipole moment p, the linear
polarizability o and the first hyperpolarizability p. The magnitude of piot, Ot and it Can be

calculated using the following equations: [44].

-
Ftut=ﬂq||[-{§. +ul+ pg
oy + EJ.‘!}_}. + oz
3

Ttot —

T . - -
Jgror = -\Ill JBxxx + ngyy + ngzz)‘ + [:JB}'}'}' + JB_}'zz + ﬁ}'xx)‘ + [ﬁzzz + ngxx + ngyy)‘

The calculated values of the hyperpolarizabilities and the polarizabilities from
Gaussian-03 output get been changed from atomic units (a.u.) into electrostatic units (esu).

[a: 1 a.u. = 0.1482x10-24esu; B: 1 a.u. = 8.6393x10-33esu]. The electronic dipole moment,
the polarizabilities aij and the first hyperpolarizabilities By are listed in Table 10. As shown
in this table, the highest value of dipole moment is observed for u, component, which is equal
to 12.8146D; while for the x and y directions, the obtained values are equal to 0.1703D and -
2.2407D, respectively. The calculated total dipole moment is equal to 13.01D. The calculated
polarizability oue, is equal 32.99x102* esu. The first hyperpolarizability B of the material
has for value 31.05x107* eus, which is about 4.5 times more than that of the reference crystal
KDP (Bkop = 6.85%x10°" eus). The large B value calculated by the DFT/B3LYP/6-31G(d)
shows that the synthesized hybrid compound is a good material for NLO applications.

3. 5.Thermal analyses (DTA and TGA)

The thermal behavior of the compound was studied by simultaneous TGA-DTA curves
(Figure 7). This type of compound is characterized at the room temperature by its high
hygroscopicity [18, 43]. This compound is stable until 368 K; above this temperature, a loss
of weight appears. This is owing to the departure of adsorbed water. The endothermic peak

observed at T= 440 K is attributed to the melting of the crystal.
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3. 6. Electrical properties
To identify the electrical representation of hybrid materials we use some complex electrical
parameters such as complex impedance Z* and electrical modulus M*. They are related
between them in the following way:

Z*=7-jz";

M* =M’ + jM"

The Figure 8 presents the complex impedance spectra measurements (Z*=Z'- iZ") in the
290-373 K temperature range of N(C3Hs)4[HSeO4][H.Se0,].. When the semicircles move to a
lower value of resistance and the centers of these semicircles are on a line below the real axis
this is observed when the temperature increases. So the complex impedance spectrum shows
that compound follows the Cole-Cole law [45]. The value of a parameter value characterizing
the deviation from the Debye law is of the order of 0.103 [46]. We notice that when the
temperature increases the resistances gradually decrease. Whereas, the figure 9 be expressed
for several temperatures the variation of the imaginary Z" part of the impedance versus
frequency Z" = f (log f). The curve displays that the relaxation frequency moves toward high
frequency and its intensity reduce when the temperature increases. So this phenomenon shows
that the proton became more mobile at high temperature and it proposes that two dispersal
mechanisms should be involved [47].

In the range 290-373K, the temperature dependence of the conductivity (In(cT) versus
1000/T) is given in figure 10. The conductivity of the material was considered from the
complex impedance plots at selected temperatures; the plot is explained by Arrhenius type
behavior 6T = oy exp(-AE-/kT) where oy is the pre-exponential factor, AE, is the activation
energy for ion migration and k is Boltzmann's constant and T is the absolute temperature. The

value of the activation energy AE; is about 0.40 eV according to the Arrhenius law.
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The variation of the bulk relaxation frequency with log(fp) according to the opposite of
the temperature (1000/T) shows in figure 11. An Arrhenius-type law (cT=cpexp (—Ed/KypT) is
shown where both lines of conductivity log(ot) and modulus peak maxima log(fp) observed
in the studied temperature are quasi parallel. Then the activation energies issued from log(oT)
and log(fy) spectra are very close, (AE4(LT) = 0.40 eV; Ag(LT) = 0.38 eV). While the
comparison the activation energies values of the compound studied by other similar
compounds it is clear to propose that the conductivity is affirmed by the H™ ion and its
transport in the material is possibly owing to a hopping mechanism [48]. The formalism of the
complex modulus M*= 1/e*= joCoZ* was followed in order to optimize the concentration of
charge carriers and their frequency hopping and to determine the relaxation times of the
conductivity. The curves representing the variation of the imaginary part of the modulus M*
normalized by log (f) for different temperatures are reported in figure 12. They appear as
asymmetric relaxation peak which the maxima moving towards high frequencies by
increasing the temperature. This reflects the increase of disorder from the low temperature
phase to the high temperature phase. The area on the left represents the movement to the long
distance of the charge carriers, mainly H*. Close to the relaxation frequency is the area of
transition from a long distance movement to a short movement. The real and imaginary parts
(M" and M") are deducted by the relation: M'= ©CoZ" and M"=wCoZ' with Cy=g,S/e; &o:
permittivity of vacuum (10'Fm™), S the area and e the thickness of the pellet. The real part
of Modulus M" versus log (f) for some temperatures is represented in figure 13 which
recognizes the curve M '= 1/g, as asymptote at high frequencies. We can conclude from figure
12 and figure 13 that this behavior confirms the absence of an appreciable electrode

polarization in the temperature ranges [47].

4. Concluding remarks
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In this study, the synthesis, molecular structure, vibrational study (IR and Raman),
optical properties, thermal investigation, NMR of *C, and electrical properties of the new
N(C3H5;)4[HSeO,][H,SeO4], were described.

The TPSe crystals were successfully obtained by the slow addition of selenic acid
H,SeO, to a solution of tetrapropylammonium hydroxide (C3H;);NOH at room temperature
by the slow evaporation.

The title material crystallizes in the monoclinic system with the noncentrosymmetric
space group la of the. The inorganic [HSeO,4]” and H,SeQ, species consist of infinite two-
dimensional inter-linkers via strong hydrogen bonds (O-H...O)

The structural data and the vibrational spectra were calculated by DFT/B3LYP-31G(d)
level of theory to support the experimental results discussion. The infrared and Raman studies
show the presence of organic and inorganic groups, with good consistency found between the
experimental and theoretical IR and Raman spectra.

The polarizability a, the hyperpolarizability B, and the electric dipole p values were
calculated using DFT/B3LYP-31G(d), showing that the TPSe materiel is a good NLO
material, and can be improve located for optical applications.

The NMR of **C spectra declares the solid-state structure resolved by X-ray diffraction.

The electrical measurements of the reported material were studied versus temperature
(290 to 363K) and frequency (1 kHz to 100 kHz). The Cole-Cole plots of impedance complex
measurements have been performed and analyzed. The ionic transport in the title material is
owing to the two movements types: translational hopping of charge carrier and rotational
hopping of the (H,Se0,), and HSeO, anion, and the H* via the O-H...O hydrogen bonds.

The result of the thermal study studied by TDA and TGA techniques did not present
any phase transition.
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Figures

o]

Figure 1: (a) Asymmetric unit (b) BALYP /6-31G(d) optimized geometry of
N(C3H7)4[HSeO4][H2Se04].
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Figure 2: Projection along the b axis of the atomic arrangement of the
N(C3H7)4[HSeO4][H2Se04], compound.
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Figure 3: Projection of [HSeO,][H,SeO4]. structure along the crystallographic B axis.
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Figure 4: Superposition of (black) the experimental and (red) the DFT computed IR spectra
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Figure 8: Complex impedance diagrams -Z"(€2) versus Z'(Q2) of N(C3H7)4[HSeO4][H2SeQ4],
Over the temperature range 290-363 K.
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Table 1: Crystal data and structure refinement of the N(CsH7)4[HSeO4][H2SeO4], compound.

Formula
Color/Shape

Mr (g mol™)
Crystal system
Space group
Density

Crystal size (mm)
Unit-cell volume (A°®)
Temperature (K)
Diffractometer

a, b, c(A)

a B,y (°)

z

Radiation type

0 range for data collection (°)

Reflections measured
Range of hk,I

Reflections with Fo>46(Fo) °

GOF

R= 2 JFd -[Fe] 7 2]

Rw
Tmin
Tmax

Computer programs

(C3H7)sN[HSeO,][H2Se04],
Colorless/ Parallelepipedic
623.3

Monoclinic

la

1.643

0.28 x 0.17 x 0.10
2010.37(8)

293(2)

Kappa CCD

7.316(2), 31.763(4), 8.689(2)
90, 95.34(2), 90

4

Mo K,

21<0<27.1

2832

-3/10, -7/42, -11/11

1786

0.952

0.0676

0.1660
0.3055
0.6067
SHELXS — 97(Sheldrick , 1990)
SHELXL — 97(Sheldrick , 1997)
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Table 2: Comparison between the optimized geometrical parameters and the corresponding
experimental data of organic part [CH3CH,CH,]4N

Parameters Observed Calculated
B3LYP/6-31G(d)

Bond length (A)

N- C1 1.43(2) 1.46
N-C2 1.44(2) 1.42
N -C4 1.45(2) 1.43
N -C3 1.45(2) 1.46
C1-C7 1.38(3) 1.40
C2-C8 1.47(2) 1.50
C3-C5 1.43(2) 1.42
C4-C6 1.45(3) 1.43
C5-C12 1.39(3) 1.41
C6-C11 1.41(3) 1.42
C7- C9 1.45(3) 1.47
C8-C10 1.42(3) 1.44
C1-N-C2 114.4(13) 113.8
C1-N -C3 102.5(13) 1035
C1-N-C4 112.8(15) 111.9
C2-N-C3 111.9(13) 111.7
C2-N -C4 105.0(12) 104.4
C4-N -C3 110.4(12) 109.0
N -C2 -C8 111.6(14) 1125
N- C4 -C6 119.2(14) 118.0
C5- C3-N 110.5(15) 1115
C7-C1-N 121.4(16) 119.6
C1- C7-C9 114(2) 113.7
C10-C8- C2 105.8(17) 105.0
C11- C6- C4 114.1(17) 113.2
C12- C5- C3 109.4(15) 109.8
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Table 3: Comparison between the optimized geometrical parameters and the corresponding
experimental data of inorganic part (HSeO,4)(H2SeO4),

Parameters Observed Calculated
Bond length (A) B3LYP/6-31G(d)
Sel-01 1.604(12) 1.601
Sel-02 1.615(13) 1.611
Se1-03 1.559(12) 1.562
Sel- 04 1.617(13) 1.615
O1- Sel- 02 114.7(5) 113.2
O1- Sel- O3 106.3(7) 107.9
02- Sel -03 112.5(7) 111.7
O1- Sel-O4 111.6(7) 110.8
02 - Sel -O4 107.1(6) 106.2
03 - Sel- 04 104.2(7) 105.7
Se2 -05 1.525(12) 1.526
Se2 -06 1.649(14) 1.647
Se2- O7 1.556(11) 1.558
Se2- 08 1.598(15) 1.600
08- Se2- 06 115.5(7) 114.9
08- Se2 -07 110.0(8) 109.2
06- Se2- 07 108.7(7) 107.4
08 - Se2 -05 104.4(10) 104.2
06- Se2- 05 106.1(9) 106.1
O7- Se2- 05 112.1(6) 112.4
Se3- 09 1.650(11) 1.661
Se3- 010 1.602(14) 1.603
Se3- 011 1.523(12) 1.525
Se3- 012 1.647(12) 1.644
0O11- Se3- 012 116.2(7) 116.6
0O11- Se3- 010 108.8(7) 108.4
012- Se3-010 102.4(8) 101.9
O11- Se3-09 105.4(6) 105.1
012- Se3- 09 112.1(6) 111.1
010- Se3- 09 112.1(7) 111.8
Sel-Se2 4.006(2) 4.021
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Sel-Se3 7.538(4) 7.556

Se2-Se3 4.507(6) 4521
Se1-N 7.36652) 7.371
Se2-N 6.422(2) 6.427
Se3-N 9.341(3) 9.350

Table 4: Bond lengths (A) and bond angles (°) in the hydrogen bonding scheme of the
N(C3H5;)4[HSeO4][H2SeO4], compound.

D-H...A dD-H) (A) dH...A)(A) d(D...A) (A) ZD-H...A (°)
0(6)-H(6)...0(2) 0.82 1.62 2,40(2) 158.9
0(8)-H(8)...0(1) 082 1.69 2.35(2) 136.0
0(9)- H(9)...0(7) 0.82 1.52 2.29(2) 156.0
0(12)-H(12)...0(7)’ 0.82 1.61 2.42(2) 171.2

Symmetry codes : (i) 1/2+X,-y, z
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Table 5: Observed and calculated frequencies (cm™) of the N(CsH;)a[HSeO4][H-SeOu],

compound.
Observed Calculated B3LYP/6-31G*

FT-IR Raman FT-IR Raman Assignment

3825 m 3830 v (OH)

3600 w v (OH)

3540 m 3530 m 3540 3525 v (OH)

3430 m v (OH...0)
3375sh 3365 v (OH...0)

3335 m 3350 v (OH...0)

3200 w 3230s 3218 v (OH...0)/ v (OH)
3140 w, b 3100 v (OH...0)

3070 w vas(CH3) / vas(CHp)
2995 w vas(CH3) / vas(CH5)
2925w | 2900 m, b 2950 vs(CH,) / vs(CHs3)

2650 m 2690
2365 vw 2435 s 2400 v (OH----0)
2290 w
2000w | - 2010
1960 vw ig%g zx iggg No-fundamental modes
1735w | - 1745

1645 s 1668

1600s | 1600 vw & (OH)

1488 m 1466 8as(CH3) / 8a5(CHy)
1400 m 1393 vw 1407 1385 8s (CH3) / 85 (CHy)
1325 m 1332 t (CH,)

1300 m 1299 w 1280 t (CH,) / & (OH)
1195 m 1200 m 1225 1195 pr (CHs)

1127 w 1136 Vas (C-N) / vas (C-C) / p; (CH3)
1000 w 1010 v(OH)

920 s 910 v3 [Vas (Se-0)]

845 vw 840 v1 [vs (Se-0)]

765 m 760 v (Se~OH) / v5 (C-N) / v5 C-C)
700 m, b 705 w 710 700 Vs (C-N) / vs C-C)
650 vw 675w 630 665 vs (C-N) / v5 C-C)

595 w 605 das (N-C-C) / 84 (C-C-C)

475w 500 V4 [84as (O-Se-0)]

425 w 420 m 425 430 V4 [8as (O-Se-0)]

275w vy [8s (O-Se-0)]

100 s lattice modes

s: strong, m: medium, w: weak, vw, vey weak, b: broad, sh: shoulder, as: asymmetric; s:

symmetric
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Table 6: Diagram correlation (Cy,--- C1 --- Cs): Internal vibration modes of H,SeO,4 group

Molecular Group C,y, Site Group C, Factor Group C;
6 A1 (Ra, IR) 15 (IR R
4B, (Ra, IR) (IR, Ra)

15 A (IR, Ra)
2 A, (Ra) 15 A”’(IR, Ra)
3B, (Ra, IR)

Table 7: Diagram correlation (Cg,--- C1 --- Cs): Internal vibration modes of [HSeO4]” group

Molecular Group Cay Site Group C4 Factor Group Cs
4 A; (Ra, IR)
12A°(IR, Ra)
2 A; (Ra) 12 A (IR, Ra) <
3E(Ra, IR) % 12 A”°(IR, Ra)

Table 8: Illustration of the vibrational modes of [(H,SeO,),HSeO,]  in the crystal.

Species SeO,” modes OH modes
(Tq) (Cy) (C1)

2 x (H2Se0,) 2x (A1 +E+2F) 2x(9A) 2 x (6A)
[HSeO,] (3A1 + 3E) 9A 3A
[(H2SeO4),HSeO,] (5A1 + 5E + 4F,) 27 A 15 A

Table 9: Diagram correlation (S4--- C1 --- Cs): Internal vibration modes of
Tetrapropylammonium group

Molecular Group Sy Site Group C; Factor Group Cs

29 A (Ra)

117 A’(IR, Ra)
30 B(Ra, IR) 117 A (Ra, IR) <
29E (Ra, IR 117 A”(IR, Ra)
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Table 10: The electric dipole moment py (D), the polarizability o (x1072* ues) and the first
hyperpolarizability B (x10°' ues) of N(CsH7)iHSeO4][H,SeOs], computed using
DFT//B3LYP/6-31G(d).

UX 0.1703 Bxxx -24.93
Hy -2.2407 Byyy 8.71
uz 12.8146 Bzzz 7.63
1} 13.0101 Bxyy 14.83
axXX 25.58 Bxxy -10.88
ayy 34.6 Bxxz 19.73
azz 38.81 Bxzz 0.25
axy 29 Byzz 2.05
oxz 0.68 Byyz 2.09
ayz 0.45 Bxyz 2.43
atot 32.99 Btot 31.05

38



Figures captions

Figure 1: (a) Asymmetric unit (b) B3LYP /6-31G(d) optimized geometry  of
N(CsH7)4[HSeO4][H2S€04]o.

Figure 2: Projection along the c¢ axis of the atomic arrangement of the
N(C3H5;)4[HSeO4][H2SeO4], compound.

Figure 3: Projection of [HSeO4][H.Se0,], structure along the crystallographic a axis.

Figure 4: Superposition of (black) the experimental and (red) the DFT computed IR spectra
of N(C3H7)a[HSeO4][H2Se04], in the region 400-4000 cm™.

Figure 5: Superposition of (black) the experimental and (red) the DFT computed Raman
spectra of N(C3H7)4[HSeO4][H2Se0.], in the region 50-4000 cm™.

Figure 6: *C CP-MAS-NMR spectrum of N(CsH;)s[HSeO.][H,SeO4]..

Figure7: Superposition of TGA (pink) and DTA (blue) thermograms of
N(CsH7)4[HSeO4][H2Se04],

Figure 8: Complex impedance diagrams -Z"(Q2) versus Z'(Q2) of N(C3H7)4[HSeO4][H.Se0.]2
Over the temperature range 290-363 K.

Figure 9: Frequency evolution of the imaginary part of Z for N(C3H7)4[HSeO4][H2SeO4],
Over the temperature range 290-363 K.

Figure 10: Conductivity plots logio(cT)= f (10%T ) of the N(CsH)s[HSeOs][H.SeOu],
compound.

Figure 11: Temperature dependence of log(cT) and log(fp) of the
N(C3H5;)4[HSeO4][H2SeO4], compound.

Figure 12: A plot of normalized modulus (M”/M”max) versus log(f) for
N(C3H5;)4[HSeO,][H2SeO4],Over the temperature range 290 -363 K.

Figure 13: A plot of logM’ wversus log(f) at various temperature of the

N(C3H5;)4[HSeO4][H2SeO4], compound.
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Table captions

Table 1: Crystal data and structure refinement of the N(CsH7)4[HSeO4][H2SeO4], compound.
Table 2: Comparison between the optimized geometrical parameters and the corresponding
experimental data of organic part [CH3CH2CH,]4N.

Table 3: Comparison between the optimized geometrical parameters and the corresponding
experimental data of inorganic part (HSeO,4)(H2Se0,),

Table 4: Bond lengths (A) and bond angles (°) in the hydrogen bonding scheme of the
N(C3H5;)4[HSeO,4][H2SeO4], compound.

Table 5: Observed and calculated wavenumbers (cm™) of the N(C3H7)a[HSeO4][H2SeO.],

compound.

Table 6: Diagram correlation (Cy,--- C1 --- Cy): Internal vibration modes of H,SeO, group
Table 7: Diagram correlation (Cg,--- C1 --- Cs): Internal vibration modes of [HSeO4]™ group

Table 8: Illustration of the vibrational modes of [(H,SeQ,4),HSeO,] in the crystal

Table 9: Diagram correlation  (S4---C1---C):  Internal  vibration modes of

Tetrapropylammonium group

Table 10: The electric dipole moment p (D), the polarizability o (x1072* ues) and the first

hyperpolarizability B (x103' ues) of N(CsH;)s[HSeO4][H2SeOs]o,computed  using

DFT//B3LYP/6-31G(d).
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