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Abstract: Synthesis and characterization of anhydrous LiZn(IOs)s powders prepared from an
aqueous solution are reported. Morphological and compositional analyses were carried out by
scanning electron microscopy and energy dispersive X-ray measurements. The synthesized
powders exhibit a needle-like morphology after annealing at 400°C. A crystal structure for the
synthesized compound has been proposed from powder X-ray diffraction and density-functional
theory calculations. Rietveld refinements led to a monoclinic structure, which can be described
with space group P21, number 4, and unit-cell parameters a = 21.874(9) A, b=5171(2) A, c=5.433(2)
A, and B = 120.93(4). Density-functional theory calculations supported the same crystal structure.
Infrared spectra were also collected and the vibrations associated to the different modes discussed.
The non-centrosymmetric space group determined for this new polymorph of LiZn(IOs)s, the
characteristics of its infrared absorption spectrum, and the observed second harmonic generation
suggest a promising infrared non-linear optical material.
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1. Introduction

Metal iodates form a series of compounds potentially useful as dielectric materials and in
non-linear optics [1-4]. They can also be employed for other applications like desalination and water
treatment [5]. Among them, alkali-metal iodates [6], a-HIOs [7] and ammonium iodate [8] have
attracted large attention not only because of their non-linear optical properties, but also due to their
piezoelectric and pyroelectric response. For instance, lithium iodate (LilOs) has been widely used as
a piezoelectric, acousto-optic, and second harmonic generation (SHG) material [9]. However, LilOs
crystals occasionally have OH inclusions, which reduce their transparency in the infrared (IR)
region, affecting their performance [10] and their properties are known to strongly depend on the
growth conditions [11]. Transition metal iodates, free of OH inclusions, e.g. Zn(IOs)2, have thus been
developed as alternative materials with high SHG efficiency [12]. It is generally accepted that the
important electro- and nonlinear optical properties of metal iodates originate from the lone electron
pair of iodine in the IOs iodate anion [13]. A lot of efforts have thus been dedicated to the synthesis
of compounds containing this anion [14-19]. Iodates which combine two types of cations also
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constitute a particular interesting group and for instance, attention has been devoted to the synthesis
of double iodates like LiFe13(IOs)2 [20], which exhibit higher nonlinear coefficients than LilOs and
transition metal iodates [21]. Among the double iodates, another material of special significance is
LiZn(IOs)s, prepared in the past by solid-state sintering [22], and reported to be an excellent ionic
conductor and to have a remarkable SHG. An orthorhombic structure was then proposed but the
space group and atomic positions were not determined [22]. We report here a facile, cheap, and
environmentally friendly synthesis route for anhydrous LiZn(IOs)s. A possible crystal structure is
proposed based upon powder X-ray diffraction (XRD) experiments and Rietveld refinements. The
structural determination is also supported by density-functional theory (DFT) calculations. Details
of the morphology and IR spectral properties of the compound are also presented.

2. Materials and Methods
2.1 Sample preparation

The compound was synthesized from an aqueous solution of LilOs (Sigma - Aldrich 99%) and
ZnCl2 (Riedel - de Haén 98%). Lithium iodate was first dissolved into 65% concentrated nitric acid
obtained from Merck (4 mmol of LilOsin 10 ml of 16N nitric acid) and then added to an anhydrous
zinc chloride solution (1 mmol in 10 ml of 16N nitric acid). After being stirred thoroughly, the
reaction mixture was slowly evaporated and maintained at 55 °C for four days leading to the
formation of an amorphous white precipitate. After filtration and washing with de-ionized water the
product was finally heat-treated at 400 °C for two hours in a tubular furnace.

2.2 Sample characterization

The synthesized samples were analyzed under scanning electron microscopy (SEM), powder
X-ray diffraction (XRD), and Fourier transform infrared spectroscopy (FTIR). Phase purity and
crystal structure of LiZn(IOs)s crystals were evaluated by XRD from an Philips-Xpert pro
diffractometer using Cu Kai (A = 1.54056 A) and Kz (A = 1.54443 A) radiation (Koo/Kazratio = 0.5),
with a step size of 20 = 0.02° and sweeping with a 0.2% per minute velocity. The structural analysis
was carried out using Powdercell [23]. For the structural refinement, the background was fitted with
a six-order polynomial function and the peak profiles were modelled using a pseudo-Voigt function
[24], using the Caglioti formula [25] for the angular dependence of the full-width at half-maximum
of Bragg peaks. On the other hand, the refinement did not include the isotropic displacement factors
which were assumed to be 1.0 A2, a typical value for lithium oxides and iodates [26-28], but adjusted
an overall displacement factor [29]. Homogeneity and chemical composition of the samples were
first assessed by SEM (VEGA\TESCAN) with a Peltier cooled XFlash™ silicon drift detector (model
410 M) for energy dispersive X-ray (EDX) analysis. Secondary electron images were recorded using
20 keV primary electrons. FTIR spectra (Jasco FT/IR-4200 instrument) were acquired after dispersing
the LiZn(IOs)s powder on a KBr carrier and a strong naked-eye SHG signal was observed from a
collimated pulsed 1064 nm excitation laser (Wedge HB, Bright solutions, pulse width 1 ns, repetition
rate 1 kHz) .

2.3 Density-functional theory calculations

Density-functional theory (DFT) is a quantum-mechanics calculation method that gives an
accurate description of the structural and physical properties of oxides [30]. Accuracy of the results
previously obtained by using DFT to different oxides [29, 31] supported its application in the case of
LiZn(IOs)s. The DFT simulations here reported have been performed by using the ab initio
plane-wave pseudopotential total-energy calculations as implemented in the CASTEP code [32].
This code has the advantage that partial atom occupancies (as in the compound here studied) can be
easily implemented through the Project Explorer Tool. In the calculations, the exchange correlation
energy was described in the general-gradient approximation (GGA) using the Perdew-Wang
1991(PW91) functional [33] with a kinetic cut-of energy of 500 eV for the plane-wave expansions. The
reciprocal space integration was performed using 4 x 4 x 4 k-point grids in the Brillouin zone and the
geometry optimization used the Broyden-Fletcher-Golfard-Shannon (BFGS) algorithm. Finally, the
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total-energy is converged to less than 1 eV/atom and the Helmann-Fynmann forces on each atom are
converged to less 0.01 eV/A.

3. Results and discussion
3.1 Morphology and composition

Energy-dispersive X-ray spectroscopy (EDX) was used to confirm the composition and phase
purity of the prepared LiZn(IOs)s samples. Within the limits of experimental error, EDX analyses by
both weight percent and atomic percent of Zn and I were found in agreement with their
corresponding expected molar ratios (18.72(5)% and 31.60(5)%, respectively). The presence of
impurities was not detectable within the resolution of the instrument. Fig. 1 shows the morphology
and size of the synthesized material. As clearly evidenced from the scanning electron microscopy
(SEM) micrograph, the raw powder is constituted of micron size needle-like particles. Their length
varies between 10 and 100 um and their diameter is smaller than 2 pm.

SEM HV: 20.00 kV WD: 15.00 mm : B VEGAW TESCAN

Figure 1. SEM morphology of the LiZn(IOs)s powder. The ruler in the bottom part corresponds to 100
pm (10 pm/div).

3.2 Crystal structure

Fig. 2 shows a powder XRD pattern of LiZn(IOsz)s, measured at room temperature. To obtain a
phase-pure sample with the stoichiometric composition, we found that the initial Li:Zn molar ratio
has to be increased above 4:1, as stated in the sample preparation section. An excess of Li is indeed
necessary to prevent the formation of Zn(IOs)2 which is otherwise obtained when the Li:Zn ratio is
typically below 2:1. It is also well noted that washing with water is required before annealing to
remove any traces of the hygroscopic a-LilOs that is also present after the evaporation step. A
homogeneous and single phase material is then readily obtained and it differs from the well-known
Zn(10s)2, ZnlOs(OH) or o-LilOs compounds [11, 26, 27, 34]. As in EDX measurements, phase
impurities were not detected by XRD.

When analyzing the experimental XRD pattern, we found that it could not be indexed with the
orthorhombic crystal structure previously reported by Sheng et al. [22]. By using the DICVOL
routine, included in the FullProf Suite [35], we indexed the XRD pattern and found that the highest
figure of merit corresponded to a monoclinic unit cell with parameters a =21.747(9) A, b =5.201(2) A,
¢ =5.435(2) A, and B =120.28(4)°. The analysis of the systematic extinctions ((0k0) reflections with k
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odd are absent) indicated P21 as the possible space group. This space group is the same as that of the
crystal structures of Zn(I0s)2 [26] and Zn2(IOs)4 [27] (files number 54086 and number 415821 of the
Inorganic Crystal Structure Database, ICSD) whereas ZnlO3(OH) belongs to the monoclinic space
group Cc [34], number 9 (file number 185598 of ICSD). In addition, in the case of Zn(IOs)z, the
unit-cell parameters b = 5.1158 A, ¢ =5469 A, and B = 120° are comparable with the lattice
parameters b, ¢, and B we determined from our indexation of LiZn(IOs)s. The parameter a = 10.938 A
of Zn(10s)2 is however approximately half the parameter a we obtained for LiZn(IOs)s.

Figure 2. XRD pattern of LiZn(IOs); measured using Cu Kai (A = 1.54056 A) and Kaz (A = 1.54443 A)
radiation. Dots correspond to the experiment. The Rietveld refinement carried out assuming
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DFT-calculated atomic positions are shown with a red solid line. The residuals are plotted with a
black solid line. Positions of the Bragg peaks are indicated by black ticks.

Based upon the similarities between the crystal structure of LiZn(IOs)s and Zn(I0s)2, we have
built a structural model for LiZn(IOs)s by doubling the unit-cell of Zn(IOs): using the
group-subgroup transformation tool available in PowderCell [23]. We then have assumed that Li
and Zn ions alternatively occupy the positions generated from the original Zn positions and that I
and O ions keep the same positions as in the original structure, but with an occupation factor of 0.75
(to be consistent with the compound stoichiometry). Starting from this model we have carried out a
Rietveld refinement [35] and found that only the unit-cell parameters as well as the Li and Zn
positions can be accurately determined in this way. In the refinement, positions of the I and O atoms
have to be fixed though to the values obtained by doubling the unit-cell of Zn(IOs)2. This refinement
procedure led otherwise to nonphysical results with some I-O bond distances too short and a
reduced y?2smaller than 1. In order to optimize the above crystal structure determination we also
have performed DFT calculations [36]. By considering our structural model (with space group P21)
and the crystal structure of the other double iodates, we actually found that the above described
structural model is the one leading to the lowest calculated enthalpy at ambient conditions. It is
therefore the thermodynamically stable structure of LiZn(IOs)s at ambient conditions. Additionally,
the computer simulations not only provide information about the unit-cell parameters, but also on
the atomic positions of all atoms which are summarized in Table 1. The DFT calculated unit-cell
parameters are a = 21.945 A, b=5.048 A, c=5.487 A, and B =121.07° and agree within 1% with those
previously obtained after the refinement of the XRD pattern. Consistency between the results
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derived from XRD experiments and DFT calculations thus gives reliability to the proposed structural
model of LiZn(IOs)s.

Table 1. Atomic positions calculated for the monoclinic LiZn(IOs)s in the P21 space group.

Atom Site X y z Occupation
Li 2a 0.13073 0.93865 0.02872 1
Zn 2a 0.62218 0.91685 0.00530 1

L 2a 0.03618 0.97718 0.33248 0.75

L 2a 0.53645 0.95209 0.33300 0.75

Is 2a 0.30300 0.97387 0.33483 0.75

L 2a 0.79086 0.98644 0.32689 0.75
O 2a 0.45968 0.17690 0.33564 0.75
O 2a 0.95849 0.20846 0.28041 0.75
Os 2a 0.10713 0.16625 0.67254 0.75
Os 2a 0.60797 0.15273 0.65619 0.75
Os 2a 0.05892 0.18401 0.08682 0.75
Os 2a 0.54373 0.16225 0.03871 0.75
O7 2a 0.38252 0.19763 0.66145 0.75
Os 2a 0.86320 0.20816 0.63333 0.75
Oy 2a 0.22246 0.15968 0.31462 0.75
O 2a 0.70911 0.14574 0.29944 0.75
On 2a 0.30225 0.17019 0.03227 0.75
On 2a 0.78937 0.19692 0.01147 0.75

To go further, we then performed additional Rietveld refinements by using a different strategy,
namely the atomic positions obtained from DFT calculations have been fixed in the structural model.
The occupancies were also constrained to the values given in Table 1. The remaining parameters (for
instance: unit-cell parameters, peak-shape parameters, overall displacement factor, scale factor)
were then all refined, similarly to previous studies where the atomic positions of oxygen atoms were
hardly determined without a similar approach [37, 38]. The structural model given in Table 1 finally
leads to the smallest residuals (the R-factors are Rp =2.36% and Rwp = 3.18% and a reduced y2equal to
1.145) and a good-quality fit as illustrated in Fig. 2. The unit-cell parameters obtained after the new
Rietveld refinement are a = 21.874(9) A, b =5.171(2) A, c = 5.433(2) A, and P = 120.93(4)°, with a fit
accuracy that supports the assignment of the proposed monoclinic structure to the space group P21
[39, 40]. It is also important to highlight here that the unit-cell volume (527.04 A3) of LiZn(I0s)s,
which has a molar mass of 597.03 g/mol and 2 formula units per cell (Z = 2), is slightly smaller than
twice the unit-cell volume of Zn(IOs): (265.02 A3). This could be a consequence of the partial
occupation of the atomic sites of the iodine and oxygen atoms. Finally, as in other iodates, the
determination of the exact position of the light Li atoms would deserve complementary neutron
diffraction experiments [41].
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The as-obtained crystal structure of LiZn(IOs)s is shown in Fig. 3. In Table 2 we report the
different interatomic bond distances. A structural comparison with the structures of Zn(IOs); and
o-LilOs [11, 26] shows that there are many similarities regarding polyhedral units and connectivity.
In particular, the structure of the monoclinic polymorph of LiZn(IOs)s can be described as a
three-dimensional network of molecular ZnOs and LiOs octahedral units that are solely connected by
monodentate iodate groups which have an asymmetric coordination. The IOs polyhedron exhibits
the expected trigonal-pyramidal configuration with three different short I-O bond distances, which
slightly change from one IOs polyhedron to another as can be seen in Table 2. These distances range
from 1.9037(5) to 2.0833(5) A. Each iodine atom has three additional oxygen neighbors, which are on
the side of the lone-pair electrons of iodide. These weakly linked oxygen atoms are at longer
distances with interatomic distances going from 2.1952 (5) to 2.7772(5) A, thus forming a highly
distorted IO0s polyhedron. Regarding the ZnOs and LiOs octahedral units, they are slightly distorted
with an average bond length of 2.168(3) and 2.155(3) A, respectively. The quadratic elongation for
the ZnOs (LiOs) octahedron is 1.0064 (1.0052) and the distortion index is 0.01358 (0.01699). These two
parameters, that are commonly used to describe distortions within a coordination octahedron, have
been calculated using VESTA according to the definitions given by Robinson and Bauer [42].

Figure 3. Schematic view of the crystal structure of LiZn(IOs)s. Zn (Li) atoms are shown in gray
(green), I atoms in violet, and O atoms in red. The site occupation of the last two types of atoms is
0.75. The different coordination polyhedra are shown.

Table 2. Zn-O, Li-O, and I-O bond distances in the different coordination polyhedral of LiZn(IOs)s.

Zn-O 2.1087(5) A [-O 1.9571(5) A -0 1.9249(5) A
2.2154(5) A 1.9634(5) A 1.9596(5) A
2.1391(5) A 1.9758(5) A 2.0833(5) A
2.1789(5) A 2.4729(5) A 2.4011(5) A
2.1828(5) A 2.5285(5) A 2.5406(5) A
2.1834(0) A 2.6350(5) A 2.7273(5) A
Li-O 2.0903(5) A L-O 1.9450(5) A I+-O 1.9037(5) A
2.1310(5) A 2.0061(5) A 1.9702(5) A
2.1351(5) A 2.0484(5) A 2.0161(5) A
2.1626(5) A 2.1952(5) A 2.5582(5) A
2.1648(5) A 2.2619(5) A 2.7049(5) A
2.2487(5) A 2.3999(5) A 2.7772(5) A
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We would like to comment here on the fact that the monoclinic structure here reported is
different than the orthorhombic structure previously reported [22]. One possibility is that diverse
polymorphs were obtained because of the different chemical routes used in the synthesis (starting
reagents, solvent, temperature, crystallization pathways, etc.). For instance, in lithium iodate the
processing parameters have a key influence on the three different crystalline structures that can be
stabilized at room temperature [43]. A second option which should not be excluded is the incorrect
assignment of the crystal structure in the previous study [22]. Indeed, previously only the unit-cell
parameters were specified, but not the space group and atomic positions. The authors reported that
the unit-cell corresponds to 4 formula units, which implies a volume per formula unit 25% smaller
than in Zn(IOs)s and LilOs, which is unexpected since ZnLi(IOs)s is a binary solution of them. In
contrast, as we described above, the monoclinic structure here proposed has many similarities with
the ones of Zn(IOs)2 and a-LilOs. This and the consistency with DFT calculations further support the
crystal structure here reported.

In terms of functional properties, it is worth to mention that the new polymorph of LiZn(IOs)s
crystallizes in a polar space group (P21) and is therefore a potential material for SHG with similar
functionalities as LilOs and Zn(I0s)2 [44]. The P21 space group belongs to class 2 for which 8 (resp. 4)
nonzero SHG coefficients are to be considered without (resp. with) Kleinman’s symmetry. So far, an
accurate assessment of the independent SHG coefficients and overall conversion efficiency could
not be obtained because of the needle-like morphology. However, a bright green spot has been
observed under a 1064 nm laser excitation on powder agglomerates, suggesting that the produced
SHG signal is very strong. Another interesting specificity of LiZn(IOs)s arising from its crystal
structure is the number of vacant sites and the zig-zag polyhedral chains running parallel to the
a-axis (see Fig. 3). Ionic conductivity as well as highly anisotropic compression and thermal
expansion are thus expected [45-47]. Other properties as the bulk modulus can be estimated from
empirical relations, assuming that compression is dominated by the ZnOs and LiOs octahedra, from
the Zn-O and Li-O bond distances and the formal charge of Zn and Li [48]. The obtained value is 55
GPa. It agrees with the measured bulk modulus of o-LilOs [49], being therefore a plausible
estimation of the bulk modulus of LiZn(IOs3)s.

3.3 FTIR spectroscopy

Results of Fourier-transform infrared spectroscopy (FTIR) measurements are now discussed.
Fig. 4 shows the transmission spectrum in the 4000 — 400 cm™ region with a zoom in the 900 — 500
cm! range as depicted in inset to facilitate the mode identification associated to the iodate anion. In
the FTIR spectra we have automatically subtracted the CO: bands from atmosphere absorption
although weak artifacts around 2300 cm™ are still present in the corrected data. According to group
theory, LiZn(IOs)s has eighty-one IR-active modes (I' = 41A + 40B), which are considerable more
numerous than the fifty-one IR-active modes (I' = 26 A + 25B) of Zn(IOs)2. This leads to a broadening
of the IR bands of LiZn(IOs)s due to partial phonon overlaps.

The better near-infrared transparency of LiZn(IOs)s than that of a-LilOs can however be
noticed [50]. In addition, the spectral frequency range at 4000 - 3200 cm! is very useful to witness
the presence of OH groups [51]. Here, a very low content of residual OH bonds is observed in
agreement with the acidic synthesis conditions used for the preparation of LiZn(IO3)s. On the other
hand, substitution of Li* by H* ions is very unlikely since the specific O-H...O vibrations of similar
intensity observed at about 590 and 730 cm! in Lii«Hx(IOs) are not detected [52]. The band located
from 1900 cm™ to 1250 cm could correspond to the second overtone of phonons from the 900 - 600
cm? band [53] or to the presence of H20 molecules [54] which is less probable after the
crystallization step at 400 °C. Between 900 and 600 cm-!, several absorption features at 607, 673, 729,
764, 803, and 877 cm are noticed and denoted by ticks in the inset of Fig. 4. Additional absorption
peaks below 600 cm™ can also be seen at 506, 521, 540, and 566 cm-'.
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Figure 4. FTIR spectrum of LiZn(IOs)s in the 4000 — 400 cm™ region. The inset shows a zoom in the
900 - 500 cm! range. Ticks indicate position of the absorption peaks.

Regarding assignments of the iodate IR modes, we first remind that the vibrational frequencies
of the symmetrical pyramidal IOs ion in solutions and compounds are vi (symmetric stretching) at
780 - 630 cm!, v2 (symmetric bending) at about 400 - 350 cm!, vs (asymmetric stretching) at 820 - 730
cm, and v4 (asymmetric bending) at about 330 cm [51, 53, 54]. Here, presence of the distorted 1Os
polyhedral units as evidenced by XRD is expected to induce noticeable changes in the IR absorption
spectrum of LiZn(IOs)s comparatively to those of simple metal iodates. Two additional frequencies
can be foreseen since degeneracy of the two asymmetric fundamental vibrations vs and vs is no
longer present [51]. By analogy with other iodates, the five absorption peaks observed between 900
and 630 cm™ can be assigned to the I-O stretching vibrations of the IOs polyhedron but occurrence
in the LiZn(IOs)s structure of pyramidal IOs ions and of IO octahedral units makes the IR spectra
more complicate [12]. It is therefore difficult to assign the bands unambiguously, especially as the
pyramidal and octahedral geometries are distorted. Finally, the absorption bands occurring
between 673 and 500 cm! can be ascribed to the first overtones of the iodate ion bending modes
with some lattice mode contributions involving vibrations between metal ions and 10s as a rigid
unit.

4. Conclusions

A new polymorph of LiZn(IOs)s was synthesized by a simple low-cost co-precipitation route
and heat-treatment of the amorphous precipitate at 400°C. The combination of Rietveld refinements
of the powder XRD pattern and DFT calculations results in a monoclinic crystalline lattice with the
non-centrosymmetric space group P2i. The unit-cell parameters and atomic positions were also
determined. We also performed EDX and SEM measurements that confirm the phase purity and
demonstrate that the synthesized LiZn(IOs)s has a needle-like shape morphology. Finally, a FTIR
analysis further supports the preparation of phase-pure LiZn(IOs)s without occurrence of eventual
H* ions. Because of the low symmetry of point group 2, a detailed assignment of each IR
experimental frequency was not conducted but FTIR measurements were found consistent with
other iodate compounds. More importantly, because of its non-centrosymmetric polar crystal
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structure as well as its wide transparency and chemical stability compared to the very hygroscopic
0-LilOs;, LiZn(IOs)s appears as a good candidate for non-linear optical applications. Besides,
nanocrystal suspensions are under preparation so as to quantitatively assess, in the near future, the
averaged SHG coefficients as already reported for other oxide nanomaterials [55].
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