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ABSTRACT: 

  Tailored structural regulation to achieve novel compounds with special properties is 

very attractive and important for functional material design. In this paper, CsIO3 was 

selected as a maternal structure and three new derivatives, namely, CsIO2F2, 

Cs3(IO2F2)3·H2O and Cs(IO2F2)2·H5O2 were successfully prepared by introducing 

different units (F-, H2O, H5O2
+ and IO2F2

-) under hydrothermal condition for the first 

time. Then the structural transformations were schematically analyzed and the 

corresponding properties originated from ions introduction were investigated. Therein, 

noncentrosymmetric CsIO3 and CsIO2F2 exhibit good nonlinear optical properties 

with large second harmonic generation (SHG) effects (15 × and 3 × KH2PO4), wide 

band gaps (4.2 and 4.5 eV), wide transmittance ranges (~0.27-5.5 µm), and high laser 

damage thresholds (15 × and 20 × AgGaS2, respectively), which shows that they are 

potential nonlinear optical materials in near-ultraviolet to mid-infrared. To further 

analyze the structure-properties relationship, the first-principle calculations are 

applied to explore the origins of the optical properties, such as birefringences and 

SHG responses. Moreover, the protonated (H5O2)
+ cations in Cs(IO2F2)2·H5O2 implies 

that it may feature enhanced conductivity, which was tentatively verified by the 

resistivity tests via the conventional dc four-probe method. The study case of 

structural regulation realized by ions introduction in this work may give a feasible 

guidance for functional materials design. 

1. INTRODUCTION 

  Since the properties of materials significantly depend on their structures, many 

researchers endeavor themselves to explore the feasible ways to tailor structural 

regulation, and anticipate to design new crystals with novel structures and excellent 

properties.1-8 Recent decades, great progresses and achievements have been made in 

the rational design of functional materials, especially in the fields of organic (or 

organic-inorganic) chemistry9-11 and nanochemistry,12 etc. While the structural design 

of inorganic functional materials are still in the exploratory period because of the poor 

controllability.13-21 For the iodates, extensive researches have been executed and 

numerous new compounds with special functional properties benefitting from 
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nonbonding, but stereochemically active, pair of electrons from iodine have been 

designed.22-26 Up to now, iodates have become a crucial branch of inorganic 

functional materials in various application fields, such as nonlinear optical (NLO),22-27 

luminescent,28,29 energetic 30,31 and photocatalytic materials,32,33 etc. After decades of 

development, iodates went through from the period of classical alkali metal 

iodates34-36 to iodates combined with other metal cations,37-40 such as, lone-pair 

containing,41-43 d
0 transition metals,44,45 etc., or organic molecules,46 which greatly 

enrich the researches of iodates system in the aspects of structures, syntheses, 

properties and applications.  

  From the chemical design point of view, second-order NLO materials based on 

metal iodates are excellent candidates for the rational synthesis, since the natural 

instinct of the asymmetric I-O/F units could serve as a structure-directing agent and 

are beneficial to generate the noncentrosymmetric (NCS) macrostructures.47,48 Also, 

NCS iodates can satisfy the basic requirements for NLO application, such as large 

second harmonic generation (SHG) efficiency, wide transparency range from visible 

or even UV (beneficial to improve laser damage threshold (LDT)) to mid-infrared 

ranges, moderate birefringence to satisfy the phase matching behaviors, etc.49 

Moreover, metal iodates can be synthesized and grown as large crystals by 

aqua-solution or mild hydrothermal methods at relatively low temperature (< 250 oC) 

with short growth time (< one week). In the process of tailored synthesis of alkali 

metal iodates/fluoroiodates, various monovalent ions or units, such as A+ (A = alkali 

metal), F-, OH-, (IO3)
-, (IO2F2)

- and H+(H2O)n (n ≥ 0), etc.,50-53 could participate in 

chemical reaction and promote the formation of targeted compounds like assembling 

the toy building blocks. This provides an effective research system to chemically and 

structurally investigate the structure regulation by introducing the ions. 

  In this article, the cesium iodate CsIO3, analog to the classical NLO material 

α-LiIO3, was selected as a maternal structure to start our researches. Finally, CsIO3 

single crystal and other three new derivatives, CsIO2F2, Cs3(IO2F2)3·H2O and 

Cs(IO2F2)2·H5O2 were synthesized via the introduction of ions using hydrothermal 

method for the first time. Structural evolution schematically occurs among them via 
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introduction of F-, H2O, (IO2F2)
- and (H5O2)

+ units, then the arrangement of 

fundamental building blocks (FBB) and symmetry consequently changed. The NLO 

properties of NCS CsIO3 and CsIO2F2 were firstly researched and the results promise 

CsIO3 and CsIO2F2 as potential NLO materials because of the large SHG responses 

and high LDTs. Interestingly, the protonated (H5O2)
+ cations were found in 

Cs(IO2F2)2·H5O2 implies that it may feature enhanced conductivity.54-56  

2. EXPERIMENAL SECTION 

2.1 Syntheses and Crystal Growth.  

  All the starting materials, Cs2CO3 (AR, 99.9 %, Xinjiang Nonferrous Metal Group), 

HIO3 (AR, 99.5 %, Aladdin) and hydrofluoric acid (40 %, Aladdin) were 

commercially available and used as received. 

  Polycrystalline powder of CsIO3 was directly obtained by liquid phase reaction. 

Cs2CO3 and HIO3 in a molar ratio of 1:2 were mixed with moderate amount of 

deionized water under continuous grinding at room temperature, then air-dried to 

obtain the CsIO3 phase. The single crystal of mentioned compounds was synthesized 

by traditional hydrothermal reactions at 220 °C using synthesized CsIO3 powder as 

initial reactant (Figure 1). Specifically, 2 mmol (0.6156 g) CsIO3 were transferred to 

23 ml Teflon-lined autoclave, then 2 ml H2O (for CsIO3), 1 ml HF (for CsIO2F2), 

2mmol (0.3518 g) HIO3 combined with 1 ml HF and 1 ml H2O (for Cs(IO2F2)2·H5O2) 

were added into the corresponding autoclaves, respectively, and subsequently sealed. 

The autoclaves were heated to 220 oC, held for 4 days, and slowly cooled to room 

temperature at a rate of 3 oC·h-1. After that, the crystals in autoclaves were filtrated 

and air-dried for further characterization. It was failed to prepare Cs3(IO2F2)3·H2O 

using CsIO3 as initial reactant, and Cs3(IO2F2)3·H2O was successfully obtained by the 

optimal ratio of 2 mmol (0.6516 g) Cs2CO3, 2 mmol (0.3518 g) HIO3 and 2 ml HF. 

Moreover, above crystals also can be obtained by solvent evaporation method at room 

temperature using the clear solution after filtration, which implies that sizable crystals 

can be prepared by optimizing the crystal growth parameters. The purities of samples 

were characterized via powder X-ray diffraction analyses (Figure S1 in the 

Supporting Information, SI). 
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Figure 1. Schematic diagram of synthetic process of CsIO3, CsIO2F2, 

Cs3(IO2F2)3·H2O and Cs(IO2F2)2·H5O2 via hydrothermal method. 

2.2 Powder X-ray Diffraction.  

  Powder X-ray diffraction (PXRD) measurements for as-prepared compounds were 

carried out on a Bruker D2 PHASER diffractometer equipped with Cu Kα radiation at 

room temperature. The 2θ range is 10–70° with a step size of 0.02° and a fixed 

counting time of 1 s/step. 

2.3 Structure Determination.  

  Single crystal XRD data of four crystals were collected on a Bruker SMART APEX 

II 4K CCD diffractometer at 296(2) K using Mo Ka radiation (λ = 0.71073 Å) and 

integrated with a SAINT–Plus program.57 The crystal structures were solved by direct 

methods and refined in the SHELXTL system.58 Final least-squares refinement on Fo
2 

with data having Fo
2 ≥ 2σ(Fo

2) includes anisotropic displacement parameters for all 

atoms. The structures were checked for missing symmetry elements with PLATON,59 

and no higher symmetries were found. The structures of hydrogen containing 

compounds were optimized based on first principle calculation. Microprobe element 

analyses of four compounds were performed on an energy-dispersive X-ray 

spectroscope (EDS, OXFORD 2000) to verify the absence or presence of fluorine. 

The EDS analyses show that the Cs: I: O: F molar ratios are 1.00:1.12:3.33:0, 

1.00:0.92:1.86:1.91, 1.00:0.98:2.10:1.95, and 1.00:1.89:5.51:3.65, for CsIO3, CsIO2F2, 

Cs3(IO2F2)3·H2O and Cs(IO2F2)2·H5O2, respectively, which verifies the calculated 

structure model. Relevant crystallographic information is given in Table 1. The atomic 
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coordinates and the equivalent isotropic displacement parameters are summarized in 

Table S1, selected bond lengths and angles are listed in Table S2.  

2.4 Thermal Behavior Analyses. 

 The thermal behaviors of four compounds were investigated with thermogravimetry  

and differential scanning calorimeter (TG-DSC) using a NETZSCH STA 449F3 

simultaneous thermal analyzer. The samples were placed in a Pt crucible and heated at 

a rate of 5 oC min-1 in the range of 40–1000 oC under a flow of nitrogen gas. 

2.5 Vibrational Spectroscopy and Optical Properties.  

  The infrared spectroscopies were carried out on a Shimadzu IRAffinity-1 

spectrometer in order to specify and compare the coordination of I-O/F atoms and 

hydrogen bond in title compounds. The samples were mixed with dried KBr (about 5 

mg samples mix with 500 mg KBr), and collected in the range from 400 to 4000 cm-1 

with a resolution of 2 cm-1. Moreover, the infrared spectrum of CsIO2F2 was also 

tested on as-grown crystal plate to determine the transmittance cutoff edge in infrared 

region. Raman spectra were characterized using LABRAM HR Evolution 

spectrometer equipped with a CCD detector by a 532 nm laser, and the integration 

time was set to be 10 s. UV-vis-NIR diffuse-reflectance data of compounds were 

collected at RT using polytetrafluoroethylene as a standard on a Shimadzu 

SolidSpec-3700DUV Spectrophotometer with the measurement range extended from 

190 to 2600 nm, and the Kubelka−Munk function was used to convert the reflectance 

spectra to the absorbance data.60 

2.6 Powder Second-harmonic Generation Measurements.  

  The powder SHG measurements were carried out on the basis of the Kurtz–Perry 

method35 at room temperature on a Q-switched Nd:YVO4 solid-state laser at a 

wavelength of 1064 nm (10 ns, 10 KHz). Since the SHG intensities show strong 

dependence on the particle sizes, polycrystalline samples were ground and sieved into 

the following particle size ranges: <20, 20–38, 38–55, 55–88, 88–105, 105–150 and 

150–200 µm. The samples were pressed between glass slides and secured with tapes 

in 1-mm thick aluminum holders containing an 8-mm diameter hole, then placed into 

a light-tight box and irradiated with the laser. The intensities of the frequency-doubled 
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output emitted from the samples were collected by a photomultiplier tube and 

recorded using oscilloscope. The commercial NLO crystal KDP was also ground and 

sieved into the same particle size to make reference.  

2.7 LDT Measurements.  

  The LDTs4,25,61 of CsIO3 and CsIO2F2 NLO crystals were evaluated on powder 

sample (< 20 µm) with a pulsed Nd:YAG laser (1064 nm, 10 ns, 10 Hz), and the same 

size of AgGaS2 was chosen as the reference. With the increasing of laser energies, the 

color changes of the powder samples were constantly observed by optical microscope 

to determine the damage threshold, and the damage spots were measured by the scale 

of optical microscope. To adjust different laser beams, an optical concave lens was 

added into the laser path.  

2.8 Numerical Calculation Details.  

The theoretical simulations of the electronic structures and optical properties were 

performed by the plane wave pseudopotential method based on the density functional 

theory (DFT)62 implemented in the CASTEP package63. Perdew-Burke-Ernzerhof 

(PBE) functional with the generalized gradient approximation (GGA)64 and 

norm-conserving pseudopotential (NCP)65 were adopted with the energy cutoffs of 

(750, 850, 850, 850 eV, respectively) and the Brillouin zone (BZ) Monkhorst-Pack 

grids of (4 × 4 × 4, 3 × 3 × 3, 1 × 2 × 3, 1 × 2 × 3, respectively) among the 

calculations of CsIO3, CsIO2F2, Cs3(IO2F2)3·H2O and Cs(IO2F2)2·H5O2. 

 

3. RESULTS AND DISCUSSION 

3.1 Crystal Structure Descriptions. 

  The structure of CsIO3 was successively solved as CS cubic space group of Pm-3m 

and NCS monoclinic Pm space group in 1928 and 1985 using powder X-ray 

diffraction data, respectively.66 The inaccurate space group analysis was caused by 

pseudocubic features,67 so the crystal structures and properties of CsIO3 were 

re-investigated in this work. The single crystal structure of CsIO3 was determined for 

the first time. CsIO3 crystallizes in an NCS trigonal R3m (160) space group with a = 

6.6051(10) Å and c = 8.087(3) Å. The asymmetric unit of CsIO3 contains one, one 
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and one crystallographic independent Cs, I, and O atoms, respectively. As shown in 

Figure 2a, isolated (IO3)
- units connect with the CsO12 polyhedra to form the whole 

structure.  

 

Figure 2. Schematic diagrams of structural evolution among (a) CsIO3, (b) CsIO2F2, 

(c) Cs3(IO2F2)3·H2O and (d) Cs(IO2F2)2·H5O2. The Cs–O/F bonds are removed for 

clarity. 

  CsIO2F2 has an orthorhombic crystal lattice with NCS space group Pca21. The 

asymmetric unit of CsIO2F2 consists one Cs, one I, two O, and two F atoms, 

respectively. The FBB (IO2F2)
- results from the substitution of one O2- in (IO3)

- by 

two F- anions (Figure 2b). Similarly, isolated (IO2F2)
- units combine with the CsO3F5 

polyhedra to form the structure of CsIO2F2.    

  Cs3(IO2F2)3·H2O crystallizes in orthorhombic crystal system with CS space group 

Pnma (Figure 2c). There are two Cs, two I, four O, four F, and one H atoms, 

respectively in the asymmetric unit. The (IO2F2)
- units and 1/3 molar ratio of H2O 

insert into the tunnels of the CsOF framework forming the integral structure.  
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Figure 3. Geometries of (H5O2)
+ in Cs(IO2F2)2·H5O2. (a) Distances and angles of the 

O atoms between H5O2
+ (O1) and fluoroiodate oxygens (O2); (b) 1D chain structure 

formed via the connection of hydrogen bonds and H5O2
+ units; (c) and (d) Differential 

charge density of the (H5O2)
+ unit. 

  The centrosymmetric Cs(IO2F2)2·H5O2 with space group of P21/c has one unique 

Cs, one unique I, three unique O, two unique F, and three unique H atoms, 

respectively in the asymmetric unit. Therein, two O(1) atoms and three H atoms 

connect with each other to form a protonated (H5O2)
+, which further combines with 

isolated (IO2F2)
- via hydrogen bonds, generating a [(IO2F2)2·H5O2]

- polymeric chain 

along a direction. Then [(IO2F2)2·H5O2]
- chains connect with the Cs-O/F polydedra to 

form the whole structure (Figure 2d). The coordinations of the H atoms in (H5O2)
+ 

were primarily deduced based on the extremely low (+0.087) bond valence sum 

(BVS)68,69 of O1 oxygen. The electron density difference around the hydrogen bonds 

of O1-H1-O1 exhibits a unique distribution as a sandglass, which is apparently 

different from those of O1-H3···O2. Moreover, the geometric position of the O atoms 

between (H5O2)
+ (O1) and fluoroiodate oxygens (O2) shows a short O1-O1 distance 

about 2.4 Å and O1-O2 distances are about 2.684-2.725 Å (Figure 3),which agree 

well with the reported geometries of the O atoms around (H5O2)
+,70 such as, precisely 

determined structure of V(H2O)6(H5O2)(CF3SO3)4 using X-ray and neutron 

diffraction,71 verifying the validity of (H5O2)
+ configuration. 

  The iodine atoms in above four compounds are three- or four-coordinated, 

respectively. Therein, the I–O and I–F distances of (IO2F2)
- in CsIO2F2, 

Cs3(IO2F2)3·H2O and Cs(IO2F2)2·H5O2 are very similar, and lie in the range of 

1.75-1.82 Å and 1.95-2.01 Å, respectively. The BVS (bond valence parameter Rij = 
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2.007 and B = 0.37 for I5+–O2-)68 of the I atom using Brown's formula is calculated to 

be 5.39, 5.22 (and 5.05), 5.19 for CsIO2F2, Cs3(IO2F2)3·H2O and Cs(IO2F2)2·H5O2, 

respectively (Table S2 in the SI), which are close to the ideal oxidation state of iodine 

cation (5+) and further prove that the coordination of the I atom is reasonable. While 

the I–O bond lengths of (IO3)
- in CsIO3 are all equal to 1.889(16) Å, which are much 

larger than the I–O bond lengths in isostructural RbIO3 (all equal to 1.73(3) Å).63 

Although the I–O bond lengths are very closed to the usual ranges, simultaneously 

small (or large) distances lead to abnormal BVS value of the I atoms in CsIO3 (4.05) 

and RbIO3 (6.27).  

3.2 Exploration of Structural Transformation. 

  Since the functional motifs in four compounds are isolated, the Cs-O/F framework 

are analyzed using topological approach to further explore the structure evolution 

manipulated by ions introduction. The topological crystal structures are schematically 

shown in Figure 4. Therein, differently coordinated CsO/F polyhedra in title 

compounds are regarded as connection nodes, and different dimensional Cs-O/F 

frameworks are obviously found in them. Specifically, when one O2- in (IO3)
- is 

substituted of by two F-, the Cs-O 3D framework of CsIO3 was broken and transforms 

into 2D Cs-O/F layers in CsIO2F2 extending in ac plane with the distances between 

layers about 6.377 Å. Moreover, the introduction of 1/3 molar ratio of H2O into 

CsIO2F2 generates a 3D Cs-O/F framework containing a tunnel with a shortest 

diameter of about 7.498 Å in Cs3(IO2F2)3·H2O. Meanwhile, dimensionality reduction 

occurs from 2D Cs-O/F layers in CsIO2F2 to 1D Cs-O/F chains in Cs(IO2F2)2·H5O2 

during the simultaneous introduction of (H5O2)
+ and (IO2F2)

-. Above mentioned 

compounds can be described in the topological view72 with the Schläfli symbol of 

360·487·56 3D 18-c (connected) network and 36·46·53 6-c uninodal hxl/Shubnikov 

plane net for CsIO3 and CsIO2F2, respectively. Two-nodal 7-c (Cs1) and 8-c (Cs2) net 

with stoichiometry of 1:2 is obtained in Cs3(IO2F2)3·H2O, and the Schläfli symbol can 

be presented as (37·48·59·64)(37·49·55)2. No circuits are found between the Cs nodes 

because only Cs-O/F chains exist in Cs(IO2F2)2·H5O2. 
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Figure 4. Schematic diagrams of topologically structural evolution among (a) CsIO3, 

(b) CsIO2F2, (c) Cs3(IO2F2)3·H2O and (d) Cs(IO2F2)2·H5O2. The Cs atoms are 

considered as connection nodes. Dipole moments directions and magnitudes of the 

IO3 and IO2F2 units are indicated by light green arrows. 

  Therein, large distorted (IO3)
- and (IO2F2)

- units containing stereochemically active 

pair of electrons feature well ordered alignments, which may significantly enhance the 

macroscopic SHG responses and generate NCS CsIO3 and CsIO2F2 with excellent 

NLO properties. The calculated dipole moments of the (IO3)
- units in CsIO3 are 

13.428 debye (D), and the values of (IO2F2)
- decrease to 11.9–12.3 D in other three 

fluoroiodates (Table S3 in the SI), which are consistent with those of the other 

reported metal iodates and fluoroiodates.73 Because of the well-aligned (IO3)
- units in 

CsIO3, the total dipole moments are perfectly enhanced (0.396 × 10-18 esu·cm/Å3), 

and are larger than those of CsIO2F2 (0.272 × 10-18 esu·cm/Å3). Hence, we can 

tentatively deduce that the SHG response of CsIO3 may be stronger than that of 

CsIO2F2. For Cs(IO2F2)2·H5O2, protonated (H5O2)
+ ions stabilized by short, strong, 

low-barrier (SSLB) H-bonds, imply that Cs(IO2F2)2·H5O2 may feature enhanced 
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conductivity.56 The supposition is tentatively verified by the resistivity tests of four 

compounds via the conventional dc four-probe method (Figure S2 in the SI), the 

further characterizations will be executed in future work. It is worth noting that, since 

the long-ordered structures of (H5O2)
+ ions in Cs(IO2F2)2·H5O2 are 1D chains (Figure 

2b), which may provide a suitable own-channels for proton transfer.74  

3.3 Thermal Behavior. 

Figure 5. TG-DSC curves of (a) CsIO3, (b) CsIO2F2, (c) Cs3(IO2F2)3·H2O and (d) 

Cs(IO2F2)2·H5O2. 

  The TG-DSC curves of as-grown crystals are shown in Figure 5. Apparently, there 

is only one sharp endothermic peak around 557 oC with simultaneous weight loss for 

CsIO3. Based on the calcine experiments of samples, the decomposition reaction at 

about 550 oC can be described as CsIO3 decomposes to CsI with the loss of oxygens 

(Figure S3a in SI). While several obvious endothermic peaks, including two sharp 

peaks approximately at 300 (without weight loss) and 550 oC (with weight loss), 

respectively, were found on the DSC curves for three fluoroiodates. Specifically, 

CsIO2F2 decomposes to CsIO3 and CsF at about 313 oC (Figure S3b in SI), and 

residual CsIO3 further decomposes to CsI and oxygens at about 557 oC, then cesium 

(a) (b)

(c) (d)
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halides melts at about 674 oC. Cs3(IO2F2)3·H2O starts to dehydrate at about 80 oC 

corresponding to the weight loss about 1.73 %, which agrees well with the calculated 

one (1.79 %), and the following decomposition reaction is very similar with maternal 

CsIO2F2. For Cs(IO2F2)2·H5O2, dehydration occurs at about 67 oC and firstly 

decomposes around 269 oC without mass loss, then continuously loses weights at 

about 419, 522 and 566 oC, respectively, corresponding to the loss of halides and 

oxygen.   

3.5 Vibrational Spectroscopies and Optical Properties. 

  The infrared spectra and Raman spectra (Figure 6a) were measured to further 

confirm the I-O/F and hydrogen bonds in the synthesized compounds. The sharp 

absorption peaks at about 751−796 cm-1 in IR spectra of four compounds are mainly 

attributed to the strong asymmetric stretching vibrations of (IO3)
- and (IO2F2)

-,75,76 

which are consistent with the I-O/F vibration at about 745-817 cm-1 in Raman spectra. 

Moreover, compared with the Raman spectra of I-O bonds in CsIO3, the stretching 

bands of I-F in three fluoroiodates obviously shift to the higher wavenumbers (inset of 

Figure 6a). The wide peaks around 3430 cm-1 and weak peaks nearby 1520-1635 cm-1 

belong to the stretching bands of ν(OH) and δ(HOH) in Cs3(IO2F2)3·H2O and 

Cs(IO2F2)2·H5O2. The peaks around 1048-1121 cm-1 may attribute to O-H+-O stretch 

in protonated H5O2
+.72,77  

  In order to precisely determine the transmittance range of CsIO2F2, the single 

crystal with size up to 5 × 4 × 1 mm3 was selected to test the infrared transmittance 

spectrum (Figure S4 in the SI). The result shows that CsIO2F2 is transparent in 2.5-5.5 

µm, which covers the important parts of mid-infra wavelength of atmospheric window 

(3-5 µm). Moreover, it is found that if we increase the mass ratios of samples to KBr 

during the infrared spectra test using polycrystalline powders, the obtained infrared 

cutoff edges will be gradually close to the results tested by crystal plate. The test 

methods and results are also verified by some examples of borates, sulfates, vanadates 

and phosphates, etc., using powder and crystals samples, which may provide a 

feasible way to tentatively determine the infrared cutoff edges before the sizable 

crystals are obtained. 
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  The UV-vis-NIR reflectance spectra show that the ultra-violet cut-off edges are at 

about 292, 272, 275 and 281 nm for CsIO3 and other three fluoroiodates, respectively, 

corresponding to band gaps of about 4.2, 4.5, 4.5 and 4.4 eV, respectively (Figure 6b). 

Apparently, the introduction of fluorine enlarges the energy gaps, which are consistent 

with the experimental results of rubidium-based isostructureal compounds (Figure S5 

in the SI).  

  As potential NLO materials, large band gaps may beneficial to obtain high LDTs. 

Preliminary measurements of the LDTs were performed on the powder samples of 

CsIO3 and CsIO2F2 together with AgGaS2 as the reference. The results indicate that 

CsIO3 and CsIO2F2 exhibit large LDTs of 165 and 220 MW/cm2, respectively, which 

are much higher than that of benchmark AgGaS2 (11 MW/cm2). The excellent 

performances indicate that CsIO3 and CsIO2F2 are promising candidates for 

high-power NLO applications in near-ultraviolet to mid IR region. 

 

Figure 6. (a) Infrared (top) and Raman spectra (bottom), (b) UV-vis-NIR diffuse 

reflectance spectra of four compounds. Inset of (a) is the enlarged drawing of Raman 

spectra. 

3.6 Powder SHG Measurements of CsIO3 and CsIO2F2. 

  The SHG responses of CsIO3 and CsIO2F2 under 1064 nm irradiation are performed 

via the Kurtz−Perry method35 using a Q-switched Nd:YVO4 laser. Both of them are 

type-I phase matchable at 1064 nm according to the Kurtz−Perry rules. As expected, 

CsIO3 exhibits a very strong SHG response, which is approximately 15 times than that 

of KDP (Figure 7). It is worth noting that the constantly decreased SHG intensities 
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were found in the AIO3 (A = Li, K, Rb, and Cs) series with the increasing of cations 

radius (Figure S6 in the supporting information). Since the SHG responses mainly 

come from the well-aligned (IO3)
- units in the AIO3 series, the gradual decrease of 

densities of (IO3)
- in AIO3 leads to a decreased SHG responses (0.0151, 0.0131, 

0.0107, and 0.0982 Å-3 for Li-, K-, Rb-, and Cs-based compounds, respectively.). 

Although, the SHG response of CsIO2F2 is smaller than that of CsIO3, the widened 

band gap and enhanced LDT also prove CsIO2F2 to be a promising NLO material in 

higher power laser applications.  
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Figure 7. Particle sizes versus SHG intensities of CsIO3, CsIO2F2 and KDP. Inset is 

the SHG responses of samples with the particle size of 150-200 µm. 

3.7 Theoretical Calculations and Structure-properties Relationships 

  We calculated the band structures of these four compounds, and the results (Figure 

S7 in the SI) indicate that CsIO3 and Cs(IO2F2)2·H5O2 own direct band gaps of 3.25 

and 3.77 eV, while CsIO2F2 and Cs3(IO2F2)3·H2O own indirect band gaps of 4.15 and 

4.37 eV, which are in accordance with the optical experimental band gaps results from 

the UV-vis-NIR diffuse reflection spectral measurements. 
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Figure 8. Density of states for (a) CsIO3, (b) CsIO2F2, (c) Cs3(IO2F2)3·H2O and (d) 

Cs(IO2F2)2·H5O2. 

  The optical behaviors are closely related to the electron transition from valance 

band (VBs) to conduction bands (CBs), so we present the density of states (DOS) to 

identify the characteristics of the electronic states. As shown in Figure 8, the VB edge 

below the Fermi level is mainly composed of O-p states with slight I-s, p and F-p 

states, while the bottle of CBs is occupied by I-p states, which indicates that I-O-F 

units are the main sources to determine the magnitude of band gaps. When 

considering the equivalent replacement from O2- to 2F- in CsIO3 and CsIO2F2, the 

experimental band gaps obviously increases from 4.25 to 4.56 eV, proving that the 

introduction of fluorine is beneficial for the blue-shift of bandgaps.78 Among the four 

compounds, there are clear overlaps of the orbitals of I-p and O-p around -5 eV, 

identified as I-O covalent bonds, while the overlaps of I-p and F-p (I-F bonds) arise 

around the location of -2.5 eV. In addition, a sharp peak arises around -7 eV in O-p 

overlapped with H-s in the same energy location among Cs(IO2F2)2·H5O2, which is 

absent in the other three compounds, considered as the unique O-H bonds in the 

protonated (H5O2)
+ cations. 
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Figure 9. Birefringences of CsIO3, CsIO2F2, Cs3(IO2F2)3·H2O and Cs(IO2F2)2·H5O2. 

  As the birefringence reflects the optical anisotropy of a crystal, and also it is an 

essential qualification to achieve phase-matching, we plotted the birefringences of 

these four compounds through the first-principles calculations (Figure 9). Although 

these four compounds obtain similar element components, they exhibit hierarchical 

magnitudes in the optical anisotropy. CsIO3 has the largest birefringence of 0.19 

@1064 nm among them, while CsIO2F2 gets the smallest one (0.046 @1064 nm). 

Cs3(IO2F2)3·H2O and Cs(IO2F2)2·H5O2 belong to different system of crystallization, 

orthorhombic and monoclinic, but show comparable birefringences, 0.093 and 0.086 

@1064 nm, respectively. To further explore the sources of the optical anisotropy, the 

response electron distribution anisotropy (REDA) index is introduced, which is 

related with the distribution of the electronic density with covalent bonds.79 And a 

higher REDA index reflects a stronger optical anisotropy. The calculated REDA index 

ratio of CsIO3 and CsIO2F2 is ζ(CsIO3) : ζ(CsO2F2) = 2.3 : 1, which is in accordance 

with the compared magnitude of their birefringences from DFT calculation. On the 

other hand, Cs3(IO2F2)3·H2O and Cs(IO2F2)2·H5O2 have similar layered structures 

(Figure S5b and S5c in the SI), and their birefringences show little difference. 

  We employed the sum-over-states approximation at the static limit within the length 

gauge to estimate the NLO properties. Here, we chose the maximum SHG coefficient 

in the effective directions to assess the NLO responses, and the calculated results are  

3.34 pm/V (8.6 KDP) for CsIO3 and 2.75 pm/V (7.1 KDP) for CsIO2F2, in which the 

relative magnitude agrees with the experiments and is close to the results of other 

analogous metal iodate.61 To explore the contribution of each atom for the SHG 
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responses in two compounds, we plotted the SHG densities in real space. Generally, 

there are two transition processes, virtual electron (VE) and virtual hole (VH) 

processes, contributing SHG response. Calculated results reveal that the VE processes 

are predominant (> 90%) in both CsIO3 and CsIO2F2. As shown in Figure 10, the I 

and O atoms are the main sources of SHG responses in both CsIO3 and CsIO2F2, and 

the contribution of the F atoms in CsIO2F2 is also significant, while cation Cs+ 

contributes negligibly. 

 

Figure 10. SHG densities of (a) (b) CsIO3 and (c) (d) CsIO2F2: (a) (c) the occupied 

state, (b) (d) the unoccupied state.  

CONCLUSION 

The single crystals of CsIO3 and other three new derivatives, CsIO2F2, 

Cs3(IO2F2)3·H2O and Cs(IO2F2)2·H5O2 were successfully synthesized via 

hydrothermal method for the first time. Therein, CsIO3 and CsIO2F2 have large SHG 

responses (15 and 3 times that of KDP) and wide transparency ranging from 

near-ultraviolet to mid-infrared. The wide experimental band gaps (4.2 and 4.5 eV) 

generate high LDTs (15 and 20 × AgGaS2). The calculated birefringences for four 

compounds are 0.19, 0.046, 0.093 and 0.086 @1064 nm, respectively. The theoretical 

analyses from DFT calculations indicate that the introduction of the F atoms is 

beneficial for the blue-shift of band gaps and IO/F groups are the main sources of the 
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SHG effects based on the SHG densities in real space. The results indicate that CsIO3 

and CsIO2F2 are good candidates for the NLO applications, and the extremely large 

birefringence of CsIO3 also makes it to be a promising birefringent material. The 

protonated (H5O2)
+ cations in Cs(IO2F2)2·H5O2 implies that it may feature enhanced 

conductivity, which was tentatively verified by the resistivity tests via the 

conventional dc four-probe method. The attractive results propose a new 

structure-driven approach to design novel functional materials, and the researches of 

sizable crystal growths and further characterizations are still in progress. 
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 Table 1. Crystallographic data for CsIO3, CsIO2F2, Cs3(IO2F2)3·H2O and 
Cs(IO2F2)2·H5O2.  
 

Empirical formula CsIO3 (1) CsIO2F2 (2) 
Cs3(IO2F2)3·H2O 

(3) 
Cs(IO2F2)2·H5O2 (4) 

Formula weight 307.81 329.81 1007.45 563.75 

Temperature (K) 296(2) 296(2) 296(2) 296(2) 

Wavelength (Å) 0.71073 0.71073 0.71073 0.71073 

Crystal system trigonal orthorhombic orthorhombic monoclinic 

Space group R3m (No.160) Pca21 (No.29) Pnma (No.62) P21/c (No.14) 

a (Å) 6.6051(10) 8.781(3) 15.742(7) 4.476(4) 

b (Å) 6.6051(10) 6.3771(18) 13.368(6) 7.968(8) 

c (Å) 8.087(3) 8.868(3) 7.498(3) 13.790(13) 

α (o) 90 90 90 90 

β (o) 90 90 90 90.110(11) 

γ (o) 120 90 90 90 

Z 3 4 4 2 

Volume (Å3) 305.53(11) 496.6(2) 1578.0(12) 491.9(8) 

Density (calcd) (g/cm3) 5.019 4.411 4.241 3.806 

Abs coeff (mm-1) 16.503 13.595 12.844 10.102 

F(000) 396 568 1744 500 

Cryst size (mm3) 0.110×0.120×0.140 0.120×0.160×0.217 0.134×0.152×0.173 0.100 ×0.121 ×0.202 

The range for data collection 

 (deg) 
4.36 to 27.17 3.19 to 27.67 2.59 to 27.70 2.95 to 27.53 

Index ranges 

-8 ≤ h ≤ 8, -5 ≤ k ≤ 

8, 

 -8 ≤ l ≤ 10 

-11 ≤ h ≤ 7, -8 ≤ 

k≤8, 

 -9 ≤ l ≤ 11 

-20 ≤ h ≤ 19, -17 ≤ 

k ≤ 17, 

 -9 ≤ l ≤ 8 

-5 ≤ h ≤ 5, -7 ≤ k ≤ 10,  

-16 ≤ l ≤ 17 

Reflns collected/unique 
625 / 179  

[R(int) = 0.0156] 

2809 / 1004 

[R(int) = 0.0326] 

9116 / 1916 

[R(int) = 0.0312] 

2785 / 1098 

 [R(int) = 0.0470] 

Completeness (%) 100.0 99.7 99.3 97.3 

Data/restraints/param 179 / 7/ 14 1004 / 1 / 56 1916 / 1 / 98 1098 / 3 / 69 

GOF on F2 1.266 1.064 1.008 1.082 

Final R indices [Fo
2>2σ(Fo

2)]a 
R1 = 0.0287  

wR2 = 0.0657 

R1 = 0.0247  

wR2 = 0.0352 

R1 = 0.0189 

 wR2 = 0.0416 

R1 = 0.0568 

wR2 = 0.1223 

R indices (all data) a 
R1 = 0.0287  

wR2 = 0.0657 

R1 = 0.0304 

 wR2 = 0.0368 

R1 = 0.0256 

wR2 = 0.0450 

R1 = 0.0745 

 wR2 = 0.1277 

Flack parameter 0.6(2) 0.07(5) / / 

Extinction coefficient 0.059(6) 0.00062(8) 0.00050(4) 0.0035(7) 

Largest diff peak and hole (e/Å3) 1.265 and -1.438 0.798 and -0.772 0.896 and -0.844 1.865 and -2.277 

a R1 = Σ||Fo| - |Fc||/Σ|Fo| and wR2 = [Σw(Fo
2 – Fc

2)2 / Σw Fo
4]1/2 for Fo

2 > 2σ( Fo
2). 
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