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ABSTRACT: Four new potassium vanadyl iodates based on lone-pair-
containing IO3; and second-order Jahn—Teller distorted VOs5 or VOgq
asymmetric units, namely, 0-KVO,(103),(H,0) (Pbca), f-KVO,(103),-
K,[(VO)(105)5],(HIO;) (H,0),-H,O (P1), and K-
(VO),0,(103)3 (Ima2) have been successfully synthesized by hydro-
thermal reactions. 0-KVO,(10;),(H,0) and 3-KVO,(105),(H,0) exhibit
two different types of 1D [VO,(I03),]  anionic chains. Neighboring VOg4
octahedra in the O-phase are corner-sharing into a 1D chain with the 105
groups attached on both sides of the chain in a uni- or bidentate bridging
fashion, whereas those of VOs polyhedra in the 3-phase are bridged by 105
groups into a right-handed helical chain with remaining IO; groups being
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grafted unidentately on both sides of the helical chain. The structure of K,[(VO)(1053)s],(HIO;)(H,0),*H,O contains novel

isolated [(VO)(105)s]*~

units composed of one VOg4 octahedron linked to five I0; groups and one terminal o>

anion. The

structure of K(VO),0,(103); exhibits a 1D [(VO),0,(103)3] ™ chain in which neighboring VO octahedra are interconnected by
both oxo and bridging iodate anions. Most interestingly, three of four compounds are noncentrosymmetric (NCS), and
K(V0),0,(103); displays a very strong second-harmonic generation response of about 3.6 x KTP, which is phase matchable.
It also has high thermal stability, a wide transparent region and moderate hardness as well as an excellent growth habit. Thermal
analyses and optical and ferroelectric properties as well as theoretical calculations have also been performed.

B INTRODUCTION

The search for new second-order nonlinear optical (NLO)
materials is of current interest and great importance due to their
applications in photonic technologies, such as laser frequency
conversion, optical parameter oscillator (OPO), and signal
communication." In the past decades, significant efforts have
been made for the discoveries of new NLO crystals, which have
brought considerably useful NLO materials, such as 3-BaB,0,
(BBO), LiB;Os (LBO), KH,PO, (KDP), KTiOPO, (KTP),
LiNbO; (LN), ZnGeP,, and AgGaSez.Z’3 For an ideal second-
harmonic generation (SHG) material, it should possesses high
SHG coefficient, wide transparent region, a moderate laser
damage threshold, high thermal stability, phase matchability,
and easy to grow large-size crystals. However, many of the NLO
materials used currently still have shortcomings of one kind or
another which has limited their applications. For example, KDP
shows a low SHG effect and is moisture sensitive, whereas
AgGaSe, has a low laser damage threshold and is difficult to
grow high-quality large-single crystals. Therefore, the searching
for better NLO materials is still a hot research topic and a difficult
challenge.

The prerequisite for a SHG material is that it should have a
noncentrosymmetric (NCS) structure. It is found that a
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compound with asymmetric building units is more likely to form
NCS structure. As for the metal-oxide-based system, there are
mainly three types of inorganic asymmetrlc units which favor
NLO act1v1ty, including planar (BO3)*~ with a 7- con]ugated
system, second-order Jahn—Teller (SOJT) distorted d° early
transition-metal cations (e.g, Nb>*, V°F, Mo®"),® and stereo-
chemically active lone pairs (e.g, SeO5>, 105, Pb>", Bi*").C It
has been demonstrated that the comblnatlon of multiple types of
asymmetric units in the same compound is an effective synthetic
route for new inorganic solids mth excellent SHG properties if
those units are properly aligned.”®

Recently, metal iodates such as 0-LilO5 and Cs,1;0;; have
become an important class of NLO materials due to their
excellent overall properties.* " Furthermore, d° early transi-
tion-metal cations (e.g, Nb*>", V°*, Mo®") have been intro-
duced into the metal iodates to enhance their SHG responses by
means of the additive polarizations of both types of asymmetric
units,"* "2 e.g, BaNbO(IO;);s displays a very large SHG re-
sponse of 14 x KDP." Such types of NLO materials are
dominantly alkali and alkaline earth compounds. Studies also
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have revealed that the size of alkali or alkaline earth metal ion has
a great influence on the compositions, structures, and SHG
properties of the materials formed. For example, Li, Ti(103)s and
Na,Ti(I0;)s are isostructural and polar with strong SHG
responses of 500 and 400 times that of ®-SiO,, respectively,
whereas M,Ti(IO03)s (M = K, Rb, Cs, Tl) is structurally
centrosymmetric (CS). So far, little is known about the effect
of the reaction conditions (such as reaction ratio, temperature,
and pH value) on the structures and the properties of materials
isolated within a same reaction system. We deem that such
studies are also very interesting and important for understanding
the structure —property relationships as well as the exploration of
new NLO materials. In this paper, we focused on the potassium
vanadyl iodate system. Though a number of metal vanadyl
iodates have been reported,mb’mb’13 only a few are noncentro-
symmetric (NCS) and NLO-active, including isostructural M[-
(V0),(105);0,] (M =Rb*, Cs*, NH, ") with a SHG response
of 500 X 0-SiO, for the cesium phase,'” NaVO,(10;),(H,0)
with a large SHG response of 20 x KDP (KH,PO,) or 800 X o.-
Si0,,"*® and LavO,(105) - H,O with a weak SHG response of
0.2 x KDP."* Our systematic explorations of new NLO
materials in the unexplored K—V—I—O quaternary system
resulted in four new potassium vanadyl iodates, namely, o-
KVO,(I05),(H,0), f-KVO,(105),(H,0), Ku[(VO)(I03)s |-
(HIO;3)(H,0),H,0, and K(VO),0,(I03);. They exhibit
three different 1D anionic chains and a 0D anionic cluster. More
importantly, three of the four compounds are NCS, among which
K(V0O),0,(103); displays a very strong SHG efficiency of about
3.6 times that of KTP (KTiOPO,). Herein, we report their
syntheses, crystal structures, and electronic and NLO properties.

B EXPERIMENTAL SECTION

Materials and Instruments. All of the chemicals were analytically
pure from commercial sources and used without further purification.
K,COj3, V,05, and 1,05 were purchased from the Shanghai Reagent
Factory (AR, 99.0+%).

IR spectra were recorded on a Magna 750 FT-IR spectrometer as KBr
pellets in the range of 4000—400 cm .

Microprobe elemental analyses were performed on a field emission
scanning electron microscope (FESEM, JSM6700F) equipped with an
energy dispersive X-ray spectroscope (EDS, Oxford INCA).

Powder X-ray diffraction patterns were collected on a Rigaku Miniflex
IT powder diffractometer, using monochromated Cu—Kot radiation
with a step size of 0.02°.

Thermogravimetric analyses and differential thermal analysis were
carried out with NETZSCH STA 449C and NETZSCH DTA 404PC,
respectively, at a heating rate of 10 °C/min under a N, atmosphere.

The UV—vis absorption and optical diffuse reflectance spectra were
measured at room temperature with a PE 4 900 UV—vis spectro-
photometer. BaSO, plate was used as a standard (100% reflectance).
The absorption spectrum was calculated from reflectance spectra using
the Kubelka—Munk function: o/S = (1 — R)?*/2R,"* where a is the
absorption coefficient, S is the scattering coeflicient, which is practically
wavelength independent when the particle size is larger than 5 ym, and R
is the reflectance.

The Vickers hardness measurements were carried out with the
crystals on a 401 MVA Vickers hardness tester.

The measurements of SHG were carried out on the sieved powder
samples by using the Kurtz and Perry method with a 2.05 um Q-switch
laser."> The SHG efficiency has been shown to depend strongly on
particle size, thus the sample of K(VO,),(103); was ground and sieved
into several distinct particle size ranges (44—S3, 53—74, 74—106,

105—149, 149—210, 210—270, and 270—325 um). The sieved KTP
powders were used as reference materials to assume the effect. All of the
samples were placed in separate capillary tubes. No index-matching fluid
was used in any of the experiments.

The ferroelectric properties of K4[(VO)(103)s],(HIO;3)(H,0),-
-H,0 and K(VO),0,(10;); were measured on an aixACCT TF
Analyzer 2000 ferroelectric tester at room temperature. K,[(VO)-
(103)5],(HIO3)(H,0), - H,O powder was pressed into a pellet (S
mm diameter and 0.8 mm thick), and the conducting Ag glue was
applied on the both sides of the pellet surfaces for electrodes. For
K(VO),0,(I03)3, a single crystal was carefully burnished into a plate
with a size of 5.8 X 1.86 X 1.46 mm> along [001] orientation, and the
conducting Ag glue was applied on the both sides of the plate surfaces for
electrodes.

Synthesis of a-KVO,(103),(H,0). A mixture of K,CO5 (0.1037
g 0.75 mmol), V,05 (0.0918 g 0.50 mmol), LOs (0.6676 g, 2.00
mmol), and H,O (2.0 mL) was sealed in an autoclave equipped with a
Teflon liner (20 mL) and heated at 155 °C for 4 days, followed by slow
cooling to room temperature at a rate of 3 °C/h. The final pH value is
about 0.6. The reaction product was washed with water and ethanol and
then dried in air. Yellow needle-shaped at-KVO,(I103),(H,0) crystals
were obtained as a single phase in a yield of about 95% based on V. Its
purity was confirmed by XRD studies (Figure S1, Supporting In-
formation). The energy-dispersive spectrometry (EDS) elemental ana-
lyses on several single crystals of a-KVO,(I103),(H,0) gave an average
molar ratio of K/V/I of 1.0: 1.0: 1.9, which is in good agreement with the
one determined from single crystal X-ray structural analyses. IR data
(KBr cm™"): 3535 (m), 3426 (m), 1617 (m), 908 (m), 890 (m), 821
(m), 792 (s), 779 (s), 524 (w), 444 (m), 421 (w).

Synthesis of f-KVO,(103),(H,0). A mixture of K,COj3 (0.0692 g,
0.50 mmol), V,05 (0.0455 g, 0.25 mmol), 1,05 (0.6676 g, 2.00 mmol),
Bi,O3 (0.0047 g, 0.01 mmol), and H,O (3.0 mL) was sealed in an
autoclave equipped with a Teflon linear (20 mL) and heated at 230 °C
for 4 days, followed by slow cooling to room temperature at a rate of
3 °C/h. The final pH value is about 0.6. The product was washed with
water and ethanol and then dried in air. Large yellow plate-shaped /3
KVO,(10;),(H,0) crystals were obtained along with a small amount of
colorless crystalline Bi(I03); powders as impurity. After screening with
a sieve (70 mesh), 5-KVO,(103),(H,0) crystals were collected as a
single phase in a yield of about 92% based on V. Its purity was confirmed
by powder XRD studies (Figure S1, Supporting Information). The size
of the single crystal has reached a maximum of 6 x 4 x 2 mm>. When the
reactions were carried out in absence of Bi,O3, only unknown amor-
phous phase could be isolated. Even a very small amount of Bi,O3 is
enough for the formation of -KVO,(10;),(H,0). It is still not clear
what kind of role Bi, O; or the resultant Bi(I03); played in the formation
of f-KVO,(103),(H,0). The EDS elemental analyses on several single
crystals of 5-KVO,(I103),(H,0) gave an average molar ratio of K/V/I
of 1.0: 1.1: 2.1, which is in good agreement with the one determined
from single crystal X-ray structural analyses. IR data (KBr cm ™ '): 3137
(m), 1623 (m), 940 (m), 915 (s), 827 (m), 811 (m), 780 (s), 748 (m),
684 (s), 495 (m), 460 (m).

Synthesis of K;[(VO)(105)5]5(HIO3)(H,0), - H,0. A mixture of
K,CO3 (0.2075 g, 1.50 mmol), V,05 (0.0916 g, 0.50 mmol), L,Os
(3.0468 g, 9.00 mmol), and H,O (5.0 mL) was sealed in an autoclave
equipped with a Teflon linear (20 mL) and heated at 160 °C for 4 days,
followed by slow cooling to room temperature at a rate of 3 °C/h. The
final pH value is about 0.4. The product was washed with water and
ethanol and then dried in air. Orange brick-shaped K,[(VO)(103)s],-
(HIO;)(H,0),+H,O crystals were obtained as a single phase in a yield
of about 70% based on V. Its purity was confirmed by XRD studies
(Figure S1, Supporting Information). The EDS elemental analyses on
several single crystals of K,[(VO)(103)s],(HIO3)(H,0),-H,O gave
an average molar ratio of K/V/I of 2.0: 1.1: 5.6, which is in good
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Table 1. Crystal Data and Structural Refinements for the Four Compounds

formula a-KVO,(105),(H,0) B-KVO,(105),(H,0)
fw 489.86 489.86
crystal system orthorhombic orthorhombic
space group Pbca (no. 61) P2,2,2; (no. 19)
a/A 8.4998(6) 5.8083(14)
b/A 7.2826(5) 8.793(2)
c/A 27.425(3) 16.785(4)
o/° 90 90
B/° 90 90
y/° 90 90
V/A3 1697.6(2) 857.3(4)
z 8 4
Deaea/grem ™ 3.833 3.795
#(Mo—Ka)/mm ™ 8.955 8.867
GOF on F* 1.205 1.061
Flack factor N/A 0.03(4)
R1, wR2 (I > 20(I))* 0.0217, 0.0442 0.0302, 0.0715
R1, wR2 (all data) 0.0230, 0.0449 0.0308, 0.0723

0.0272, 0.0532
0.0309, 0.0543

K,[(VO)(I05)s],(HIO;) (H,0), - H,O K(V0),0,(105)s
2269.24 729.68
triclinic orthorhombic
P1 (no. 1) Ima2 (no. 46)
7.430(2) 14.136(3)
7.801(3) 10.2010(17)
16.053(6) 8.0638(11)
97.207(3) 90
99.730(6) 90
91.882(5) 90
908.4(S) 1162.8(3)

1 4

4.148 4.168
10.443 9.997
0.955 1.133
—0.04(3) 0.10(10)

0.0443, 0.1050
0.0456, 0.1057

“R1 = 3||Ey| — |EI/ZIF,|, wR2 = {Zw[(F,)* — (F)*1*/Swl(E,)* 1}

agreement with the one determined from single crystal X-ray structural
studies. IR data (KBr cm™"): 3349 (m), 1614 (m), 982 (m), 962 (m),
807 (s), 783 (s), 749 (s), 663 (s), 490 (m), 456 (w), 422 (w).

Synthesis of K(V0),0,(103)3. A mixture of K,CO;3 (0.0552 g,
0.40 mmol), V,05 (0.0920 g, 0.50 mmol), ,Os (0.6686 g, 2.00 mmol),
and H,O (2.0 mL) was sealed in an autoclave equipped with a Teflon linear
(20 mL) and heated at 160 °C for 4 days, followed by slow cooling to room
temperature at a rate of 3 °C/h. The final pH value is about 0.5. The product
was washed with water and ethanol and then dried in air. Large red brick-
shaped crystals of K(VO),0,(IO3); were obtained as a single phase in a
yield of about 82% based on V. Its purity was confirmed by XRD studies
(Figure S1, Supporting Information). It should be mentioned that K-
(VO),0,(10;); also has an excellent crystal growth habit. The product
contains only one or several large crystals, which favors the growth of its
large-size single crystals. The size of the single crystal has reached a maximum
of 7 X 4 x 4 mm®. The EDS elemental analyses on several single crystals of
K(V0),0,(I05); gave an average molar ratio of K/V/I of 1.0: 2.1: 2.9,
which is in good agreement with the one determined from single crystal
X-ray structural studies. IR data (KBr cm™"): 925 (m), 906 (m), 866 (m),
810 (m), 758 (s), 680 (s), 485 (m), 426 (m).

Single Crystal Structure Determination. Data collections for
0-KVO,(103),(H,0), f-KVO,(103),(H,0), K4[(VO)(I03)s]a-
(HIO3)(H,0),-H,0, and K(VO),0,(103); were performed on a
Rigaku Saturn 724 CCD diffractometer (for K,[(VO)(105)s],(HIO;)-
(H,0),+H,0) or a Rigaku SCXMini CCD diffractometer (for the other
three compounds) at 293(2) K, respectively, both equipped with a
graphite-monochromated Mo—Ka radiation (4 = 0.71073 A). The data
sets were corrected for Lorentz and polarization factors as well as for
absorption by multiscan method." All four structures were solved by the
direct methods and refined by full-matrix least-squares fitting on F* by
SHELX-97."7* All four structures were checked for possible missing

symmetry elements using PLATON.'”®

All nonhydrogen atoms were
refined with anisotropic thermal parameters. Hydrogen atoms asso-
ciated with water molecules and HIO; groups were located at geome-
trically calculated positions and refined with isotropic thermal
parameters. Crystallographic data and structural refinements for the
four compounds are summarized in Table 1. Important bond distances
are listed in Table 2. More details on the crystallographic studies are

given as Supporting Information.

Computational Descriptions. Single crystal structural data of
our four compounds as well as M[(VO),(105);0,] (M = Rb", Cs™,
NH, ") reported previously were used for the theoretical calculations.
Band structures and density of states (DOS) were performed with the
total-energy code CASTEP.'® The total energy was calculated with
density functional theory (DFT) using Perdew—Burke—Ernzerhof
(PBE) generalized gradient approximation.'® The interactions between
the ionic cores and the electrons were described by the norm-conserving
pseudopotential*® The following orbital electrons were treated as
valence electrons: K, 3s23p6451; Rb, 4324})655l ; Cs, 5325p6651; v,
3d%4s% 1, 5525p5; 0, 2522p4; N, 2522p3; and H, 1s'. The numbers of
plane waves included in the basis sets were determined by a cutoff energy
of 500 eV for all seven compounds, and the numerical integration of the
Brillouin zone was performed using a Monkhorst—Pack k-point sam-
plingof 3 X 3 X 1,4 x 3 x 1,3 X 3 X 2 for 0-KVO,(103),(H,0), -
KVO,(103),(H,0), K4[(VO)(105)5](HIO3)(H,0),-H,0, respec-
tively, and 4 x 4 x 3 for K(VO),0,(I103); and M[(VO),(103)30,]
(M =Rb", Cs*, NH,"). The other parameters and convergent criteria
were the default values of CASTEP code.

The calculations of linear optical properties in terms of the complex
dielectric function &(w) = &,(w) + ie,(w) were made. The imaginary
part of the dielectric function &, was given in the following equation:**

(1)

The f. and f, represent the Fermi distribution functions of the
conduction and valence bands, respectively. The term pL, (k) denotes
the momentum matrix element transition from the energy level ¢ of
the conduction band to the level v of the valence band at a certain k
point in the Brillouin zones, and Vis the volume of the unit cell. The
m, ¢, and f are the electron mass, charge, and Plank’s constant,
respectively.

The second-order optical properties were calculated based on
momentum gauge formalism with the minimal-coupling interaction
Hamiltonian and within the independent particle approximation.””
The imaginary part of the frequency-dependent second-order suscept-
ibility 5 (2,w,0) is obtained from the electronic band structures by
using the expressions already given elsewhere.® Then use the

&l(w) =
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Table 2. Selected Bond Distances (A) for the Four Compounds”

a-KVO,(105),(H,0)
V(1)—0(1) 1.959(3) V(1)—0(4) 2.174(3) V(1)—0(5)#1 2.007(3)
V(1)—0(7) 1.628(3) V(1)—0(8) 1.660(3) V(1)—0(8)#2 2.186(3)
1(1)—0(1) 1.863(3) 1(1)—0(2) 1.780(3) 1(1)—0(3) 1.802(3)
1(2)—0(4) 1.819(3) 1(2)—0(5) 1.856(3) 1(2)—0(6) 1.779(3)
o(1W).--0(1)#3 2.788(4) O(1W)- .- O(6)#4 2.784(4)
B-KVO,(103),(H,0)

V(1)—0(1) 1.955(5) V(1)—0(4) 2.013(4) V(1)—0(6)#1 2.027(5)
V(1)—0(7) 1.620(5) V(1)—0(8) 1.615(5) 1(1)—0(1) 1.863(5)
1(1)—0(2) 1.787(5) 1(1)—0(3) 1.773(5) 1(2)—0(4) 1.835(4)
1(2)—0(5) 1.779(5) 1(2)—0(6) 1.839(5) O(1W)- . -0(2)¥2 2.747(7)
O(1W)...0(3)#3 2.804(7) o(1W)...0(4) 2.812(7)

K,4[(VO)(10;)5],(HIO3) (H,0), - H,O
V(1)—0(1) 1.918(8) V(1)—0(4) 1.894(8) V(1)—0(7) 1.914(8)
V(1)—0(10) 1.893(8) V(1)—0(13) 2.170(9) V(1)—0(34) 1.587(9)
V(2)—0(16) 1.891(8) V(2)—0(19) 1.915(7) V(2)—0(22) 1.973(8)
V(2)—0(25) 1.895(8) V(2)—0(28) 2.197(9) V(2)—0(35) 1.591(9)
1(1)—0(1) 1.883(8) 1(1)—0(2) 1.804(8) 1(1)—0(3) 1.842(7)
1(2)—0(4) 1.897(8) 1(2)—0(5) 1.808(8) 1(2)—0(6) 1.817(8)
1(3)—0(7) 1.860(8) 1(3)—0(8) 1.786(7) 1(3)—0(9) 1.809(8)
1(4)—0(10) 1.893(9) 1(4)—0(11) 1.785(8) 1(4)—0(12) 1.783(8)
1(5)—0(13) 1.823(8) 1(5)—0(14) 1.815(9) 1(5)—0(15) 1.810(8)
1(6)—0(16) 1.885(8) 1(6)—0(17) 1.796(8) 1(6)—0(18) 1.801(9)
1(7)—0(19) 1.888(8) 1(7)—0(20) 1.812(8) 1(7)—0(21) 1.798(9)
1(8)—0(22) 1.860(8) 1(8)—0(23) 1.816(7) 1(8)—0(24) 1.790(8)
1(9)—0(25) 1.867(8) 1(9)—0(26) 1.789(8) 1(9)—0(27) 1.792(8)
1(10)—0(28) 1.820(8) 1(10)—0(29) 1.812(7) 1(10)—0(30) 1.798(9)
1(11)—0(31) 1.805(9) I(11)—0(32) 1.873(9) 1(11)—0(33) 1.797(9)
o2w)...0(3w) 2.656(13) o(2w)..-0(20) 2.761(13) O(3W)-.-0(12)#1 2.829(11)

K(V0),0,(103)3

V(1)—0(1) 1.984(10) V(1)—0(3) 2.207(10) V(1)—0(4)#1 1.949(9)
V(1)—0(6) 1.626(10) V(1)—0(7) 1.880(7) V(1)—0(8) 1.885(5)
1(1)—0(1) 1.840(9) 1(1)—0(1)#2 1.840(9) 1(1)—0(2) 1.801(15)
1(2)—0(3) 1.841(9) 1(2)—0(4) 1.856(8) 1(2)—0(s) 1.765(12)

“ Symmetry transformations used to generate equivalent atoms: For a-KVO,(103),(H,0): #1 —x +3/2,y + 1/2,z; #2 —x + 3/2,y — 1/2,z; #3x — 1/
2, —y+1/2,—z+ 1;#4 —x + 2, —y, —z + 1. For -KVO,(103),(H,0): #1 x + 1/2, —y 4+ 3/2, —z + 1; #2 —x,y + 1/2, —z + 3/2; #3x,y + 1, z. For
K,[(VO)(105)5],(HIO;) (H,0),- H,0: #1 2,y + 1,z — 1. For K(VO),0,(105)5: #1 —x + 1, —y, 23 #2 —x + 1/2, y, z.

Kramers—Kronig relations, as required by causality, to obtain the real
part:
/ //(2)(20)/, w/) a)/)

L, -
(- 20,0,0) = 2p /0 dor XL 2)

' —w?

In the present study, the O function in the expressions for
%? (200,0,0)* ¢ was approximated by a Gaussian function with I" = 0.2
eV. Furthermore, to ensure that the real part calculated via Kramer—Kronig
transformation (eq 2) is reliable, at least 300 empty bands were used in SHG
calculation. In addition, because DFT-GGA fails to correctly predict the CB
energies, so the CB energy should be corrected by adding a scissor operator,
and meanwhile, the momentum matrix elements were also renormalized.**

B RESULTS AND DISCUSSION

Four new potassium vanadyl iodates, namely, 0.-KVO,(103),-
(Hy0), B-KVO,(103),(H,0), K4[(VO)(I10;)s],(HIO;)(H,
0),-H,0, and K(VO),0,(I03);, have been successfully

synthesized hydrothermally under different reaction conditions
(Figure 1). It should be noted that K4[(VO)(103)s],(HIO3)-
(H,0),+H,0 and K(VO),0,(103); were synthesized under the
same reaction temperature but different molar ratios of reactants,
and the other two compounds were synthesized under different
temperatures and molar ratios. In addition, Bi, O3 is necessary for
the preparation of 5-KVO,(103),(H,0), otherwise, only un-
known amorphous phase can be isolated. The structures of the
four compounds feature three different types of 1D anionic
chains and a 0D cluster unit, all of which are separated by K"
cations.

Structure of 0-KVO,(103),(H,0). a-KVO0,(105),(H,0) ex-
hibits novel 1D [VO,(IO3),]  anionic chains which are sepa-
rated by K cations and the water molecules (Figure 2a). Both
the V°" and I°" cations are in asymmetric coordination envir-
onments attributed to SOJT effects. The V> cation is octahed-
rally coordinated by one terminal and two bridging oxo anions as
well as three jodate groups in a unidentate fashion. The V—0O

5564 dx.doi.org/10.1021/ja200257a |J. Am. Chem. Soc. 2011, 133, 5561-5572



Journal of the American Chemical Society

B-KVO,(10,),(H,0) (P2122; ;

&KVO,(10,),(H,0) (Pbca)

K(VO),05(104)s (Ima2)

4 [{\c)uo.),hmzo )H,0),H,0 (P1)

Figure 1. Synthetic routes and morphologles for 0-KVO,(I103),-
(H,0), f-KVO0,(105),(H,0) (6 x 4 x 2 mm?), K,[(VO)(I03)s],-
(HIO;)(H,0),-H,0, and K(VO),0,(10;); (7 X 4 X 4 mm®).

Figure 2. View of the structure of -KVO,(I03),(H,0) down the a-
axis (a); a 1D [VO,(IO3),] " chain along the b-axis showing the lone
pairs (purple ellipsoids) and local moments (green arrows) (b). VOg
octahedra are shaded in blue and hydrogen atoms are omitted for clarity.

bond distances are: two long [2.174(3) and 2.186(3) A], two
normal [1.959(3) and 2.007(3) A], and two short [1.628(3) and
1.660(3) A], hence the VOg4 octahedron is distorted toward an
edge (local C, direction) (Figure 2b). The magmtude of the out-
of-center distortion (Ad) was calculated to be 1.16,” which is very
strong and close to that in LaVO,(103),-H,0 (Ad = 1.14). 13¢
Neighboring VO octahedra are corner sharing (O(8)) into a 1D
linear vanadium oxide chain along the b-axis. I(1)Oj; groups are
attached on one side of the chain unidentately, whereas 1(2)O5
groups are grafted in a bidentate bridging fashion into the chain
on the other side (Figure 2b) Such a 1D anionic chain is related
to that in Ag,VO,(103)3,"** however, the V(V) atoms in the 1D
chain of Ag,VO,(I03); are not aligned linearly but in a zigzag

Figure 3. View of the structure of 3-KVO,(103),(H,0) down the b-
axis (a); a 1D [VO,(103),] ™ right-handed helical chain along the a-axis
showing the lone pairs (purple ellipsoids) and local moments (green
arrows) (b). VO polyhedra are shaded in blue.

chain fashion. It should be also mentioned that such an 1D
anionic chain is different from the one in KVOZ(IO 2 thou§h
their chemical compositions are almost identical1

cation in KVO,(I0;), is five-coordinated in a trlgonal blpyr-
amidal geometry, and these VOs polyhedra are not directly
interconnected but bridged by iodate groups.

The I°* cation is asymmetrically coordinated by three oxygen
atoms in a distorted trigonal pyramidal environment as a result of
its stereoactive lone pair. The I—O bond distances fall in the
range of 1.779(3)—1.863(3) A, which are com}garable to those
previously reported for other metal iodates." The K™ cation
is surrounded by seven oxygen atoms from one O* anion, two
water molecules, and four IO groups in a pentagonal bipyrami-
dal geometry, the K—O bond distances range from 2.689(3) to
3.213(4) A. Bond valence calculations gave total bond valences
of 1.03 for K, 5.04 for V, 4.96 and 5.01 for I,** indicating that the
K, V, and I atoms are in an oxidation of +1, +5, and +S5,
respectively. It should be noted that the water molecule (O1W)
is also involved in the hydrogen bonding with O(1) and O(6)
[(2.788(4) and 2.784(4) A].

Although each [VO,(103),]” chain is polar, there is no
macroscopic polarization for the 3D network, since the polariza-
tions of neighboring chains canceled each other due to the
centrosymmetric space group (Pbca) (Figure 2aand b).

Structure ofﬁ'KV02(|03)2(H20).ﬂ-KVOz(IOg,)Z(HZo) crys-
tallizes in the chiral space group P2,2;2;, and its structure
contains right-handed helical chains of 1D [VOZ(IO3) ]~ anions
along the a-axis, which are separated by K" cations and the water
molecules (Figure 3a). The V>" cation is in a strongly distorted
trigonal bipyramidal geometry and bonded to two terminal
oxygen anions and three unidentate iodate groups, resulting in
two short [1.615(5) and 1.620(5) A] and three long [1.955(5),
2.013(4), and 2.027(5) A] V—O bonds. Neighboring VO,
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Figure 4. View of the structure of K,[(VO)(10;3)s],(HIO;)-
(H,0),-H,0 down the a-axis (a); two 0D [(VO)(103)s]*~ anions in
the asymmetric unit showing the lone pairs (purple ellipsoids) and local
moments (green arrows) (b). VOg octahedra are shaded in blue.

polyhedra are further bridged by I(2)O3 groups into a 1D right-
handed helical chain along the a-axis. The I(1)O; groups are
attached unidentately on both sides of the helical chain
(Figure 3b). Such chain is similar to that in NaVO,(I103),(H,0)
but very different from that in a-KVO,(I10;),(H,0)."*® Within
the helical chain, the V" cations are arranged in a unusual zigzag
manner rather than linearly in KV 0,(105),'® and 0-KVO,-
(103),(H,O). The V- - - V separation between the first and the
third V atom of 5.808(1) A is even much shorter than that
between two neighboring ones bridged by an iodate group
(6.032(12 A) and slightly longer than that in NaVO,(103),-
(H,0)"" (5.215(1) A).

Both I°" cations in the asymmetric unit are coordinated by
three oxygen atoms in a distorted trigonal pyramidal environ-
ment, with the I—O bond distances ranging from 1.773(5) to
1.863(5) A. The K cation is in a square antiprismatic coordina-
tion environment composed of two terminal O?” anions, one
water molecule and five iodate groups. The K—O bond distances
in the range of 2.703(5)—3.363(6) A. Bond valence calculations
gave total bond valences of 1.00 for K, 5.08 for V, and 5.10 and
4.96 for I, indicating that the K, V, and I atoms are in an oxidation
of +1, +5, and +5, respectively.** H-bonding interactions are
also present between water molecule and iodate groups
[O(1W)---0(3) 2.804(7) Aand O(IW) - - - O(4) 2.812(7) A].

Within the [VO,(103),] ™ helical chain, all of the lone pairs of
the IO; groups are almost aligned in the same direction,
producing a large macroscopic dipole moment toward the a-axis
(Figure 3b). Different from those in NaVO,(105),(H,0),' the
large polarizations from two neighboring helical chains in f3-
KVO,(103),(H,0) mostly canceled each other (Figure 3a),
resulting in only small macroscopic polarizations for the 3D

Figure 5. View of the structure of K(VO),0,(I03); (a); a
[(VO),0,(103)3]" chain along the a-axis (b); 1D [(VO),0,(I03);]™
chains along the a-axis showing the lone pairs (purple ellipsoids) and local
moments (green arrows) (c). VOg octahedra are shaded in blue.

structure, which is confirmed by a very weak SHG response as
will be discussed later.

Structure of K4[(VO)(I03)s](HIO3)(H,0),-Hy0. It crystal-
lizes in the polar space group P1, and its structure contains novel
0D [(VO)(IO3)5]27 anionic units composed of one VOg
octahedron linked with five 105 groups and one terminal O*~
anion. The K cations, water molecules, and HIO; groups are
located between these 0D units (Figure 4a, 4b). So far only two
0D vanadium iodate anions have been reported, including [VO,-
(105),]°" and [(VVO)(10;)s]*™ units."*™® Such 0D [(VO)-
(103)5]* unit is different from the 0D [(V™VO)(105)s]*~ unit
in LaVO(I03)s,"® in the different charges for the vanadium
atom and space arrangements for the five I0; groups, though
their chemical compositions are similar.

The asymmetric unit contains 4 K+, 2 V5+, and 11 I°7" ions.
Both V' cations undergo intraoctahedral distortion toward the
terminal oxo anions, that is, a corner (C,) distortion, exhibiting
one short [1.587(9) or 1.591(9) Al, one long [2.170(9) or
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2.197(9) A], and four normal [1.893(8)—1.918(8) or 1.891-
(8)—1.973(8) A] V—O bonds (Figure 4b). The magnitude of
the out-of-center distortion (Ad) for V(1)Og and V(2)Og are
estimated to be 0.59 and 0.71,” respectively, which are similar
to that in LaVO(103)s (Ad = 0.67)"*° but much smaller than
that in -KVO,(103),(H,0). All I°* cations are asymme-
trically coordinated by three oxygen atoms in a distorted
trigonal pyramidal environment with the I—O bond distances
ranging from 1.783(8) to 1.897(8) A. Both K(1)™ and K(2)™"
cations are in a square antiprismatic coordination environ-
ment coordinated by eight iodate groups in a unidentate
fashion. K(3) cation is surrounded by nine oxygen atoms
from one oxo anion, one water molecule, one HIO3, and four
10; groups (two of them in a bidentate chelating fashion) in a
tricapped trigonal prism geometry, whereas K(4) cation is
seven-coordinated with a pentagonal bipyramidal geometry
composed of seven oxygen atoms from one O~ anion, two
water molecules, one HIO;, and three 103 groups all in a
unidentate fashion. The K—O bond distances fall in the range
0f2.691(9)—3.202(8) A. Bond valence calculations gave total
bond valences of 0.91—1.28 for K, 5.06—5.20 for V, and
4.64—5.06 for 1,** indicating that the K, V, and I atoms are in
an oxidation of 41, +35, and 45, respectively. There are also
extensive H-bonding interactions among coordinated and
noncoordinated water molecules as well as IO; groups
[OQ2W)---0(20) 2.76(1) A; O(3W)- - -0(12) 2.83(1) A;
O(2W)---0(3W) 2.66(1) A].

As shown in Figure 4b, both 0D [(VO)(1053)5]*" units in the
asymmetric unit are polar. However, the polarizations of VOg¢
and IO; groups from the two OD units are toward almost
opposite directions, resulting in largely cancellation of the local
dipole moments, which is also confirmed by a very weak SHG
response as will be discussed later.

Structure of K(V0),0,(105)5. It is isostructural with M][-
(VO),(105);0,] (M = Rb", Cs™, NH, ") with a polar space
group Ima2."® Its structure contains a 1D [(VO),0,(105);]
anionic chain along the a-axis with the K cations acting as
spacers (Figure Sa and b). The asymmetric unit contains one V>
and one I’ cations in the general positions and one K and one
I°" cations on a mirror plane. Both the V>* and I’ cations are in
asymmetric coordination environments attributed to SOJT
effects. The V°" cation is distorted toward a corner (local C,
direction), resulting in one long [2.21(1) A], one short [1.63(1)
A], and four normal [1.880(7)—1.98(1) A] V—O bonds
(Figure Sb). The magnitude of the out-of-center distortion
(Ad) was calculated to be a moderate value 0.62,> which is very
close to that in K,[(VO)(10;)s],(HIO;)(H,0),-H,0O but
much smaller than that in A-KVO,(I103),(H,0). Neighboring
VOg octahedra are corner-sharing bridging oxo anions into a 1D
vanadium oxide chain along the g-axis. Within the chain, each
pair of VO octahedra is further bridged by one or two iodate
anions alternatively (Figure Sb).

AllT** cations in the asymmetric unit are coordinated by three
oxygen atoms in a distorted trigonal-pyramidal geometry with
the I—O bond distances falling in the normal range of 1.765(12)
to 1.856(8) A. The K™ cation is eight-coordinated by three oxo
anions and five unidentate iodate groups in a square antiprismatic
geometry with the K—O bond distances in the range of 2.72(2)
to 3.27(2) A. Bond valence calculations gave total bond valences
of 0.81 for K, 4.85 for V, 4.83 and 4.94 for I, respectively,24
indicating that the K, V and I atoms are in an oxidation of +1, +35
and +35, respectively.

Within a [(VO),0,(I03)3]  chain, the lone pairs on the
neighboring I(1)Oj; groups are nearly orientated toward oppo-
site directions, which makes the polarizations of I(1)O; groups
canceled out. However, all the lone pairs on I(2)O; groups are
almost aligned in the same direction, so did the polarizations of
VOgq octahedra (Figure Sc). Hence, the polarizations associated
with 1(2)O3 and VOgq polyhedra constructively add, resulting in a
large macroscopic polarization, which is confirmed by the SHG
measurements discussed later.

TGA and DTA. Thermogravimetric analysis (TGA) studies
indicate that 0-KVO,(103),(H,0), 3-KVO,(105),(H,0), K,-
[(VO)(103)5],(HIO3)(H,0),-H,0, and K(VO),0,(10;)3
are thermally stable up to about 115, 200, 170, and 335 °C,
respectively. Then K(VO),0,(I03); displays one step of weight
loss, whereas the other three compounds each displays two main
steps of weight losses (Figure 6). For K(VO),0,(103)s, the
weight loss in the temperature range 335—440 °C corresponds
to the release of 1.5 I, and 3.75 O, per formula unit, which is in
agreement with the two endothermic peaks observed at 342 and
406 °C in the differential thermal analysis (DTA) diagram. The
residuals at 900 °C should be K;V;0,4 and K, ;;V;0g based on
powder XRD studies (Figure S2d, Supporting Information). The
corresponding observed total weight loss of 68.3% is close to the
calculated ones (68.6%).

For @-KVO,(I0;),(H,0), B-KVO,(I105),(H,0), and
K, [(VO)(103)5],(HIO3) (H,0), - H,O, the weight losses in the
temperature ranges 115—250, 200—235, 170—23S °C correspond
to the release of 1.0 H,O, 1.0 H,O, and 3.0 H,O molecules per
formula unit, respectively, which are in agreement with the endo-
thermic peaks at 138 and 235 °C, 213 °C, and 207 °C, respectively,
in their DTA diagrams. The observed weight losses of 3.7, 3.6, and
2.4%, respectively, for 0-KVO,(I03),(H,0), S-KVO,(10;),-
(H,0), and K,[(VO)(103);](HIO;) (H,0), - H,O are very close
to the calculated ones (3.68, 3.68, and 2.38%). After dehydration, O.-
KVO,(103),(H,0) and K,[(VO)(I0;)s],(HIO5)(H,0), - H,0
become amorphous, whereas 3-KVO,(103),(H,0) has been con-
verted to KVO,(I03),'® as confirmed by powder XRD studies
(Figure S2b, Supporting Information).

The second weight loss (360—530, 360—550, and 310—
570 °C, respectively, for 0-KVO,(103),(H,0), -KVO,(103),-
(H;0), and K4[(VO)(103)s],(HIO3)(H,0),-H,0) corre-
sponds to further decomposition for each compound, which is
consistent with the endothermic peaks at 368 and 423 °C for o.-
KVO0,(103),(H,0), 363 and 416 °C for 3-KVO,(105),(H,0),
and 425, 500, and 574 °C for K,[(VO)(105)s],(HIO3) (H,0),-
-H,O in the DTA diagrams. The residuals at 900 °C should be
KVO; for 0-KVO,(10;),(H,0) and -KVO,(103),(H,0),
KVO; and an unknown phase for K,[(VO)(I03)s],(HIO;)-
(H,0),+H,0 based on powder XRD studies (Figure S2, Sup-
porting Information). Assuming that the unknown phase is
composed of the oxides of potassium and vanadium, as in other
three compounds, the total weight losses of 71.34, 71.76, and
84.08% for 0-KVO,(105),(H,0), f-KVO,(10;),(H,0), and
K,[(VO)(103)5],(HIO5)(H,0),-H,O match well with the
calculated values of 71.82, 71.82, and 83.68%, respectively.

Optical Properties. IR spectra indicate that K(VO),0,(103)
is transparent in the range of 4000—1000 cm ™' (2.5—10 um),
whereas the other three compounds show a few absorption bands
associated with the water molecules (Figure S3, Supporting
Information). The IR absorption bands at 866—982 and
421—827 cm™ ! can be assigned to V—O and I—-O vibrations,
respectively. For the three compounds containing water

5567 dx.doi.org/10.1021/ja200257a |J. Am. Chem. Soc. 2011, 133, 5561-5572



Journal of the American Chemical Society

110 e 9
KIVONI0);(H0) — TGA [ £-KIVO,)(105),(H,0) | — TGA
100+ —— DTAlLp 1001 DTA |2
90 - 90
— 804 = __804 =
% 76 lcnuolnermic -Og %‘?ﬂ- -Dé
o
B go 235°C 2960 L 3
= 63 &
50 1,250, k2 504 -2
Wb Mass loss (total): Mass loss (total):
£ Exp.: -71.34% 404 Exp. -71.76%
] on, Cal.; -71.82% ] Pt Cal.: 71.82%
- - - - - - - 4 - - - - r - - - 4
0 100 200 300 400 500 600 700 800 900 100 200 300 400 500 €00 700 800 800
Temperature(*C) Temperature(“C)
(a) (b)
110
= [* 100 ] 220201055 ] — oA |4
oTAl [ —— DT
90 4
0 = 804 Y AT e
§§ endothermic E
| -233 70+ ' r E
endothermic E= A06°C 1.51,-3.750. £
=o 151,-3.750, =0 E
425 o s
o= &=
6 504 Mass loss (total):
30 Mass loss (total): 40 Exp.; -68.30% 4
Exp.: -84.08% L8 Cal. : 68.62%
20 Cal, ; -83.68% 20
7 S e e e P e e SO L || T ————7—+ 8
0 100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900
Temperature(*C) Temperature(*C)
(c) (d)

Figure 6. TGA and DTA curves for a-KVO,(I03),(H,0) (a), f-KVO,(103),(H,0) (b), K,[(VO)(103)5],(HIO3)(H,0),-H,O (c), and
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Figure 7. UV absorption spectra (a) and optical diffuse reflectance spectra (b) for the four compounds.

molecules, the broad bands centered at 3535, 3426, 3137, and
3349 cm ™ ' and 1617, 1623, and 1614 cm™ ' can be assigned to
stretching and bending modes of the water molecules, respec-
tively. These assi%nments are in consistent with those previously
reported.'*'>*%*

UV absorption spectra of all four compounds show little absorp-
tion in the range of 650—2500 nm (0.65—2.5 um) (Figure 7a).
Hence, K(VO),0,(105); is transparent in the range of 0.65— 10 um
(Figure S3, Supporting Information, Figure 7a), responding to
visible, near, and middle IR regions. The other three compounds
show a few absorption bands associated with the water molecules as
mentioned earlier. Optical diffuse reflectance spectrum measure-
ments indicate that 0-KVO,(105),(H,0), -KVO,(10;),(H,0),
K,[(VO)(105)5],(HIO;)(H,0), H,0, and K(VO),0,(105);
are wide band gap semiconductors with optical band gaps of 2.78,
3.39,2.27, and 2.30 eV, respectively (Figure 7b).
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Second-Harmonic Generation (SHG) Properties. Since [3-
KVO0,(105),(H,0), K4[(VO)(10;)5],(HIO;)(H,0), - H,0,
and K(VO),0,(I03); crystallized in noncentrosymmetric space
groups, it is worthy to study their SHG properties. SHG
measurements on a 2.05 um Q-switch laser with the sieved
powder samples revealed that [-KVO,(103),(H,0) and
K4[(VO)(103)5],(HIO3) (H,0), - H,O display very weak SHG
signals, whereas K(VO),0,(I03); shows a very strong SHG
response of about 3.6 X KTP (KTiOPO,) and is also phase-
matchable (Figure 8). Based on structural data, it is expected that
the very weak SHG responses for 5-KVO,(103),(H,0) and
K,[(VO)(I03)5],(HIO3)(H,0), - H,O may be mainly caused
by the partial cancellation of the local dipole moments associate
with VO, (x = S, 6) and 10; groups. The very strong SHG
response for K(VO),0,(103); mainly stems from the synergistic
effect of two types of NLO-active units (I0; and VOg), that is,
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Figure 8. Oscilloscope traces of the SHG signals for the powders (270—325 sm) of KTP, K(VO),0,(103); and M[(VO),(103);0,] (M=Rb™", Cs™,
NH, ) (a) and the phase-matching curve for K(VO),0,(103)3(b). The curve drawn is to guide the eye and not a fit to the data.

the polarizations associated with all I0; and VOg4 polyhedra
constructively add, producing a very large net dipole moment.
To better understand the magnitude and direction of the
dipole moments, the local dipole moments for the I0; and VO
or VOs polyhedra and the net dipole moment within a unit cell
for all four compounds were calculated by using a method
reported earlier.' 2527 With the lone-pair polyhedra, the lone-
pair is given a charge of —2 and is localized 1.23 A from the I(V)
cations.”® The dipole moment calculations for four compounds
resulted in values of 13.23—16.59 D (D = Debyes) for 105, 3.05
D for VOs and 5.34—7.64 D for VOg polyhedra (Table SI,
Supporting Information), which is consistent with previously
reported values.***” For 0-KVO,(103),(H,0), the polariza-
tions of neighboring chains cancel out completely due to the
centrosymmetric space group (see Figure 2) and the net dipole
moment for a unit cell is 0 D. For 5-KVO,(103),(H,0), the x, y,
and z-component of the polarizations from four I(1)O; poly-
hedra within a unit cell are 2 X (£9.85 D), 2 X (£4.94 D) and 2
X (£9.10 D), respectively. Hence, the polarizations from the
four 1(1)O; canceled out completely in each direction. Such
cancellations are also observed for the I1(2)O; and V(1)Os
polyhedra (see Figure 3 and Table S1, Supporting Information).
Thus, the net dipole moment of a unit cell is 0 D. For K,[(VO)-
(103)5],(HIO3)(H,0), - H, O, the «, y, and z-component of the
polarizations from V(1)Og and V(2)Og4 are almost equal in
magnitude but opposite in direction. Hence, the polarizations
from the two VOg4 polyhedra almost canceled each other. As for
the 11 IO; polyhedra in a unit cell, the main contributions of the
x-component of the polarizations come from I(x)O; (x =1, 2, S,
6,9, 11) which are partially canceled by those of 1(x)O5 (x = 3,4,
7, 8, 10) (see Figure 4 and Table S1, Supporting Information).
Similarly, the y-component of the polarizations from I(x)O3 (x =
1—5, 8, 11) are partially canceled by those of I(x)O5 (x = 6,7, 9,
10) and the z-component of the polarizations from I(x) O3 (x =2,
3, 8,10, 11) are partially canceled by those of I(x)O3 (x = 1,4—7,
9). The net dipole moment of a unit cell was calculated to be a
relative small value of 33.62 D. For K(VO),0,(I05);, the x, y,
and z-component of the polarizations from four I(1)O; poly-
hedra in a unit cellare 4 X (0D),2 X (£14.53 D) and 4 x (2.67
D), respectively. Hence, the y-component of the polarizations
from four 1(1)O; polyhedra canceled out completely, and only
the z-component of their polarizations constructively adds to a
value of 10.68 D. As for the eight I(2)O; polyhedra in a unit cell,
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the «, y, and z-component of their polarizations are 4 x (+1.08
D), 4 x (£4.35D), and 8 x (12.59 D), respectively. Thus the x
and y-component of their polarizations canceled out completely,
whereas those of the z-components constructively add to a large
value of 100.72 D. Similarly, the x and y-component of the
polarizations associated with all eight V(1)Og polyhedra in a unit
cell canceled each other out, and the z-component of their
polarizations constructively adds to a value of 18.08 D (see
Figure S and Table S1, Supporting Information) The z-compo-
nent of all 1(1)O3, 1(2)O3, and V(1)O4 constructively adds to
produce a very large net dipole moment of 129.48 D along the ¢-
axis. These results are in agreement with those of SHG
measurements.

It is reported that the cesium phase of the isostructural
M[(VO),(105);0,] (M = Rb*, Cs*, NH,") displays a SHG
response of 500 X (X-SiOz,mb and the SHG properties of the
other two phases were not mentioned. For comparison with our
compounds, the SHG measurements of these three compounds
were also performed under the same conditions. Results indicate
SHG responses of 2.2, 1.3, and 0.4 X KTP, respectively, for the
rubidium, cesium, and ammonium phases (Figure 8a). It is then
concluded that the SHG responses of the four isostructural
compounds follow a sequence of K > Rb > Cs > NH,. This is
largely in agreement with results from the theoretical calculations
on the SHG susceptibility coeflicients for the four isostructural
compounds as will be discussed later. It is expected that the weak
SHG responses for [-KVO,(103),(H,0) and K,[(VO)-
(103)5],(HIO03)(H,0), - H,O should originate from not only
the partial cancellation of the local dipole moments associate
with VO, (x =S, 6) and IO; groups but also the absorption bands
near 2.0 um caused by the water molecules. For the ammonium
phase, the absorption bands near 2.0 yum associated with the
N—H vibration may be also responsible for its relative weak SHG
response.

Ferroelectric Properties. The ferroelectric properties of
K,[(VO)(10;)5],(HIO;)(H,0), - H,O and K(VO),0,(105);
were investigated because they crystallized in polar point groups
(1 and mm2) required for ferroelectric behavior. Ferroelectric
measurements on a pellet (S mm diameter and 0.8 mm thick) for
K4[(VO)(103)5],(HIO;)(H,0), - H,0 and on a single crystal
with a size of 5.8 x 1.86 x 1.46 mm® in the direction of the c-axis
for K(VO),0,(103); revealed small remanent polarizations (Pr)
of 0.27 and 0.045 uC/cm” respectively (Figure S6, Supporting
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Information), hence the ferroelectric properties are negligible. It
is unlikely that the dipole moments associated with the asym-
metric IOz polyhedra can be reversible as reported by other
groups.'! Hence the polarization reversibility may be limited to
the small contribution from the distorted VOg4 octahedra or
derived from dielectric loss.

Hardness Measurements. The Vickers-hardness measure-
ments were carried out with the crystals of 5-KVO,(103),(H,0)
and K(VO),0,(103); on a 401 MVA Vickers hardness tester.
The Vickers-hardness values of [-KVO,(10;),(H,O) and
K(VO),0,(I03)5 are 94 and 195 HV, respectively, about 2.5 and
3.0 in Mohs’ scale, which allows easy polishing for the crystals.

Theoretical Calculations. To gain further insights on the
electronic structures of four materials and optical properties of
three NCS compounds, theoretical calculations based on DFT
methods were performed by using the total-energy code CAS-
TEP."® The SHG properties of the M[(VO),(105);0,] (M =
Rb", Cst, NH4+) were also calculated for comparison with that
of the isostructural K(VO),0,(103);.

The dispersions of energy bands are presented in Figure S7,
Supporting Information and the state energies (eV) of the lowest
conduction band (L-CB) and the highest valence band (H-VB)
of the compounds are listed in Table S2, Supporting Information.
For a-KVO,(103),(H,0) and 3-KVO,(103),(H,0), both the
L-CBs and the H-VBs are located at the same point, with direct
band gaps of 2.66 and 2.51 eV, respectively. For K,[(VO)-
(103)5]2(HIO3)(H,0),*H,O  and  K(VO),0,(103);,  the
L-CBs and the H-VBs are located at different symmetry points,
giving indirect band gaps of 2.00 and 1.67 eV. The calculated
band gaps of the four materials are all somewhat smaller than the
experimental values (2.78, 3.39, 2.27, and 2.30 eV, respectively).
This is not surprising as it is well-known that the GGA does not
accurately describe the eigenvalues of the electronic states, which
often causes quantitative underestimation of band gaps for
semiconductors and insulators.”® Hence scissors were adopted
during the optical property calculations for all compounds
(Table S3, Supporting Information).

The bands can be assigned according to the total and partial
DOS, as plotted in Figure S8, Supporting Information. All of the
four compounds display very similar characteristics, thus, we only
take 0-KVO,(103),(H,0) as a representative to discuss the
DOS in detail. The bottom-most VBs ranging from —27.0 to
—26.5 eV are composed of K-3s states. The VBs between —20.5
and —15.0 eV are originated from O-2s and small amounts of
I-Ss, I-Sp states, whereas the VBs between —11.5 and —8.0 eV
arise from K-3p states mixing with a dash of O-2p and I-3s states.
The Fermi level region, which accounts for most of the bonding
character in a compound, falls in the range of —6.5 to 5.0 eV. It is
obvious that O-2p states dominate the whole Fermi level region.
In the regions of —6.5 to —4.0 and 2.5 to 5.0 eV, I-5p states
overlap fully with O-2p, and in the regions of —4.0 to 5.0 eV,
V-3d states also overlap well with O-2p, indicating the well-
defined V—O coordination in vanadium oxide polyhedra and
I—-O covalent interactions.

Population analyses allow for a more quantitative bond
analysis (Table S4, Supporting Information). The calculated
bond orders of K—O and I-O bonds are 0.01—0.15 and
0.12—0.56 e respectively for all four compounds, indicating that
the K—O bonds are ionic and the I—O bonds are more covalent
in character. The V—O bonds in the four compounds can be
divided into three types: V—O(—V) (only exist in a-KVO,-
(105),(H,0) and K(VO),0,(10;);), V—O(terminal), and

V—0(—1I) (both exist in all compounds). The calculated bond
orders of V—O(terminal), V—O(—V), and V—O(-I) are
0.90—0.94, 0.25—0.8, and 0.23—0.45 e, respectively, indicating
the covalent character of these V—O bonds normally follow the
order of V—O(terminal) > V—O(=V) > V—0O(-1I).

Furthermore, we also explored the linear and nonlinear optical
properties of the NCS crystals. It is noticeable that all of the
optical properties calculations of these compounds in this paper
were based on their principal dielectric axis coordinate systems.
For the triclinic crystal K4[(VO)(103)5],(HIO3)(H,0),-H,0,
optical permittivity tensor matrix was calculated and transformed
to its diagonal form (i.e., the principal axes transformation), and
the obtained angles between the crystallography axes (i.e., a, b
and ¢) and the principal dielectric axes (i.e., x, y, and z) were listed
in Table S5, Supporting Information.

The linear optical response properties of three NCS compounds
were examined through calculating the complex dielectric function
e(w) = &,(w) + iey(w). Its imaginary part (&,(w)) can be used to
describe the real transitions between the occupied and unoccupied
electronic states. The imaginary parts of the frequency-dependent
dielectric functions of the compounds show anisotropic along three
dielectric axis directions (Figures S9 a—c, Supporting Information).
The curves of the averaged imaginary parts and real parts of dielectric
functions were obtained by £ = (&, +¢, +¢,) /3 (Figures S9 d—f,
Supporting Information). The averaged imaginary parts reveal the
strongest adsorption peaks of -KVO,(10;),(H,0), K,[(VO)-
(I05)5],(HIO3) (H,0), - H,0, and K(VO),0,(10;); are at 5.5,
4.9, and 4.9 eV, respectively, which can be mainly assigned to the
electronic interband transitions from the O-2p to I-Sp and V-3d
states. The average static dielectric constant £(0) of 5-KVO,(10;),-
(H,0), Ky[(VO)(103)5],(HIO;) (H,0),-H,0, and K(VO),0,-
(105); is 4.03, 4.66, and 5.58. The dispersion curves of refractive
indices calculated by the formula n*(w) = &(w) display strong
anisotropy which arises from the anisotropy of the dielectric func-
tions, n° > # > n. for f-KVO (10;),(H,0), n* > n. > " for
K,[(VO)(105)5],(HIO3) (H,0)5 - H,0, and 1" > i > 1%, but 1" is
much larger than n’ and n° for K(VO),0,(105); (Figure S10,
Supporting Information). The values of n*, #, and n” at 2 um are
calculated to be 1.945, 2.031, and 2.065 for 5-KVO,(I103),(H,0),
2161, 2123, and 2236 for K,[(VO)(I0,)s],(HIO;)-
(H,0),-H,0, and 2.638, 2.257, and 2.228 for K(VO),0,(105)s,
respectively.

Based on the space groups and the Kleinman symmetry, 3
KVO0,(105),(H,0), K4[(VO)(10;)5],(HIO;)(H,0), - H,0,
and K(VO),0,(I103); has 1, 10, and 3 nonvanishing indepen-
dent SHG coefhicient tensors, respectively. The frequency-de-
pendent SHG tensors of these compounds are plotted in Figure
S11, Supporting Information. At the wavelength of 2 um (0.62
eV), the highest tensors d4 for 5-KVO,(103),(H,0), ds4 for
K,[(VO)(10;)5],(HIO;)(H,0),: H,O, and  dys  for K-
(VO),0,(103); are 1.72 x 1077, 8.69 x 10~ °, and 5.50 x
10™® esu, respectively, which are in agreement with our experi-
mental ones of weak SHG responses for the former two
comgounds and about 3.6 times that of KTP (d,, = 1.8 X
10"° esu) for K(VO),0,(103)3. The calculated SHG response
curves of the Rb', Cs™, and NH, " phases isostructural with
K(VO),0,(103); are shown in Figure S12, Supporting Informa-
tion. The highest tensor d;s is 5.17 X 1075, 4.30 x 10~% and
3.89 X 10°% esy, respectively, for Rb", Cs', and NH,"
compounds. Therefore, the calculated SHG responses follow a
sequence of K > Rb > Cs > NH,, which is in agreement with the
experimental ones.
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B CONCLUSIONS

In summary, four new potassium vanadyl iodates based on
lone-pair-containing 103 and SOJT distorted VOs or VOgq
asymmetric units, namely, a-KVO,(I105),(H,0) (Pbca), p-
KVO0,(1053),(H,0) (P2,242y), Ky[(VO)(103)5],(HIO;)(H,-
0),-H,0 (P1), and K(V0O),0,(105)5 (Ima2) have been suc-
cessfully synthesized by hydrothermal reactions under different
conditions. Their structures feature three different types of 1D
anionic chains and a 0D anionic unit. The differences between
these four types of anionic structures are mainly caused by the
different coordination geometries of the vanadium(V) cations as
well as the coordination fashions of the iodate anions. Three of
them are NCS, and K(VO),0,(10;); displays a very strong
SHG efliciency of about 3.6 x KTP due to the synergistic effect
of two types of NLO-active units (IO03 and VOg). The SHG
response for K(VO),0,(I0;); is the largest among the
M[(VO),(105);0,] (M =K, Rb", Cs*, NH, ") family based
on our experimental measurements as well as theoretical calcula-
tions. Furthermore, K(VO),0,(I03); is phase matchable and
also has high thermal stability, a wide transparent region as well as
moderate hardness. On the other hand, it is very important that
the excellent growth habit of K(VO),0,(I03); favors the growth
of its large-size crystals. Based on these intriguing overall proper-
ties, it is concluded that K(VO),0,(I03); is a promising
candidate for second-order NLO materials used in the visible,
near, and mid-IR regions. Our future research efforts will be
devoted to growing larger size K(VO),0,(I103); crystals with
better quality to further study its optical properties such as
transparent range, refractive index, the Sellmeier equations,
and laser damage threshold.
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