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Second-Order Nonlinear Optical Materials
Based on Metal Iodates, Selenites, and Tellurites

Fang Kong, Chuan-Fu Sun, Bing-Ping Yang, and Jiang-Gao Mao

Abstract In this chapter, the syntheses, structures, and Second Harmonic Genera-
tion (SHG) properties of metal iodates, selenites, and tellurites all of which contain
a lone pair cation in an asymmetric coordination geometry were reviewed. A
second asymmetric building unit such as distorted octahedra of the d° transition-
metal (TM) cations such as A& * M06+, other cations with a stereochemically active
lone pair such as Pb®* and Bi**, and tetrahedral groups such as BO,”~ and PO,> ",
can be introduced into metal iodates, selenites, and tellurites. The combination of d°
transition-metal cations with the iodate groups afforded a large number of new
metal iodates, a number of which display excellent SHG properties due to the
additive effects of polarizations from both types of the asymmetric units.
Introducing other lone-pair cations such as Pb®* and Bi** into the metal iodates is
also an effective strategy to design new SHG materials. With respect to the metal
selenite or tellurite systems, many compounds in the alkali or alkaline earth-d°
TM-Se(IV)/Te(IV)-O systems can also exhibit excellent SHG properties due to the
additive effects of polarizations from both types of asymmetric units. Lanthanide or
posttransition metal main group element-d” TM-Se(IV)/Te(IV)-O compounds are
usually structurally centrosymmetric and not SHG active, but they can also display
abundant structural diversities and interesting magnetic or luminescent properties.
Metal tellurites and selenites containing tetrahedral groups of the main group
elements such as BO, and PO4 may also form NCS structures with excellent
SHG properties.
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1 Introduction

The search for new Second Harmonic Generation (SHG) or Second-Order Non-
Linear 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 [1-4]. At present,
the most widely used and commercially manufactured such materials are mainly
inorganic materials based on borates such as «-BaB,O4 (BBO) and LiB;O5 (LBO),
phosphates such as KH,PO4 (KDP) and KTiOPO,4 (KTP), niobates such as LiNbO3,
iodates such as LilOs;, and metal chalcogenides such as AgGaS, and AgGaSe,
[5-10]. As we all know, an important prerequisite for a material to be SHG active is
that it should be structurally noncentrosymmetric (NCS). In inorganic materials, the
macroscopic acentricity is often a manifestation of the asymmetric coordination
environments of the cations. The above four types of most widely used inorganic
NLO oxides contain four different types of asymmetric units that are responsible for
their NCS structures: m-conjugated planar (e.g., BO3> ") [10-12], rigid tetrahedral
groups (e.g., PO437, BO457, BeO447) [13-15], d° transition-metal (TM) cations in
an octahedral geometry (e.g., Nb°*, V>* Mo®") [16, 17], and cations with a
stereochemically active lone pair (e.g., SeO5>~, 105°~, Pb**, Bi**) [18-21]. The
last two types of cations are both susceptible to Second-Order Jahn—Teller (SOJT)
distortion which will be discussed in more details later. During the early days, lots
of efforts have been made to explore Second-Order NLO materials just containing
one type of asymmetric building unit. Such compounds often exhibit simple
structural features, which allow us to synthesize and grow large their single crystals
easily. However, with the fast developments of the science and technique, they also
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have various shortcomings. Firstly, the possibilities to discover new SHG materials
in such systems are rather limited. Furthermore, many of the NLO materials that are
in current use still have shortcomings of one kind or another and improvements
should be made. For example, KDP shows a low SHG effect and it is also very
moisture sensitive, and it is still a great challenge to grow high-quality large-single
crystals of KBe,BO3F, (KBBF) [22]. Therefore, searching for better SHG materials
is still a hot research topic and a great challenge. It has been demonstrated that the
combination of two or more types of asymmetric inorganic building units into a
same compound is an effective synthetic route for new inorganic solids with
excellent SHG properties if polarizations of those asymmetric units can be properly
aligned [15, 17].

SOJT distortion is a very important concept in second order NLO materials,
it occurs in two different types of cations: d° transition metals (Mo“, W6+, etc)
in an octahedral coordination geometry and cations with stereoactive lone pairs
(I°*, Se**, Te**, etc). The d° transition metal cation can be distorted toward either
a face (local Cj; direction), an edge (local C, direction), or a corner (local Cy
direction) of the MOg octahedron [7]. The situation with the lone-pair cations is
more complex. The structural distortion and polarization was thought to be
through the mixing of the metal cation s and p orbitals. Recently, it is believed
that the oxide anion also plays an important role in the lone-pair formation. The
interaction of the s and p orbitals of the metal cation with the oxide anion p states
is critical for lone-pair formation. No matter how the lone pair is created, its
structural consequences are profound, as the lone pair “pushes” the oxide ligands
toward one side of the cation, resulting in a highly asymmetric coordination
environment [14].

Metal iodates are one class of very important materials [18-20]. Many of them
such as a-LilO5 [10] and a-Cs,14,04; [19], have been reported to be promising new
SHG materials with wide transparent wavelength regions, large SHG coefficients
and high optical-damage thresholds as well as high thermal stabilities. Furthermore,
it is reported when iodate anion is combined with a transition metal ion with d°
electronic configuration such as Mo®* and W6+, the chances to obtain materials with
noncentrosymmetric structures and excellent SHG properties can be greatly
increased due to the “constructive” addition of the polarizations from both types
of asymmetric units [23-30].

Likewise, metal selenites and tellurites are also able to form a diversity of
unusual structures because of the presence of the stereochemically active lone-
pair electrons which could serve as a structure-directing agent [13, 14]. The
asymmetric coordination polyhedron of the Se(IV) or Te(IV) atom caused by the
so-called SOJT distortion may also result in noncentrosymmetric (NCS) structures
with consequent interesting physical properties, such as SHG. Transition metal ions
with d° electronic configuration such as V>*, W, Mo®, etc. have been also
introduced into the selenite or tellurite systems to obtain new SHG materials by
means of the additive polarizations of both types of bonds [31-33]. Most of these
research efforts have been focused on alkali, alkaline earth, and NH,* compounds
which show potential application in SHG materials because of their broad
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Table 1 Metal iodates with NCS structures and SHG properties

Compounds Space group SHG efficiency Ref.
o-HIO; P2,2,2, 300 x a-SiO, [19]
o-LilO5 P6; 300 x a-SiO, [19, 20]
Nal;0g P4 300 x a-SiO, [10]
Cs,1,0q, P65 300 x a-SiO, [19]
La(I03)3 Cc 400 x a-SiO, [42]
NaY(I03), Cc 300 x a-SiO, [42]
K»Zn(103)4(H,0), n 2.3 x KDP [43]
K>Mg(105)4(H,0), n 1.4 x KDP [43]
K,Co(I03)4(H,0), 2 0.3 x KDP [43]
o-K3In(103)g Fdd2 1 x KDP [44]
BaPd(10;), P1 0.4 x KTP [45]
LasPb;(I05)5(11>-0) R3¢ 2 x KDP [46]
Pr3Pbs(103)15(11>-0) R3c 1 x KDP [46]
Nd;Pb;(I05),5(1>-0) R3c 0.8 x KDP [46]
Li,Ti(IO3)¢ P65 500 x a-SiO, [26]
Na,Ti(I03)¢ P65 400 x a-SiO, [27]
NaVO0,(105),(H,0) P2, 20 x KDP [29]
K(V0),0,(103)3 Ima2 3.6 x KTP [30]
LaVO0,(103)4-H,0O P2, 0.2 x KDP [47]
Cs(V0),0,(103)3 Ima2 500 x a-SiO, [24]
BaNbO(I105)s Cc 14 x KDP [28]
ThCrO4(I03), P2,2,2, 1 x a-Si0, [48]
LiMoO5(105) P2, 4 x KDP [49]
RbMo0O;(103) Pna2,; 400 x «-SiO, [23]
CsMoO5(103) Pna2, 400 x a-SiO, [23]
NdMoO,(OH)(I103)4 P2, 350 x a-SiO, [25]

transparency range and high transmittance in the ultraviolet and visible region
[34-39]. Recently, similar phases of transition metal as well as the posttransition
metal main group cations have also been prepared [40, 41]. Furthermore,
boroselenites which contain both borate anion and selenium(IV) with a lone pair
may also possess good SHG properties due to the presence of two types of SHG
active groups. So far, such compounds are still rather scarce and B,Se, O prepared
by our group represents the only example. Its structure is built from B,0; dimers
composed of two corner-sharing BO, tetrahedra and SeOs”~ groups. It exhibits a
SHG efficiency of about 2.3 times that of KDP [13].

Our group and others have been exploring new NCS compounds in these
systems during the past few years (Tables 1 and 2). In this chapter, our
discussions will be mainly focused on metal iodates, selenites, or tellurites
that contain d° transition metal (TM) ions; or additional lone-pair cations such
as Pb**, Bi** etc, or tetrahedral groups of main group elements such as GeO, and
POy4. A brief description of some ternary compounds that exhibit SHG response
will also be given when necessary. The discussions on metal selenites and
tellurites will be mainly focused on those reported after 2008 since we had
reviewed them in 2008 [14].
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Table 2 Metal selenites or tellurites show NCS structures and SHG properties

Compounds Space group SHG efficiency Ref.
TeO, P4,2,2 5 x a-SiO, [32]
Te,0s5 P2, 400 x a-SiO, [32]
TeSeOy4 Ia 400 x a-SiO, [31, 32]
Te,SeO, Pmn2, 200 x a-SiO, [32]
Bi,TeOs Abm?2 300 x a-SiO, [33]
K(VO0,)3(Se03), P65 45 x a-SiO, [50]
TI(VO,)3(Se03), P65 50 x a-SiO, [51]
A(VO0,)5(Se03)>(A = NH4, Rb, Cs) P65 40 x o-SiO, [50, 51]
Cs(V0,)5(TeO3), P65 40 x a-Si0, [50, 52]
Rb,(M003)3(SeO3) P65 300 x o-SiO, [50]
Cs,(M003)5(SeO3) P6, 350 x a-SiO, [53]
T1,(Mo00O3)5(SeO3) P3lc 400 x a-SiO, [50]
(NH4)>(M003)5(Se03) P65 400 x a-SiO, [53]
A>(M003);5(TeO3) (A = NH,, Cs) P6, 400 x a-SiO, [54]
A>(W0O3)3(Se03) (A = NHy, Cs) P65 200 x «-SiO, [55]
Rb,W;TeO, P3lc 200 x «-SiO, [56]
Cs,W3TeOy, P6, 400 x a-SiO, [56]
Na,Mo3Te3046 2 500 x «-SiO, [57]
AgrMo3Te;046 2 8.0 x KDP [58]
(NH,4),WTe,0g P2, 250 x a-SiO, [59]
Na,MoSeOq P2,3 10 x a-Si0, [60]
Na,W,TeOy Ia 500 x «-SiO, [39]
BaMo,TeOq P2, 600 x «-SiO, [34]
BaW,TeOq P2, 500 x «-SiO, [34]
CdyV,Te;0:5 P2,2,2, 1.4 x KDP (611
Zn,(Mo00O4)(SeO3) P2, 100 x «-SiO, [62]
Zn,(MoQ,)(TeO3) P2, 80 x a-SiO, [62]
TISeVOs Pna2, 40 x o-SiO, [63]
TITeVOs Pna2, 40 x a-SiO, [63]
InVSe,0y Pm 30 x a-SiO, [64]
Te,O(PO,4), Cc 50 x a-SiO, [65]
Mn(MoO3)(SeO3)(H,0) Pmc2, 3.0 x KDP [66]
o-Gay(TeO3)s 1-43d 1.0 x KDP [67]
B,Se,0, P2,2,2, 2.2 x KDP [13]

2 Metal Iodates Containing d” Transition Metal Ions

or Other Lone-Pair Cations

Metal iodates are a very important class of SHG materials. Even simple alkali metal
iodates such as LilO3, have become standard materials exploited for laser frequency-
doubling applications [10]. Metal iodates that display SHG properties are listed in
Table 1. In this section, our discussion will be focused on two systems: combination of
d° transition metal (TM) ions or other lone pair-containing cations with iodate anions.
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Metal iodates containing IIIA group elements such as In(III) and divalent metal ions
such as Pd**, Mn?*, Co>*, Zn>*, and Mg?* will also be described.

2.1 Combination of d° Transition Metal Ions with Iodate Group

A large number of compounds with abundant structural types have been reported in
this system, many of which exhibit excellent SHG properties (Table 1). The
transition metals with d° electronic configuration are mostly Mo(VI) and V(V)
ions but there are also some examples involving Ti(IV), Zr(IV), Nb(V) and Cr(VI).
The counterions include alkali(I), alkaline earth(II), lanthanide(III), and silver(I).

2.1.1 Mo(VD-I(V)-O System

Such types of compounds are dominantly alkali(I) and silver(I) compounds but
some alkaline earth(Il) and lanthanide(IIT) compounds are also reported. Studies
revealed that the ionic size of the counterions has also a great influence on the
compositions, structures, and SHG properties of the materials formed.

Eight compounds, namely, A,MoO,(I03)4 (A = K*, Ag*), Rb,Mo(I05)s, o- and
B-KMoO3(I103), LiMoO3(103) and AMoO5(I03) (A = Rb*, Cs*) were reported in
A(D)-Mo(VI)-I(V)-0 systems [23, 49, 68—70]. They exhibit six different structural
types.

Colorless rhombohedra K,Mo0O,(I105), crystals were obtained by hydrothermal
reactions of MoQOs3 (0.731 mmol), KIO, (1.46 mmol), NH,4Cl (1.10 mmol), and
1 mL H,O at 180°C. AgMoO,(I103), was synthesized by heating a mixture of
AgNO;3 (1.0 mmol), MoOj3 (0.50 mmol), [,05 (3.0 mmol), and 2 mL H,O at 200°C.
Ar,M00,(I03)4 (A = Ag*, K¥) are isostructural and crystallized in the centrosym-
metric (CS) space group C2/c [68, 69]. Their structures exhibit a zero-dimensional
(0D) [M0O,(I05),]*~ anionic unit consisting of a Mo®* cation bonded to two
terminal oxo and four iodate anions, with the K* or Ag™ cations acting as spacers
to keep charge balance.

Orange rhombohedral crystals of Rb,Mo(I03)¢ were prepared by hydrothermal
reactions of MoOj3 (0.597 mmol), H5IOg (1.202 mmol), Rb,CO; (0.602 mmol), and
1 mL H,O at 200°C. Its structure (R-3, CS) exhibits a 0D [MO(IO3)6]27 anionic unit
consisting of a nondistorted d°-TM cation linked to six 105~ anions. These 0D
anionic units are separated by the Rb™ cations [70].

Colorless rods of f-KMoO3(I03) were obtained in a similar method to that of
K>Mo00,(I03)4 by using more amount of MoOs3 [69]. Crystals of -KMoO3(103),
AMo0;(I105) (A = Rb*, Cs") can be produced in high yield with a 1:2 molar ratio
of M00O;:AIO, (A = K, Rb, Cs) in the absence of NH4CI [23]. Very pale yellow
plate-like crystals of LiMoO3(I03) were synthesized by heating a mixture of MoO;
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Fig. 1 View of the structure of LiM0oO3(I105) along the a-axis

(2.529 mmol), HsIOg¢ (2.518 mmol), Li,COj3 (1.245 mmol), and 2 mL H,O at 170°C
[49]. Although o-KMoO3(103), -KMo00O3(103), LiM0oO3(105), and AMoO3(105)
(A = Rb*, Cs*) have a similar chemical formula, their structures are totally differ-
ent. 0-KMoO3(103) (Pbca) and 3-KMoO5(103) (P2;/n) are centrosymmetric. Their
structures exhibit a similar 2D [MoO3(I053)]™ anionic layer composed of the 1D
chains of corner sharing MoOg octahedra further bridged by the iodate anions.
The K™ cations are located at the interlayer region to maintain the charge balance.
The difference between these two compounds is that the [MoO5(I05)]  layers in the
o-phase are corrugated whereas those in the ff-phase are regular.

LiMoO5(I03) [49] and AMoO5(I03) (A = Rb", Cs*) [23] are NCS and SHG-
active. LiMoO3(IO3) (P2;, NCS) exhibits a layered structure composed of
[MoO5(I03)]” anionic layers that are separated by Li* cations. Such a
[MoO3(I03)]™ layer is totally different from those described above. Within the
layer, the MoQOg octahedra are interconnected into a WOs-type sheet via corner-
sharing with quadrangular windows along c-axis. The unidentate 105 groups are
appended on both sides of the 2D layer (Fig. 1). Each Mo®" cation undergoes
intraoctahedral distortion toward a face (local Cj direction), resulting in three short
and three long Mo-O bonds, but the polarizations from neighboring MoOg
octahedra are partially cancelled out. The large dipole moment of the compound
is produced by 103~ groups because all of the lone pairs of the iodate groups are
almost aligned in the same direction. SHG measurements revealed that
LiMoO5(103) shows a large SHG response of about 4 xKDP [49].

AMo05(103) (A = Rb*, Cs™) are isostructural and crystallized in the polar space
group Pna2;. Their structures feature a three-dimensional (3D) network composed
of 1D chains of corner-sharing MoQOg octahedra that are bridged by iodate groups
with the Rb" or Cs™ cations filling in the voids of the structure and keeping charge
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Fig. 2 View of the structure of RbMoO;(103) along the a-axis

balance (Fig. 2). Each Mo®" cation is octahedrally coordinated by two bridging and
two terminal oxoanions as well as two unidentate iodate groups, displaying two
short, two long, and two normal Mo—O bonds. Therefore the MoOg octahedron is
distorted toward an edge (local C, direction). The polarizations of neighboring
MoOg octahedra are partially cancelled out whereas those of the iodate groups are
almost aligned along the c-axis to produce a large net dipole moment. SHG
measurements reveal that AMoO;(I03;) (A = Rb", Cs") display strong SHG
responses of about 400 x «-SiO, and they are phase-matchable [23].

Only two alkaline earth molybdenum(VI) iodates were reported, namely,
BaM002(IO3)4(H20) and Ba(M002)6(104)2O4(H20) [71, 72] BaM002(IO3)4(H20)
was synthesized by hydrothermal reactions of a mixture of Ba(OH),-8H,O
(1.58 mmol), MoOs (3.47 mmol), and HIO5 (28.4 mmol) in 10 mL of H,O at 230°C
whereas Ba(Mo00,)4(104),04(H,0) was obtained by reactions of a mixture of MoO;
(0.599 mmol) and BaH3IO4 (0.371 mmol) in 1 mL H,O at 180°C. Both of them
crystallized in centrosymmetric space groups. BaMoO,(103)4(H,O) (P2;/n, CS)
exhibits a 0D [MoO,(I05),]*~ anionic unit consisting of a Mo®* cation linked to
four 103~ groups and two terminal oxoanions, such anionic units are separated
by water molecules and Ba”" cations. The structure of Ba(Mo00,)6(104),04(H,0)
(C2/c, CS) consists of 2D [(M00,);(104)O,] ™ layers that are separated by Ba* cations
and water molecules. There are three crystallographically unique Mo(VI) and one
unique I(V) atoms in its asymmetric unit. Two Mo(1)Og octahedra form a
[Mo(1),0,0] dimer via edge sharing, likewise [Mo(3),0,¢] dimers. The above two
types of dimers are further condensed into a 1D chain along a-axis via corner sharing,
and neighboring 1D chains are further bridged by Mo(2)O¢ octahedra via corner
sharing into a 2D layer with 1D tunnels of 6 MRs along a-axis. The 10>~ group are
located at above tunnels and each forming six I-O—-Mo bridges with five Mo(VI)
centers.
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Fig. 3 View of structure of LaMoO,(OH)(I03)4 down the c-axis

LnMoO,(OH)(I03)4 (Ln = La, Nd, Sm, Eu) are the only lanthanide molybdenum
(VI) iodates reported [25, 73]. They are isostructural and crystallized in the polar space
group P2,. LaMoO,(OH)(IO3), was synthesized by heating a mixture of La
(NO3)3-6H,0 (0.734 mmol), MoO5 (1.480 mmol), HsIOg (2.198 mmol), and 1,05
(1.474 mmol) in 9 mL H,O at 170°C, whereas LnMoO,(OH)(IO3), (Ln = Sm, Eu)
were isolated by hydrothermal reactions of a mixture of MoOs5 (0.490 mmol), 1,05
(0.490 mmol), and Ln(IO3)3 (0.245 mmol) (Ln = Sm, Eu) in 1.0 mL H,O at 200°C.
For NdMoO,(OH)(103)4, the loads are different: MoOz (0.616 mmol), 1,05
(0.616 mmol), Ln(IO5)5 (0.308 mmol), and 1.5 mL H,O. Their structures feature a
0D [MoOz(OH)(IO3)3]2_ anionic unit composed of a Mo®" cation linked to one
hydroxyl, two terminal oxoanions, and three unidentate IO3;~ groups, these anionic
units are separated by the Ln’* cations and other “isolated” 103~ anions (Fig. 3). The
Mo®* cation undergoes an out-of-center distortion toward a face (local C; direction),
exhibiting three short and three long Mo—O bonds. The Nd(IIT) compound displays a
large SHG efficiency of about 350 x o-SiO, and it is also phase matchable.

2.1.2 V(V)-I(V)-O System

Such compounds are mostly focused in the A(I)-V(V)-I(V)-O system besides one
Ba(Il) and three La(IIl) compounds. Only six compounds were reported before our
group’s work in A(D-V(V)-I(V)-O system, namely, LiVO,(I103),, KVO,(I103),,
RbVO,(I03),, A(V0),0,(I103); (A = NH,*, Rb*, Cs™) [24, 74]. Seven new
compounds, namely, NaVO,(103),(H,0), 2-KVO,(105),(H,0), S-KVO,(103),
(H20), K4[(VO)(103)5]5(HIO3)(H20)2'HyO, K(VO0),0,(103)3, AgrV0,(103)3,
and Ag>(V,04)(103)4, were prepared in our group through hydrothermal syntheses
[29, 30, 68].
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Fig. 4 (a) View of structure of NaVO,(103),(H,0) down the b-axis; (b) a 1D helical anionic
chain with the macroscopic polarity indicated by small green arrows in NaVO,(105),(H,0)

Yellow block-like crystals of LiVO,(I05), were obtained by heating a mixture of
Li,CO;3 (0.487 mmol), V5,05 (0.489 mmol), 1,05 (0.983 mmol), and H>O (2 mL) at
170°C. LiVO,(IO3), crystallized in the centrosymmetric space group P2;/c and its
structure exhibits a 2D [VO,(I03),]” anionic layer consisting of VOg octahedra
bridged by 1053 groups with the Li* cations being located at the interlayer space [74].
Bright yellow prisms of KVO,(I105), and yellow prisms of RbVO,(I103), were prepared
by the hydrothermal reactions of a mixture of V,05, KIO,, 1,05, and 1 mL H,O at
180°C. The loads are: V,05 (0.51 mmol ), KIO,4 (1.02 mmol), and 1,05 (0.51 mmol) for
KVO,(I03),; V,05 (0.47 mmol), RbIO, (0.94 mmol), and 1,05 (0.47 mmol) for
RbVO,(103),. Both KVO,(I05), (P2;/n, CS) and RbVO,(I03), (P-1, CS) contain 1D
[VO,(IOs),]~ chains that are separated by K™ or Rb" cations. These 1D chains are
constructed by distorted VO5 square pyramids interconnected by bidentate bridging
I(1)O5 groups with the I(2)O3 groups being attached unidentately on the same side of
the 1D chain. The difference is that the chains in KVO,(103), are running down the
b-axis, whereas the chains in RbVO,(I103), are along the a-axis [24]. We are awared
that although AVO,(IO5), (A = Li*, K¥, Rb*) have similar chemical formulae, their
structures are very different.

Single crystals of NaVO,(I103),(H,O) were synthesized by the hydrothermal
reactions of a mixture of NaVO32H,O (1 mmol), [,05 (3 mmol), Ga,03
(0.25 mmol), and 5 mL of water at 200°C. It crystallized in the polar space group
P24, and its structure features a unique 2D layer, which is composed of 1D right-
handed helical [VO,(I05),]” chains further bridged by Na* ions (Fig. 4a). The
vanadium(V) cation is in a strongly distorted trigonal bipyramidal geometry,
coordinated with two terminal oxoanions and three iodate anions, resulting in two
short and three elongated V-O bonds. Both I(V) cations are in the asymmetric
coordination environment, coordinated with three oxygen atoms in a distorted
trigonal-pyramidal geometry. The VOs polyhedra are interconnected by the
bidentate bridging I1(1)O3 groups into a 1D right-handed helical chain with I(2)O3
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Fig. 5 (a) View of structure of /-KVO,(103),(H,0) down the b-axis; (b) a 1D [VO,(103),]™
right-handed helical anionic chain with the macroscopic polarity indicated by small green arrows
in f-KVO,(103),(H,0)

groups being grafted unidentately on both sides of the helical chain. Within the 1D
helical chain, all of the lone pairs of the IO groups are aligned in the same direction
to produce a large net dipole moment along the b-axis (Fig. 4b). SHG
measurements revealed that NaVO,(I103),(H,O) displays a very large SHG
response of about 20 xKDP and it is also phase matchable [29].

Yellow needle-shaped o-KVO,(105),(H,0) crystals were prepared by hydro-
thermal reactions of a mixture of K,COj3 (0.75 mmol), V,05 (0.50 mmol), 1,05
(2.00 mmol), and H,O (2.0 mL) at 155°C whereas yellow plate-shaped
S-KVO,(103),(H,0) crystals were obtained by reactions of a mixture of K,COj3
(0.50 mmol), V5,05 (0.25 mmol), [,05 (2.00 mmol), Bi,O5 (0.01 mmol), and H,O
(3.0 mL) at 230°C. When the reactions were carried out in the absence of Bi,Os,
only unknown amorphous phase could be isolated. It is still not clear what kind of
role Bi,O; played in the formation of -KVO,(103),(H,O).

0-KVO,(103),(H,0) (Pbca, CS) exhibits a novel 2D layered structure composed
of 1D [VO,(I03),]™ anionic chains bridged by K* cations. f-KVO,(I103),(H,0)
crystallizes in the chiral space group P2,2,2; and its structure features 1D
[VO,(IO3),]~ right-handed helical anionic chains along the a-axis which are
separated by K* cations (Fig. 5a). In 8-KVO,(103),(H»0), the V(V) cations are in
a strongly distorted trigonal bipyramidal geometry composed of two terminal oxide
anions and three iodate groups, resulting in two short and three long V-O bonds.
Neighboring VOs polyhedra are further interconnected by bidentate bridging 1(2)
O3 groups into a 1D right-handed helical chain along the a-axis with the I(1)O;
groups being attached unidentately on both sides of the helical chain, which is
similar to that in NaVO,(105),(H,0). Within a [VO,(I05),]™ helical chain, all of
the lone pairs on the IO groups are almost aligned in the same direction, producing
a large dipole moment toward the a-axis (Fig. 5b). However, the lone pairs of the
103 groups from two neighboring helical chains are nearly aligned in opposite
directions; hence, their local dipole moments are mostly cancelled out, which is
confirmed by a very weak SHG response detected for the compound [30].

Orange brick-shaped K4[(VO)(103)5],(HIO3)(H,0),-H,O crystals were obtained
by hydrothermal reactions of a mixture of K,COj3 (1.50 mmol), V,0s5 (0.50 mmol),
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Fig. 6 (a) View of structure of K4[(VO)(103)5],(HIO3)(H,0),-H,0 down the a-axis; (b) two 0D
[(VO)(IO3)5]2_ anions in the asymmetric unit showing the lone pairs (purple ellipsoids) and local
moments (green arrows). VOg octahedra are shaded in cyan

1205 (900 mmol), and H20 (50 mL) at 160°C. K4[(VO)(IO3)5]2(HIO3)(H20)2H2O
crystallizes in the polar space group P1 and its structure features novel 0D [(VO)
(IO3)5]2_ anionic units composed of one VOg¢ octahedron corner sharing with five
105 groups (Fig. 6a). The K* cations, water molecules, and “isolated” HIO; groups
are located in-between these 0D units. Both V(V) cations in the asymmetric unit
undergo an intraoctahedral distortion toward the terminal oxoanions, that is, local
C, distortion, exhibiting one short, one long, and four normal V-0 bonds. Although
the 0D [(VO)(IO3)5]2_ units in the asymmetric unit are polar, the polarization
directions of VOg and 105 groups in the 0D units are almost opposite each other
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Fig. 7 (a) View of structure of K(VO),0,(103)3; (b) a 1D [(VO),0,(103);] chain along the a-
axis; (¢) 1D [(VO),0,(I03);] chains along the a-axis showing the lone pairs (purple ellipsoids)
and local moments (green arrows)

(Fig. 6b), resulting in partial cancellation of the local dipole moments, which is also
confirmed by its very weak SHG response [30].

Red brick-shaped crystals of K(V0O),0,(I03); were prepared by heating a
mixture of K,CO3 (0.40 mmol), V,05 (0.50 mmol), 1,05 (2.00 mmol), and H,O
(2.0 mL) at 160°C, whereas A(V0),0,(103); (A = Rb*, Cs*, NH,") were prepared
from the hydrothermal reactions of V,0s, AIO4 (A = Rb*, Cs*, NH,"), and 1,05 at
180°C. A(V0),0,(I03); (A = K", Rb*, Cs", NH,") are isostructural and
crystallized in the polar space group I/ma2. Their structures features a 1D
[(VO),0,(I03)3] chain formed by 1D corner-sharing VOg octahedral chain
which is further decorated by the bidentate bridging 105 groups from both sides
(Fig. 7). These 1D chains are separated by the alkali or ammonium cations. The
V(V) cation is distorted toward a corner (local C, direction), resulting in one long,
one short, and four normal V-O bonds. Within the 1D chain, the lone pairs from
I(1)O5 groups are nearly aligned in the opposite directions, which makes their
polarizations cancelled out. The polarizations of these compounds mainly come
from I(2)O; groups and VOgq octahedra. As shown in Fig. 7c, the polarizations of
1(2)O3 groups and VOg octahedra are almost aligned along the c-axis. Hence, the
polarizations associated with I(2)O; and VOg octahedra constructively add,
resulting in a large net dipole moment. SHG measurements showed that all four
compounds display strong SHG responses, corresponding to 3.6, 2.2, 1.3, and 0.4
times of KTP (KTiOPO,) for the potassium, rubidium, cesium, and ammonium
phases, respectively. It is apparent that the SHG responses follow a sequence of
K> Rb> Cs> NH4. The SHG response of K(VO),0,(103)5 is the strongest one,
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being about 1.6 times as large as that of the rubidium phase. It is concluded that the
different ionic sizes of K*, Rb*, Cs*, and NH," produce different net polarizations
for the four materials, and eventually led to different SHG responses [24, 30].

Ag,VO,(I03); (Pbca, CS) and Agy(V,04)(I03)4 (Pccn, CS) exhibit 1D
[VO,(105),]>~ and [(V,04)(I03)3]>~ anionic chains, respectively, both based on
1D chains of corner-sharing VOg octahedra. Such 1D anionic chains are separated
by the Ag' cations and “isolated” 10s; groups. The 103 groups in the 1D
[V02(103)2]27 chains are attached on both sides of the 1D vanadium oxide chain
in unidentate or bidentate fashions, whereas all the 103 groups in [(V204)(IO3)3]27
anionic chains are grafted from both sides of the 1D vanadium oxide chain in a
bidentate bridging fashion. Both compounds were prepared by heating a mixture of
AgNO3, V,0s, [,05 in water at 200°C. The loaded compositions are AgNO3, (1 mmol),
V505 (0.3 mmol), and ,bOs (3.0 mmol) in 2 mL of H,O for Agy(VO,)(I03)3;
and AgNO;3 (0.25 mmol), V,05 (0.25 mmol), and 1,05 (1.0 mmol) in 1 mL of
H,0 (1 mL) for Ag,(V,04)103)4 [68].

Ba,VO,(10;5)5 was prepared by heating a mixture of Ba(OH),-8H,0 (1.58 mmol),
V,05 (1.10 mmol), HIO5 (28.4 mmol), and 10 mL H,O at 230°C. It crystallized in CS
space group P2,/c, its structure features a 0D [VOQ(IO3)4]3 ~ anionic unit that consists
of a V* cation bonded to two terminal oxoanions and four 105 groups. These 0D
anions are separated by the Ba®* cations and “noncoordination” I05 groups [71].

Three compounds in the La(IID-VIV)/V(V)-I(V)-O systems, namely,
LaVO'(I05)s, LaV,04(I05), and LaVO,(I05)4-H,O were prepared by our group
[47]. Green needle-shaped crystals of LaVO(IO5)s were obtained by heating a
mixture of La,05 (0.25 mmol), V,05 (0.75 mmol), and 1,05 (4.0 mmol) and H,O
(2 mL) at 250°C. It was found that V>* jon was reduced to V** ion during the
reactions. Yellow needle-shaped crystals of LaV,04(I05) were prepared by the
hydrothermal reactions of La(NO3)3-6H,0 (0.45 mmol), V,05 (0.25 mmol), 1,05
(1.5 mmol), and H,O (2 mL) at 250°C. Orange brick-shaped single crystals of
LaVO,(I05)4-H,O were obtained by heating a mixture of La(NO3);-6H,O
(0.35 mmol), VO, (0.5 mmol), L,Os (2.0 mmol), and H,O (2 mL) at 180°C. V**
ion was oxidized to V°* ion during the reactions.

LaVYO(103)s (P2,/n, CS) contains a 0D [VO(IO;)s]>~ anionic unit in which a
Vg octahedron is corner sharing with five O3 groups. Such 0D units are separated by
the La>* ions. LaV,04(I05) (Pbcm, CS) exhibits a unique 1D ladder-like [V,O¢]*~
anionic chain which is not directly connected to any IO5 groups, the La>* ions and the
“isolated” iodate groups are located between these anionic chains. LaVO,(103)4-H,O
(P2,) is isostructural with LnMoO,(I03),(OH) (Ln = La, Nd, Sm, Eu) and its struc-
ture contains a 0D [VO,(I05),]>~ anionic unit in which the V>* cation is octahedrally
coordinated by four unidentate 105 groups and two terminal oxoanions, and such
anionic units are separated by La>* cations and lattice water molecules (Fig. 8). The
V>* cation undergoes a SOJT distortion toward an edge (local C, direction),
displaying two short, two normal, and two long V-O bonds. LaVO,(105)4,-H,O
displays a weak SHG response of 0.2 xKDP since the polarizations from VOg
octahedra and iodate groups have been largely cancelled out.
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Fig. 8 View of the structure
of LaVOz(IO3)4-H20 down
the c-axis

2.1.3 Other d°-TM-I(V)-O Systems

So far, only three Ti(IV), one Zr(IV), one Nb(IV), and two Cr(VI) iodates have been
reported.

AsTi(I03)s (A = Li*, Na™) (space group P65) are isostructural and NCS. They
revealed very strong SHG responses of about 500 and 400 x o-SiO,, respectively, and
both are phase matchable [26, 27]. A,Ti(I03)s (A = K*, Rb", Cs*, TI*, Ag"), BaTi
(1I03)¢, and A>Zr(I103)¢ (A = Rb", Cs") are isostructural and crystallize in the centro-
symmetric (CS) space group R-3; hence, they are not SHG active [27, 68, 70, 71].

A5Ti(103)6 (A = Li*, Na*, K*, Rb", Cs*, TI") were synthesized by hydrothermal
reactions of a mixture of A,CO5 (A = Li", Na*, K*, Rb*, Cs*, TI*), TiO,, and HIO;
in 10 mL water at 230°C for 4 days [26, 27]. The loads are: for Li,Ti(IO3)g, Li,CO;
(4.06 mmol), TiO, (3.76 mmol), and HIO; (28.4 mmol); for Na,Ti(IO3)s, Na,CO3
(4.7 mmol), TiO, (3.8 mmol), and HIO; (28 mmol); for K, Ti(I03)¢, KoCO5 (1.7 mmol),
TiO, (1.3 mmol), and HIO; (17 mmol); for Rb,Ti(I03)s, Rb,CO3 (1.7 mmol),
TiO; (1.3 mmol), and HIO5 (17 mmol); for Cs,Ti(I03)g, Cs,CO5 (1.4 mmol), TiO,
(1.3 mmol), and HIO; (17 mmol); for TLTi(I03)s, Tl,CO5; (1.4 mmol), TiO,
(1.3 mmol), and HIO3 (28 mmol). Ag,Ti(I0s)s was obtained by heating a mixture of
AgNO;3 (0.5 mmol), TiO, (0.25 mmol), [,05 (1.0 mmol), and 1 mL water at 200°C.
BaTi(I05)g was prepared by heating Ba(OH),-8H,O (1.58 mmol), TiO, (2.50 mmol),
HIO; (28.4 mmol), and 10 mL H,O at 230°C. A,Zr(I03)s (A = Rb*, Cs") were
synthesized by hydrothermal reactions of a mixture of AIO4 (A = Rb", Cs"), [,0s,
ZrOCl,, and 1.5 mL H,O at 200°C. The loaded compositions are: RbIO4 (0.829 mmol),
1,05 (0.414 mmol), and ZrOCl, (0.425 mmol) for RbZr(I105)e; CsIO4 (0.772 mmol), 1,05
(0.380 mmol), and ZrOCl, (0.382 mmol) for CsZr(I05)s. These compounds mentioned
above are topologically similar and exhibit a 0D [Ti(IO3)6]27 or [Zr(IO3)6]27 anionic
unit consisting of a nondistorted d°-TM cation linked to six IO5 ™~ anions (Fig. 9). These
0D anionic units are separated by the A™ cations. In A,Ti(I03)¢ (A = Li*, Na™), all of
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Fig. 9 View of the structure of Na,Ti(I05)g and K;,Ti(IO3)¢ along c-axis

Fig. 10 A OD [Ti(I03)]>~ unit for A,Ti(I03)s (A = Li*, Na*) (a) and A,Ti(I03)s (A = K*, Rb*,
Cs*, TI*, Ag*) (b)

the lone pairs on the I°* cations are aligned in a parallel manner, producing a macro-
scopic dipole moment and thereby creating a polar material (Fig. 10a). In other
compounds, the lone pairs on the I°* cations are located trans to each other, which
resulted in cancellation of the local dipole moments and they are nonpolar (Fig. 10b). It
is obvious that the different ionic radii of A cations have a strong effect on the structures
and properties of the materials formed.

LaTiO(IO3)s was obtained by hydrothermal reactions of La,O5; (0.921 mmol),
TiO, (2.50 mmol), and HIO5 (28.4 mmol) in 10 mL of H,O at 230°C. LaTiO(103)5
(P2,/n) represents the third structural type in this system and its structure features a
0D [TiO(I03)s]*~ anionic unit composed of a Ti** ion surrounded by five 103
anions and one terminal oxoanion. Such 0D units are separated by the La®* ions
[71]. Each Ti** cation is in a distorted octahedral environment with one short, four
normal, and one elongated Ti—O bonds; therefore, the Titt undergoes an out-of-
center distortion toward a corner of the octahedron (C, distortion).
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Fig. 11 (a) Ball-and-stick packing diagram of BaNbO(IO3)5; down the b-axis, NbOg octahedra are
shaded in blue; (b) ORTEP drawing showing the 0D [NbO(IO5)s]*~ anion, lone pairs (blue
ellipsoids) as well as the local moments (green arrows)

BaNbO(IO;)s was synthesized by the hydrothermal reaction of Ba(IO3),-H,O
(1.0 mmol), Nb,O5 (0.6 mmol), and 1,05 (9 mmol) in 5 mL of water at 230°C for
4 days. BaNbO(I05)s is the only niobium(V) iodate reported. It crystallizes in the
polar space group Cc and its structure features a 0D [NbO(IO5)s]*~ anionic unit
composed of a Nb>* ion linked to five iodate groups and one terminal oxoanion
(Fig. 11a) [28]. The Ba®* cations act as spacers between these anionic units. Both
the Nb>* and I°* cations are in asymmetric coordination environments attribute to
SOIT effects. The Nb>* cation undergoes intraoctahedral distortion toward the
terminal oxide ligand, that is, a corner (C,4) distortion, resulting in one short, one
long, and four normal Nb—O bonds. More interestingly, the polarizations associated
with 103 and NbOg polyhedra are almost toward the same direction and therefore
constructively add, resulting in a large local dipole moment (Fig. 11b). BaNbO
(I03)5 displays a very large SHG response of about 14 x KDP. Furthermore, it is
phase matchable.

KCrlOg was prepared by reactions of 7.5 g K,Cr,O5 dissolved in 40 mL H,O and
6.5 g HIO3. KCrlOg (P2,/c, CS) can also be formulated as KCrO3(IO5) and its
structure features a OD [CrO5(I03)] anionic unit composed of a CrO, tetrahedron
corner sharing with an 105 group. These 0D units are separated by the K* cations
[75]. ThCrO4(105), was obtained by the hydrothermal reactions of Th(NO3)4-xH,O
(0.435 mmol), H5IOg (0.451 mmol), Cr(NO3)3-9H,0 (0.451 mmol), and 1.0 mL of
water at 200°C. ThCrO4(I05), crystallizes in the NCS space group P2,2,2; and its
structure contains “isolated” 103 groups and CrO, tetrahedra; that is, the CrO,
tetrahedron is not directly connected to any 105 groups. Each Th(IV) center is
connected to six 105 and three CrO,4 groups. The SHG efficiency of ThCrO4(I103),
is very weak and comparable to that of «-SiO, [48].

No Hf(IV), Ta(V) and W(VI) iodates has been reported; therefore, still a lot of
synthetic explorations are needed. Furthermore, there are also many opportunities
and challenges to find new phases in the A-Ti(IV)/Zr(IV)/Nb(V)/Cr(V)-I(V)-O
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systems, especially the Zr(IV), Nb(V), and Cr(VI) iodates. Studies also revealed
that the size of the counterions has also a great influence on the compositions,
structures, and SHG properties of the materials formed.

2.2 Combination of Other Lone-Pair Cations with
Iodate Groups

So far, little is known about the metal iodates that contain two different types of lone
pair cations. Such metal iodates reported are limited to bismuth(IIl), lead(Il), or
thallium(I) iodates, including TI'IO5, T1,'TI"™(I03)s, Bi(I05)3, Bi(I03)3(H,0),, Pb
(I03),, Pbs(105),Cly, and Pb;(I05)OCIl; [76-82]. Our recent research efforts in such
systems afford four new lanthanide(IIl) lead(Il) iodates, namely, Ln3Pb3(I03)3
(13-0) (Ln = La-Nd) [46].

TI'IO; crystallizes in the polar space group R3m and its structure contains
isolated 105 groups separated by TI" cations. The polarity in these structures is
imparted by the alignment of the stereochemically active lone pairs of the iodate
anions along the c-axis [76]. Tl4(I03)s (P-1, CS) features a 0D [TI"(I05)¢]*~
anions composed of a TlO¢ octahedron connected with six unidentate 103 groups.
These OD units are separated by the T1* cations [77].

Bi(I03); (P2¢/n, CS) exhibits a layered structure in which the Bi** cation is
coordinated by seven unidentate iodate groups and each BiO; polyhedron is further
interconnected to six neighboring ones by bridging iodate groups into a 2D layer
[78]. Bi(103)3(H,0), (P-1, CS) also exhibits a layered structure in which the Bi**
cation is eight coordinated by seven iodate groups in a unidentate fashion and an
aqua ligand, one BiOg polyhedron is further connected with five neighboring ones
by bridging iodate groups into a 2D layer [79]. The structure of Pb(I03), (Pbcn, CS)
features a 1D chain in which neighboring asymmetric PbO, polyhedra are further
interconnected by edge sharing into a chain with the iodate groups attached on both
sides of the chain in a unidentate fashion [80].

Pb3(I05),Cly (C2/c, CS) exhibits a 3D network structure constructed by
[Pb3C14]2+ layers further interconnected by bridging iodate groups [81]. Pb3(103)
OCl; crystallizes in NCS space group Cmm?2 and its structure features a thick
quadruple layer composed of one [10,]*, one [Pb,]04Cl,] ", one [Pb30,Cls] ", and
one [PbyJO,Cl,]" layers. It should be mentioned that the I°* cation of the [10,]*
layer is coordinated by four oxygen atoms in a square planar geometry, whereas the
remaining I°* cations are also four coordinated with a square pyramidal environ-
ment [82].

Single crystals of LnsPbs(I05);3(n*-0O) (Ln = La—Nd) were prepared by the
hydrothermal reactions of a mixture of lanthanide(II) oxide or nitrate (for the Ce
compound), PbCl,, and I,05 in 10 mL ( for La and Ce phases) or 4 mL ( for Pr and Nd
phases) H,O in a 23 mL Teflon-lined stainless steel vessel at 200°C for 4 (for the La
and Pr compounds) or 5 (for the Ce and Nd compounds) days. The loaded
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Fig. 12 View of the structure of LnzPb;(103); 3(p3-0) (Ln = La—Nd) down the c-axis. LaO9 and
PbO6 polyhedra are shaded in green and yellow, respectively. I and O atoms are drawn as pink and
red circles, respectively

compositions are: La,O3 (0.613 mmol), PbCl, (0.719 mmol), 1,05 (2.4 mmol) for La
compound; Ce(NO3);-6H,0 (0.645 mmol), PbCl, (0.576 mmol), I,O5 (1.25 mmol) for
Ce compound; Pr,O3 (0.303 mmol), PbCl, (0.719 mmol), 1,05 (1.35 mmol) for
Pr compound; Nd,O5 (0.297 mmol), PbCl, (0.719 mmol), ,Os (1.35 mmol) for Nd
compound.

Ln3Pb3(IO3)13(u3-O) (Ln = La-Nd) crystallized in the polar space group R3c
and their structures exhibit a complicated 3D network structure composed of LnO,
asymmetric PbOg and 105 polyhedra that are interconnected via corner- or/and edge
sharing (Fig. 12) [46]. SHG measurements revealed that Ln3Pb3(IO3)13(u3—O)
(Ln = La, Pr, Nd) display SHG responses that about 2.0, 1.0, and 0.8 times of
KDP, respectively. The SHG signal for the cerium compound is very weak. On the
basis of structural data, the polarizations from the Pb(II) ions and 1(1)O3, 1(2)O3,
and I(4)O3 groups are expected to be small since their dipole moments are mainly
aligned in the ab plane and cancelled each other. The main contributions are from
I(3)O3 and I(5)O; groups since their dipole moments are aligned in the same
direction (along the c-axis).

For the metal iodates containing other lone-pair cations, there are also several
opportunities and challenges. So far, there is no metal iodates with lone pair-
containing Sb(III), Se(IV), Te(IV), or Sn(Il) reported, and little is known about
the bismuth iodates except centrosymmetric Bi(IO3); and Bi(IO5);(H,0),.
The greatest challenge is that Sb(IIl), Se(IV), Te(IV), and Sn(I) are very apt to
be oxidized by the I(V) cations and then the stereochemically active lone pairs
may be lost.
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2.3 Other Mixed Metal Iodates

From the above discussions, the combination of two types of asymmetric units
(d° TM and iodate groups, other lone-pair cations, and iodate groups) affords many
NCS compounds with rich structural types and excellent SHG properties. But it is
still a great challenge to summarize the relationships between structures or chemi-
cal compositions of the materials and their second-order NLO properties. To better
understand the relationships between the structures and SHG properties, we have
also made a systematic exploration in the alkali metal indium iodates, palladium(II)
iodates, and mixed metal iodates in the K-M(I)-105 system.

Seven alkali metal indium iodates were reported in the alkali metal indium
iodates, namely, AIn(IO3); (A = Li, Na), 2-K3In(IO3)s, S-K3In(I03)s, RbsIn
(I03)¢, and A,HIn(IO3)¢ (A = Rb, Cs). The seven compounds except the two
potassium compounds were synthesized by a similar method of alkali metal salts
In,O5 and H5IOg in water at 200°C for 4 days. «-K3In(I03)g was synthesized from
a mixture containing KIO4(1.5 mmol), In(NO3)3-20.5H,0 (I mmol), 2,2-bipy
(0.5 mmol), and 0.4 mL of HCI (38%) in the presence of water (5 mL) at 120°C
for 4 days, whereas f-K3In(I03)¢ was synthesized from a mixture containing KIO,
(1 mmol), In(NO3)5-20.5H,0 (1 mmol), imidazole (1 mmol), 0.4 mL of HCI (38%),
and water (5 mL) at 100°C for 7 days [44, 83].

Although Liln(IO3), (P-1, CS) and Naln(IO3), (P2,/c, CS) are not isostructural,
both of them feature 1D [In(103)4]~ chains that are separated by Li* or Na* cations.
The In** ion is in a slightly distorted octahedral geometry, being coordinated by six
iodate anions in a unidentate fashion. These InOg octahedra are further interconnected
by bridging iodate groups into a 1D chain with the remaining iodate groups, which are
attached monodentately on both sides of the 1D chain. The chains in Liln(IO53), are
propagated along the a-axis, whereas the chains in Naln(IO5), are along the b-axis.

Rb3In(I03) is isostructural to a-K3In(IO5)¢ and crystallized in the CS space
group P-1. Its structure features a OD isolated [In(I05)g]°~ anion consisting of a
InOg¢ octahedron corner sharing with six iodate groups. These isolated anions are
separated by Rb" cations. In these structures, the polarizations of 105 groups have
cancelled out each other; hence, these three compounds are non-polar.

ALHIn(IO5)6 (A = Rb™, Cs™) (P-1, CS) are isostructural and their structures also
exhibit isolated [In(I03)¢]>~ anions as in A;In(I05) (A = K*, Rb"). However, one
of three alkali metal cations lying on an inversion center is replaced by a proton.
Since the lone pairs on 105 polyhedra are oriented trans to each other, their local
dipole moments cancelled out each other. Hence, these materials are nonpolar [83].

B-K3In(I03)¢ crystallized in the polar space group Fdd2 and exhibits a 0D
isolated [In(IO3)¢]>~ anion consisting of a slightly distorted InO¢ octahedron corner
sharing with six iodate groups. These isolated anionic units are separated by K*
cations. Different from that in a-KsIn(IO3)s, the isolated [In(IO3)¢]’~ anion in
p-K3In(I105)g is polar and fS-K;3In(IO3)e displays an SHG efficiency of about
1 x KDP. Hence, the local asymmetric environment is a necessary, but not a
sufficient condition for creating macroscopic NCS structures. In other words,
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once the local acentric units are aligned in an antiparallel fashion, a material may
crystallize in a centrosymmetric structure and is nonpolar [44].

Only four palladium(Il) iodates have been reported so far, namely, Pd(IO3),,
K5 sPd(103)4(Hg s105), AgPd(I03)3;, and BaPd(I03), [45, 84]. Red plate-shaped
crystals of Pd(I03), were obtained by the hydrothermal reactions of aqueous
solution of Pd(NO3),-2H,0O (0.10 mmol), 1,05 (2.00 mmol), and H,O (2.0 mL)
with Li,CO; (0.50 mmol) used as the pH adjuster at 200°C. Dark orange plates of
K, sPd(103)4(Hp 5105) were prepared by hydrothermal reactions of Pd(NO3),-2H,0O
(0.397 mmol), KIO,4 (1.236 mmol), and 0.5 mL H,O at 200°C. Red plate-shaped
crystals of AgPd(IO;3); were synthesized by heating a mixture of Ag,0O
(0.05 mmol), Pd(CH3COO), (0.102 mmol), 1,05 (2.00 mmol), and H,O (2.0 mL)
at 200°C. Red block-shaped crystals of BaPd(I03), were obtained by the hydro-
thermal reactions of BaCO; (0.10 mmol), PA(CH;COO), (0.103 mmol), 1,05
(2.00 mmol), and H,O (2.0 mL) at 200°C.

Pd(I05), (Pbca, CS) exhibits a 2D layered structure in which each PdO, square
is further interconnected with four neighboring ones through four bridging iodate
groups. The Pd>* jon is bonded to four iodate anions in a slightly distorted square
planar environment. The lone pairs of 103 groups are aligned trans to each other
(oriented in opposite directions), resulting in the cancellation of their local dipole
moments; hence, Pd(103), is nonpolar [45].

The structure of K, sPd(105)4(Ho sI03) (C2/m, CS) features a 0D [Pd(I03)4]*~
anionic unit which is composed of a PdO, square unit corner sharing with four
iodate groups; such anionic units are separated by the K™ cations and “isolated”
HIO; groups. It is interesting to note that all of the four iodate anions in the [Pd
(IO3)4]27 anionic unit are aligned on the same side of the PdO, square plane;
therefore, such anionic unit is polar [84]. However, there is no macroscopic polari-
zation for the overall structure since the polarizations of neighboring [Pd(I05)4]*
units cancelled out each other due to its centrosymmetric space group.

AgPd(I03); crystallizes in the space group P-1 and its structure features 1D [Pd
(I03)3]™ anionic chains along the c-axis which are separated by Ag* cations. The
Pd** cation is also in a slightly distorted square planar geometry, being coordinated
by four iodate groups. The PdO, squares are further interconnected by bridging I(1)
O3 groups into a 1D chain with I(2)O3 and I(3)O; groups alternately attached on
both sides of the chain in a unidentate fashion, forming a 1D [Pd(IO3);]” anionic
chain. Similar to those in Pd(I03),, the lone pairs of the IO groups are aligned trans
to each other, resulting in the cancellation of the local dipole moments and
rendering the [Pd(IO3);]™ chain nonpolar [45].

BaPd(I103), is isostructural with KAu(I03), and crystallized in polar space group
P1. Their structures contain a 0D [TM(IO3)4]2_ (TM = Au, Pd) consisting of a
TMO, square corner sharing with four unidentate iodate groups, with the K* or
Ba®* cations acting as the spacers. The MO, square plane is much more distorted
than those in Pd(103), and AgPd(I05);. All four iodate groups in the [M(I103)4] unit
are aligned on the same side of the square plane; hence, all of the lone pairs of I(V)
cations are almost oriented toward the same direction (Fig. 13). Such a special
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Fig. 13 (a) View of structure of BaPd(I05)4 down the a-axis. PdO,4 squares are shaded in green;
(b) a 0D [Pd(I03)4]*~ unit of BaPd(103),

arrangement resulted in a large net dipole moment. SHG measurements on a
2.05 um Q-switch laser revealed that BaPd(IO5), displays a moderate SHG effi-
ciency of about 0.4 x KTP. So far, little is known about the gold(III) and platinum
(IT) iodates in which the metal ions may also have a square-planar geometry [45].

Most of the compounds reported in the alkali-M(II)-IO3 system are mostly
centrosymmetric except for KyM(I05)4(H,0), (M = Mn?*, Co**, Zn**, Mg?*) [43].
These four compounds were hydrothermally synthesized by the hydrothermal
reactions of a mixture containing hexahydrated metal chloride (for Co and Mg
compounds) or metal acetate (for Mn and Zn compounds) and potassium iodate in
10 mL of distilled water at 100°C. The K/M molar ratios are equal to 4/1 (5/1 for the
Mn compound) for KoMI05),(H,0), (M = Co**, Zn**, Mg*"). Furthermore,
NH4H,PO, was used during the growth of the single crystals for K,Mn(103),(H,0),.

These four compounds are isostructural and crystallized in the space group 2.
Their structures feature 0D [M(I03)4(H,0),]>~ (M = Mn**, Co**, Zn**, Mg*")
anions that are separated by K* cations. The central transitional metal or Mg?* cation
is in a slightly distorted octahedral geometry composed of four unidentate iodate
groups and two aqua ligands. The polarizations of the I(2)O5; groups almost cancelled
out each other, whereas those of I(1)O3 groups are aligned in a parallel manner which
produces a net dipole moment along the b-axis (Fig. 14). Neighboring 0D [TM
(103)4(H20)2]27 anions are packed in such a way that they produce a large macro-
scopic dipole moment along the b-axis. SHG measurements revealed that K,TM
(105)4(H,0), (TM = Co**, Zn**, Mg**) display SHG responses of 0.3, 2.3, and 1.4
times that of KDP, respectively, whereas no obvious SHG signal was detected for the
Mn phase. Furthermore, the Zn and Mg compounds are found to be phase matchable.

One compound in the A-Ln(I)-IO; system is reported by Prof. Halasyamani,
namely, NaY(103), [42]. Colorless crystals of NaY(I03), were obtained by the
reactions of Na,CO3 (2 mmol), Y,05; (1 mmol), and HIO; (22.7 mmol) combining
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b

Fig. 14 (a) View of structure of K,Zn(103)4(H,0), down the b-axis; (b) a 0D [Zn(IO3)4(H20)2]2’
unit, lone pairs (blue ellipsoids) as well as the local moments (green arrows), ZnOg octahedra are
shaded in green

with 10 mL of H,O at 220°C for 4 days. NaY (I03), crystallizes in polar space group Cc
and exhibits a two-dimensional (2D) layered structure consisting of YOg polyhedra
linked to asymmetric IO; and 10,4 polyhedra. The connectivity of YOg and iodate
polyhedra within each 2D layer generates 1D tunnels of eight-membered-ring (8-MRs)
along the [010] direction which are occupied by the Na* cations. SHG measurements
indicate that NaY(I0)4 shows a large SHG response of about 300 x «-SiO,.
Compounds with just IO; groups as the asymmetric inorganic building unit can
also afford new NLO materials with SHG properties, but they trend to display a weak
SHG response and most of such compounds are more prone to be centrosymmetric.

3 Selenites or Tellurites Containing d” Transition Metal Ions
or Halogen Anions or Tetrahedral Groups of Main Group
Elements

Metal selenites and tellurites are also a class of very important compounds, espe-
cially in nonlinear optical applications [34, 39]. Metal selenites and tellurites that
display SHG properties are listed in Table 2. Recently, Tao and Halasyamani
groups have also grown the large single crystals for several metal tellurites [35,
36, 85, 86]. In this part, our discussion will be focused on three systems: metal
selenites and tellurites containing either d° transition metal (TM) ions, or halogen
anions, or tetrahedral units of p-block main group elements.
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3.1 Combination of d° Transition Metal Ions with Selenites
or Tellurites

The number of compounds in these systems is much more than that of
corresponding metal iodates. Different from metal iodates, the counterions in
these compounds have much stronger effects on the SHG properties of the
compounds formed. For example, alkali (or alkaline earth) compounds can display
excellent second order NLO properties but lanthanide(III) compounds are usually
not SHG active due to the high coordination number of Ln(III) ions. Hence, we will
classify these compounds in terms of the counterions [15].

3.1.1 Alkali (or Alkaline Earth)-d° TM-Se(IV)/Te(IV)-O System

A large number of compounds in the Alkali (or Alkaline Earth)-d® TM-Se(IV)/Te
(IV)-O systems were reported, some of which possess good SHG properties (Table 2).
The transition metal ions with d° electronic configuration are mostly Mo®*, W, and
V3*, although some examples of Nb>* and Ta>* have also been isolated.

Seven compounds with five different structural types were reported in alkali metal-
molybdenum(VI)-selenium(IV) oxide systems, A,MoSeOg (A = Na*, K", Rb"), and
A(M003)3(Se03) (A = NH,", Cs™, Rb" and TI*) [50, 53, 60].

Colorless crystals of the first three compounds were synthesized by solid-state
reactions of stoichiometric amounts of SeO, and A,MoO, (A = Na*, K*, orRb") at
370°C for 1 day. Na,MoSeOg crystallized in an NCS space group P2,3, its structure
features a 3D anionic network based on alternative linkage of MoOg octahedra
(distorted toward a face) and SeOj3 groups, forming tunnels of Mo,Se, four-member
rings, and Moy,Se, eight-member rings. The sodium cations are located at the larger
tunnels. Na,MoSeOg revealed a weak SHG intensity of about 10 x «-SiO,. The
SHG intensity can be attributed to the polarizations from the SeO; and MoOg
groups. K,MoSeOg (P2,/c) and Rb,MoSeO¢ (Pnma) crystallized in CS space
group and are not SHG active [60].

Light yellow crystals of A»(M0O3)3(SeO3) (A = NH,* Cs™, Rb" and TI) were
obtained by hydrothermal reactions of (NH4)sM0,0,4-4H,0 and SeO, at 200°C
or Cs,CO3 (or Rb,CO3, T1,CO;5), SeO, and MoO5; at 230°C for 2-3 days.
A»(M003)3(Se03) (A = NH," Cs* and Rb") (P63, NCS) and Tl»(MoO53)3(SeO3)
(P3¢, NCS) are polar and their structures all feature a 2D hexagonal tungsten
bronze-like anionic layer of MoOg octahedra capped on one side by SeOs>~ anions
(Fig. 15). The lone pairs of the selenite groups are aligned in the same direction to
produce a large macroscopic dipole moment along the c-axis. SHG measurements
revealed that A,(Mo00Q5);(SeO3) (A = NH,* Cs*, Rb", and TI") display a large SHG
response of about 400, 350, 300, and 400 x «-SiO,, respectively [50, 53].

Five compounds with three different structural types have been isolated in the alkali
metal-molybdenum(VI)-tellurium(IV) oxide systems, namely, Na,Mo;Te;Oqg,
A>Mo;3TeO, (A = NHy, Cs), and A;MogTe,0,4-6H,0O (A = Rb, K) [54, 57]. Color-
less bar-shaped crystals of Na,Mo;Te;0;¢ were synthesized hydrothermally from a
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Fig. 15 View of structure of Rby(M003)3(SeO3) (a) and Tl,(M0O3);(SeO3) (b) along a-axis

mixture of Na,TeO3 and MoOj; in H,O at 220°C for 2 days. Na,Mo;Te;04¢ crystallized
in NCS space group I2 and its structure exhibits a quasi-one-dimensional crystal
structure. Within the chain Mo3;O,4 trimers composed of three edge-shared MoOg
octahedra are interconnected by Te;Og*~ anions each consisted of one TeO, group
corner-sharing with two TeOs groups (Scheme 1a). Both Mo®* and Te** cations are in
the asymmetric coordination environments attributable to SOJT effects. The Mo®*
cations are distorted toward an edge of the MoOg octahedron (local C, direction).
The polarization directions of the two TeO3 groups are opposite but the lone pairs of
the TeO, groups are aligned in the same direction to produce a large macroscopic dipole
moment along the b-axis (Fig. 16). SHG measurements revealed that Na,MosTe3;0¢
displays a very large SHG response of about 500 x «-SiO, and is phase matchable. The
strong SHG efficiency is maintained up to the melting temperature (around 450°C) [57].

Use of other alkali metal ions led to the discovery of two other structural types.
AMo;TeO;, (A = NH," and Cs") and As;MogTe,0,4-6H,O (A = Rb, K) were
obtained by hydrothermal reactions of (NH,;)sM070,4-4(H,0) (or K,CO3, Rb,CO3,
Cs,CO3, and MoOs) and TeO, at 225°C. A,Mo;TeO;, (A = NH,* and Cs")
(P65, NCS) are isostructural to A,(MoO5)3(SeO3) (A = NH," and Cs*), and their
structures feature a 2D hexagonal tungsten oxide related (Mo3TeO;,)*~ anionic layers
that are separated by NH, " or Cs* ions. The TeO5 groups caps on the same side of the
anionic layer in the same direction, resulting in a large macroscopic dipole moment
along the c-axis. SHG measurements revealed that they display a large SHG response
of about 400 x a-SiO, [54]. It is worthy to mention that large single crystals of
Cs;Mo;TeO;, with dimensions up to 20 x 20 x 16 mm> were grown successfully
through a top-seeded solution growth (TSSG) method using a TeO,—MoO; mixture as
a self-flux by Tao’s group [85]. AsMogTe,0,4:6H,0O (A = Rb and K) (P2,/c, CS)
composed of discrete centrosymmetric (M06T62024)47 anionic aggregates and alkali
metal ions. The hexamolybdoditellurite anion is centrosymmetric and formed by six
edge-sharing MoOg octahedra further capped by two tellurite groups from both
sides [87].

Three types of compounds were found in the alkali metal-tungsten(VI)—tellurium
(IV) oxide systems, namely, (NH4),WTe,Og [59], Na;W,TeOg [39], and A,W5TeO,,
(A = K", Rb* and Cs*) [56]. These compounds were synthesized hydrothermally
from a mixture of AOH (A = NH4, Na, K, Rb, or Cs), WO;3, and TeO, at 230
or 470°C.
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(NH4),WTe,Og crystallizes in the NCS polar space group P2;. It exhibits a 2D
layered structure consisting of WOg octahedra and TeO,4 polyhedra with the ammo-
nium cations located at the interlayer region. Within the structure, the polarizations of
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Fig. 16 View of structure of
Na,Mo3Te;0,4 along c-axis

Te(1)O4 groups are toward almost opposite directions and cancel out each other but
those of Te(2)O4 and WOg polyhedra are almost aligned along the b-axis to produce a
large net dipole moment. SHG measurements revealed that (NH,),WTe,Og displays a
moderate SHG efficiency of approximately 250 x «-SiO, [59].

The NCS Na,W,TeOy (space group /a) exhibits a 3D structure comprising
distorted WOQOg octahedra linked by asymmetric TeO5 groups (Fig. 17). The WOg
octahedra form a corrugated 2D tungsten oxide layer through corner sharing, and
these layers are further interconnected by bridging TeO5; groups. Both Te(IV) and
W(VI) cations are in local acentric environments attributable to the SOJT effects.
Powder SHG measurements on polycrystalline Na,W,TeOy revealed a strong SHG
intensity of approximately 500 x «-SiO, and the material is also phase matchable
(Type D) [39].

Cs,W3TeOq, (P63, NCS) is isostructural with Cs;MosTeO;, [54]. Although
K,W;3TeOq, (P2/n, CS) and Rb,W5TeO;, (P3;c, NCS) have a similar chemical
formula to Cs, W3TeO,,, their structures are somehow different. All three compounds
feature a same 2D tungsten oxide layer of corner-sharing WQOg octahedra with W3 and
W rings. The TeO5 groups in K,W3TeOy, act as interlayer linkers to form a 3D
structure. In Rb and Cs phases, the TeO3 groups only cap on the same side of the W3
rings; therefore, they remain 2D. In the structure of Rb,W3TeO;,, the polarization
directions of TeO5 groups are almost aligned along the c-axis to produce a large net

Fig. 17 View of structure of
Na,W,TeOq along b-axis
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dipole moment. SHG measurements revealed that the Rb and Cs compounds display
strong SHG efficiencies of 200 and 400 x «-SiO,, respectively [56]. Two tungsten
(VD) selenite analog of Cs,W5TeO,, were also reported, namely, A,(WO3)5(SeOs)
(A = NHy, Cs), both of which show strong SHG efficiency of 200 x «-SiO, [55].

The Ae**~Mo*" (W H-Se*"(Te*)-O systems are still less explored. Two
compounds in the Ba-Mo(VI)-Se(IV)-O system were reported, namely,
BaMoO5;(Se03) and BaMo,0Os(SeOs), [88]. Both compounds were synthesized
hydrothermally from a solution of BaCO3; or Ba(OH),-8H,0O, MoOs3, and SeO, at
180°C for 4-5 days. BaMoO3(SeO3) (P2,/c, CS) exhibits a layered structure in which
MoOg octahedra (distorted toward a face) are bridged by SeO; groups, forming
Mo,Se, four-member rings and MozSe; six-member rings. BaMo0,O5(SeOs), is
polar (Cmc2;) and features a 3D network composed of pairs of corner-sharing
MoOQg octahedra bridged by SeO5 groups. The MoOg octahedron is distorted toward
an edge (the local C, direction). Although BaMo,0s(SeOs), crystallizes in a polar
space group, the polarizations from SeO3; and MoOg polyhedra are almost cancel out
each other [88].

BaMo,TeOy and BaW,TeOy were synthesized by solid-state reactions of stoi-
chiometric amounts of Ba,CO3, MoO3 (or WO3), and TeO, at 560 or 760°C [34].
The two compounds are isostructural and crystallized in the polar space group P2;.
Their structures feature an anionic layer composed of MOg octahedra linked by the
asymmetric TeO3 polyhedra (Fig. 18). The MoOg octahedra in BaMo,TeOy are
distorted toward a face (along the local C5 direction) with three short and three long
Mo-O distances, whereas the WOg octahedra in BaW,TeOq exhibit two types of
distortions: toward a face as discussed above as well as toward an edge with two
short, two normal, and two long W-O bonds. A pairs of MOg octahedra form a
dimer via an M—O-M bridge and such dimeric units are further interconnected by
TeO; groups via M—O-Te bridges. BaMo,TeOy and BaW,TeOy revealed extremely
strong SHG responses of 600 and 500 x «-SiO,, respectively [34]. Large crystals of
BaTeMo,0, with size up to 30 x 23 x 18 mm® and good optical quality were
grown from the TeO,—-MoO; flux system, and their physical properties such as
refractive indices, the principal thermal expansion, and thermal conductivity
coefficients have been measured by the Tao’s group [35, 36].

Several phases were reported in A-V*-Se*-0 system, namely, A(VO,)3(SeO3),
(A = K*, Rb", Cs*, TI*, NH,*), AVSeOs (A = Rb, Cs) and a V>*/V** mixed valent

Fig. 18 View of structure of
BaMo,TeOy along a-axis
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Fig. 19 View of structure of
K(V0O,)3(Se03), along a-axis

KV,SeO; [51, 89-91]. All of them were obtained by hydrothermal reactions.
A(V0O,)3(Se03), (A = K, Rb", Cs*, TI*, NH,") (P65, NCS) are isostructural and
exhibit layered hexagonal tungsten oxide (HTO)-type topologies consisting of corner-
shared VOg octahedra that are capped by SeOs polyhedra on both sides [51, 89, 90];
such HTO layers are similar to those in A»(MoO3)3(SeO3) (A = NH,*, Rb* and Cs*)
[53]. However, the 2D layer in the latter only capped by the SeO5 groups on one side of
the layer. Furthermore, the interlayer distances in the vanadium phases are much
shorter than those of the corresponding molybdenum(VI) compounds due to the fact
that much fewer countercations are needed to balance the charge. Different from those
in the Mo(VI) selenites, the polarization directions of the SeO; groups in A
(VO,)3(Se03), (A = K*, Rb*, Cs*, NH,*) are almost opposite each other and their
local moments are mostly cancelled out (Fig. 19). SHG measurement revealed that A
(V0O,)3(Se03), (A = K*,Rb", Cs*, NH, ") display weak SHG efficiencies of about 45,
40, 40, and 40 x a-SiO,, respectively [50]. Only one tellurite analog of A
(VO,)3(Se03), was also reported, namely, Cs(VO,);(TeOs),, which shows a weak
SHG efficiency of 40 x «-SiO, [50, 52].

The structure of the polar AVSeOs (A = Rb, Cs) (space group P2,) is a 3D
anionic network formed by alternative linkage of VOs square pyramids and SeO;
groups via corner sharing, forming two types of helical tunnels along b-axis
composed of four-member rings and eight-member rings, respectively. The alkali
metal ions are located at the large tunnels. KV,SeO; contains both V>* and V**
ions, with an octahedral and tetrahedral coordination environment, respectively. Its
structure features a double layer of {V,SeO;}~ composed of corner-sharing VOg
octahedra, VO, tetrahedra, and SeO5 groups [91].

Only three compounds were reported for the alkaline earth—V(V)-Se(IV)/Te
(IV)-O family before our group’s further explorations of these systems, namely,
BaV,TeOg [92], Ba, 5(V0,);3(Se03)4-:3H,0 [93], and Ba(VO,)(Se03),(HSeOs3)
[94]. Our efforts in alkaline earth—VV/V'V—Se!V/Te'V-0O systems afforded six new
Compounds, namely, Srz(VO)3(SCO3)5, Sr(V205)(TeO3), Srz(V205)2(TeO3)2(H20),
Ba3(VO,),(Se03)4, Bax(VO3)Te,09(OH), Ba;V,05(Te,0Og) [95]. They exhibit six
different types of structures.

The six alkaline earth metal vanadium selenites or tellurites were prepared by
hydrothermal reactions of SrCOj3; (or Ba(OH),-8H,0 or BaCO3), SeO, (or TeO,),
and V,0s5 in different molar ratios at 230°C. During the preparation of
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S1,(VO)5(SeO3)s, the V> jon in V,0s was reduced to an oxidation state of +4 by
excess SeO,. The structure of Sr,(VO);(SeO3)s (Pnma, CS) features a 3D anionic
network of [(VO)3(SeO3)5]47 with 1D 8-MR tunnels along the b-axis, half of which
are filled by Sr** ions. Within the structure, both V(1)Og and V(2)Og¢ octahedra are
distorted toward a corner (local C, direction) resulting one ‘“short,” four “normal,”
and one “long” V-0 bonds. Neighboring V(1)Og octahedra are bridged by the Se(2)
O3 group via edge- and corner-sharing into a 1D zigzag chain along the c-axis,
whereas two neighboring V(2)Og octahedra are bridged by a pair of Se(1)O3 groups
via corner sharing into a 1D chain along the b-axis with the Se(3)O; hanging on the
chain. The intergrowth of the above two types of 1D chains resulted in a 3D anionic
framework with two types of 1D 8-MR tunnels running along the b-axis. Half of
these tunnels are occupied by the lone pairs of Se(IV) atoms, whereas the remaining
tunnels are filled by Sr** ions.

Single crystals of Sr(V,05)(TeO3) (as minor phase) and St,(V,05),(TeO53),(H,0)
(as main phase) were isolated from the same reaction. The structure of Sr(V,0s)
(TeOs3) (P-1, CS) features novel vanadium(V) tellurite chains in which V,05 and
V;,0g dimers are bridged by both TeO,4 and TeO5 groups. Such structure differs from
that of BaV,TeOg with a similar chemical formula. BaV,TeOg features a 1D chain
composed of VO, tetrahedra and dimers of edge-sharing VOs square pyramids
bridged by solely TeO,4 groups, forming 1D tunnels of 8-MRs each composed of
two VO tetrahedra, two VOs square pyramids, and four TeO,4 groups. The structure of
S12(V505),(TeO3),(H,0) (C2/c, CS) features a 2D layer consisting of linear [V40;4]
tetramers bridged by TeOs>~ anions with Sr** ions and water molecules located at the
interlayer space. A pair of the V(1)Os form a V,0Og dimer via edge sharing. The V,0Og
dimer is further attached by a V(2)O, tetrahedron via corner sharing on each side so as
to form a linear [V40;4] tetramer. Neighboring [V404] clusters are bridged
by TeOs>~ groups via V-O-Te bridges into a 2D layer parallel to the bc plane.
The structures of Sr(V,05)(TeO3) and Sr,(V,05),(TeOs5),(H,0) are totally different;
therefore, we failed to convert Sr,(V,05),(TeO5),(H,O) into Sr(V,05)(TeOs3) by
removal of a H,O molecule.

When Ba(OH),-8H,0 (or BaCO3) was used instead of SrCOj as the counter ions,
three barium vanadium selenites or tellurites were isolated. Baz(VO,),(SeOs), was
obtained by hydrothermal reactions of Ba(OH),-8H,O (1.0 mmol), V,05 (0.4 mmol),
and SeO, (1.0 mmol) at 230°C for 4 days. The structure of Ba3z(VO,),(SeO3),
(P2;/n, CS) exhibits 0D [(VOZ)(SeO3)2]37 anions that are separated by Ba" ions.
Each VOs square pyramid is connected to one SeO5”>~ anion via edge sharing and
another selenite group via corner sharing, resulting in the formation of a 0D [(VO,)
(Se03),]°~ anion. It is interesting to note that both Ba3(VO,),(SeO3); and
Ba, 5(V0,)5(Se03)4:3H,0 are structurally based on VOs and SeO5 polyhedra, but
their structures are quite different. Ba; 5(VO;)3(Se03)4:3H,0O features a layered
structure in which VOs polyhedra are interconnected by both bidentate and tridentate
SeO; groups, forming tunnels of V,Se; 8-MRs and VgSeq 12-MRs. In
Ba3(VO,),(Se03)4, two selenite anions are bidentate chelating whereas the other
two are unidentate; hence, the compound displays a much lower dimensionality.
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Bay(VO;3)Te4sO9(OH) was obtained by heating a mixture of Ba(OH),-8H,O
(0.5 mmol), V,05 (0.2 mmol) and TeO, (1.0 mmol) at 230°C for 4 days. The
structure of Ba,(VO3)Te4O9(OH) (P21/n, CS) exhibits a novel 1D [Te409(OH)]3*
chain decorated by VO, tetrahedra with the Ba>* located at the interchain space.
Te(2)O,4 and Te(4)O,4 groups form a Te,O; dimer via corner sharing; such dimers
are further bridged by Te(3)O3 polyhedra via corner sharing into a 1D tellurium(IV)
oxide chain along the b-axis. The Te(1)O5 groups are hanging on the same side of
the chain through Te(1)-O(3)-Te(2) bridges, resulting in a 1D [Te409(OH)]3*
chain (Scheme 1d). The discrete VO, tetrahedra are attached on the Te(1)O3 groups
via corner sharing.

Ba,V,05(Te,Og) was obtained by heating a mixture of Ba(OH),-8H,0O
(0.3 mmol), NaVO3-2H,0O (1.0 mmol), and TeO, (1.0 mmol) at 230°C for
4 days. The structure of Ba,V,05(Te,Og) (P2/m, CS) features a 1D vanadium
(V) tellurites chain in which the VO, tetrahedra are interconnected by the
[Te,Og]*~ dimers with the Ba** ions acting as the counter ions. A pair of TeOy,
tetrahedra are interconnected into a [Te,Og]*™ anion via edging sharing. V(1)Oy4
tetrahedra are bridged by [Te,O4]* "~ anions into a 1D zigzag chain along the b-axis.
The V(2)Oy4 tetrahedra are grafted into the chain on the same side. Each [Te 061"~
anion acts as a tridentate ligand and bridges to three V(1)O, tetrahedra.

These compounds display six different types of anionic structures, including 0D
[(VO,)(SeO5),]>~ anion, three different types of 1D vanadium(V) tellurite chains,
2D [(V,05)2(Te05),]*" layer, and 3D [(VO);(SeO5)s]*~ (Fig. 20). The richness of

Sry(VO)5(Se03)5 (3D)

Sr2(V505)5(Te03),(H,0) (2D)  Bay(V0,)2(Se0;), (0D)
oV 2

Sr2*or Ba2*tselenite and tellurite

vVo, M

AVVOS

V2
Tel Tel
V1 2
Sr(V,05)(TeO3) (1D) Ba,(VO;3)Te,0O9(OH) (1D) Ba,V,05(Te,04) (1D)

Fig. 20 View of the six different types of anionic structures in Ba™/Sr"—vY/V'V—Se"V/Te™V—0
systems
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the structure type for the vanadium tellurites or selenites can be attributed to the
various coordination geometries available for the vanadium(V) cation and various
coordination modes the tellurite and selenite anions can adopt [95].

Reports on A(Ae)-Nb *(or Ta’*)-Se**(or Te*") oxides are still rare. Only four
types of structures were reported before our group’s work, namely, Na; 4JNbyTe, 9O,
NaNb3Te4016, B32M6T62021 (M = Nb, Ta), and BaMTeO4(PO4) (M = Nb, Ta)
[96-98]. Our exploratory efforts in the alkali metal-Nb"/Ta"-Se"Y/Te'V-0
systems afford six new compounds with two different types of structures,
namely, KNb306(TeO3)2, KTa3O6(TeO3)2, RbNb3O6(TeO3)2, RbTa306(TeO3)2,
KNb;O4(Se03),, and Cs3;NbgO;g(TeO3),(TeOy), [99]. These compounds were
synthesized by standard solid-state reactions of KBr (or Rb,CO; or Cs,CO3), Nb,Os
(or Ta,Os) and TeO, (or SeO,) at 720-840°C for 4-6 days.

KNb3O6(TeO3)2, KTa3Of,(TeO3)2, RbNb306(TeO3)2, RbTa3O6(TeO3)2, and
KNb;Og(Se0s3), are isostructural. Their structures (Pbcm, CS) feature a novel 3D
anionic network based on 2D layers of the corner-sharing NbOg¢ or TaOg¢ octahedra
further bridged by TeO; or SeOj3 polyhedra, forming 1D tunnels of 4- and 6-MRs
along the a-axis. The lone pair of the Te(IV) or Se(IV) atoms are orientated toward
the center of the 4-MR tunnels, whereas the alkali cations are located at the 6-MR
tunnels. Let us take KNb3O4(TeOs), as a representative to discuss the 3D network
in more detail. Nb(2)Og4 octahedra are interconnected via corner sharing into a
double chain along the a-axis, whereas Nb(1)Og octahedra are interconnected via
corner sharing into a single chain along the a-axis. The above two types of 1D
chains are alternate and interconnected via corner sharing along the c-axis, resulting
in the formation of a corrugated niobium oxide layer parallel to the ac plane.
Neighboring niobium oxide layers are bridged by TeO5; groups into a 3D anionic
network, forming 1D tunnels of 4- and 6-MRs along the a-axis. There are two types
of 4-MRs tunnels, based on Te,Nb, rings and NbsTe rings, respectively. The 6-MR
tunnels are based on solely Nb,Te, rings.

It is interesting to compare the structure of ANb3;Og(TeO3), (A = K, Rb) with
those of Na; 4JNb;Te, 9O;g and NaNb;Te, 044 [96]. All three structures are based on
NbOg octahedra connected by TeO; groups (or/and TeO, groups). Both
Na; 4Nb;Te, 90,3 and NaNb;Te 0,4 feature 1D chains of corner sharing NbOg
octahedra, whereas the structure of KNb3zOg(TeOs3), is based on 2D layers of
corner-sharing NbOg octahedra. The Te(IV) cations in KNb3;Og(TeOs3), are all in
distorted trigonal pyramidal environments, whereas additional TeO,4 groups with a
“seesaw” geometry are present in Na; 4JNbsTe, 9O;g, and NaNb;Te Oq.

Cs3NbgO,g(Te03),(TeQ,), exhibits a different structure from those of the above
five compounds. The structure of Cs3NbyO15(TeO3),(TeOy,), (Cmem, CS) features
a novel 2D Nb-Te-O layer in which layer of corner-sharing NbOg¢ octahedra is
further decorated by asymmetric TeO3 groups and 1D chains of corner-sharing
TeO,4 polyhedra. Nb(1)Og¢ octahedra are interconnected via corner sharing into a 1D
chain along the c-axis, so are Nb(3)O¢ and Nb(5)Og¢ octahedra. Nb(4)Og and Nb(2)
O octahedra form a linear Nb4O,; tetramer via corner sharing. The above corner-
sharing NbOg octahedral chains were interconnected by the linear Nb,O,; tetramers
via corner sharing into a thick Nb—O layer parallel to the bc-plane, forming 1D
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tunnels of 6-MRs along the c-axis. The thickness of the niobium oxide layer is
about 19.3 A. The TeOj3 polyhedra and the 1D chains of corner-shared TeO,4 groups
are grafted on the thick 2D Nb-O layer to form a Nb-Te-O layer, leaving virtually
no free interlayer space. The Cs* cations are located at the 1D 6-MR tunnels. It is
interesting to compare the structure of Cs3NbgO,5(TeO3),(TeO,), with that of
BaNbO,Te(PO,4) [98]; both have layered anionic structures. The niobium oxide
skeleton in Cs3NbyOg(TeO3),(TeOy), is a 2D, whereas that in BaNbO,Te(POy,) is
a simple 1D chain.

These results indicate that metal selenites or tellurites containing V5+, Nb5+, or
Ta* also display rich structure chemistry as those of Mo®" and W°*.

3.1.2 Ln-d° TM-Se(IV)/Te(IV)-O System

A lot of works have been done in Ln-d° TM-Se(IV)/Te(IV)-O system, mainly by the
Halasyamani group and our group. The transition metal ions with d° electronic
configuration used include Mo(VI), W(VI), and V(V) ions. The Halasyamani group
reported three compounds, namely, LaNbTeOg and LasM,;TesO,3 (M = Nb or Ta)
[100]. We systematically explored the lanthanide selenium(IV) or tellurium(I'V)
oxides with additional transition metal ions with d’-electronic configuration in our
attempts to find new lanthanide SHG materials. Solid-state reactions of lanthanide(III)
oxide (or/fand lanthanide(IIl) oxychloride), MoO; (or WO;) and TeO, at high
temperature led to twelve new compounds with eight different types of
structures, namely, Nd,MoSe,0,9, Gd,MoSe3;0;,, La,MoTe;0,,, Nd,MoTe;05,,
Ln2M0Te4014 (Ln = Pr, Nd), L32WT66018, Nd2W2T62013, and LIISMTC7OZ3C13
(Ln = Pr, Nd; M = Mo, W) [101, 102]. Hydrothermal reactions of lanthanide(III)
oxide (or/and lanthanide(IIT) chloride), MoOs (or V,05) and SeO, at 200 or 230°C led
to nine new compounds with four different types of structures, namely, Nd>(V,0,)
(SCO3)4'H20, LH(VOQ)(S€O3)2 (Ln = Ell, Gd, Tb), H3LH4M09.5O32(SCO3)4(H20)2
(Ln = La, Nd,), and Ln,Mo050,¢(Se03),(H,0) (Ln = Eu, Dy, Er) [103, 104].

Light purple phase of Nd,MoSe,0,, was obtained by heating a mixture of
Nd,O3 (0.6 mmol), MoOj3 (0.6 mmol), and SeO, (1.2 mmol) at 700°C for 6 days.
Nd,MoSe,0;¢ (P-1, CS) can also be formulated as Nd,(MoQO,)(SeO3),. Its struc-
ture features a 3D network in which the Nd(III) ions are interconnected by SeO32_
anions and MoQ, tetrahedra. The interconnection of Nd(1) atoms via bridging
selenite groups lead to a (001) layer, whereas Nd(2) atoms are bridged by MoOy,
tetrahedra to form a (002) layer. The above two types of layers are further
interconnected via Nd—O-Se bridges into a 3D network. The lone pairs of the
selenium(IV) cations are orientated to the cavities of the structure.

When Gd,O; was used instead of Nd,O;, light yellow single crystals of
Gd,MoSe;0;, with a different structure were obtained. Gd,MoSe;0, (P-1, CS)
can also be formulated as Gd,(MoOs3)(SeOs3)s, which can be considered as one 0>~
anion of Nd,MoSe,0q being replaced by the third selenite group. The structure of
Gd,MoSe;0,, features a 3D network of gadolinium(IIl) selenite with the MoOg
octahedra occupying the cavities of the network (Fig. 21). Unlike that in
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Nd:MoTes012

Fig. 21 View of the different structure types of Ln,MoTe;0;, (Ln = La, Nd, Gd) with a similar
formula

Gd:2MoSesOn2

Nd,MoSe,0, the molybdenum(VI) atom in Gd,MoSe30;, is octahedrally coor-
dinated by three oxygen atoms from three selenite groups and three O*~ anions. The
MoQOg octahedron is distorted toward a face (local C; direction), exhibiting three
“long” and three “short” Mo-O bonds. The magnitude of the distortion (Ad) is
calculated to be 1.492. The interconnection of the gadolinium(III) ions by selenite
groups results in a 3D network with tunnels running along the b-axis. The MoOgq
octahedra are located at the tunnels formed by the gadolinium(III) selenite, forming
Mo-0O-Gd and Mo-O-Se bridges.

Colorless crystals of La,MoTe;0,, were obtained by solid-state reaction of La,0;
(0.3 mmol), MoOj3 (0.6 mmol), and TeO, (1.5 mmol) in an evacuated quartz tube at
750°C for 7 days. The structure of La,MoTe;0;, (Pnma, CS) is composed of two La**
ions, one MoO427 anion, and one Te30847 anion. It can be considered as two
selenite anions in Nd,MoSe,O being replaced by a Te30847 anion. The trinuclear
Te;05"~ anion is formed by one TeO, group corner sharing with two TeOs groups
(Scheme 1a). The Mo(VI) cation is in a slightly distorted tetrahedral coordination
geometry with the Mo—O distances ranging from 1.754(8) to 1.793(11) A. The inter-
connection of the lanthanum(III) by chelating and bridging Te;Og* ™ anions led to a 3D
network with 1D tunnels of LagTe, MRs along a-axis. The MoO, polyhedra filled in
the above tunnels and connected with the La>* ions via Mo—O-La bridges (Fig. 21).

Light purple crystals of Nd,MoTe;0;, were obtained by the solid-state reaction
of a mixture of Nd,O3 (0.2 mmol), MoO5 (0.6 mmol), and TeO, (1.2 mmol) in an
evacuated quartz tube at 700°C for 6 days. Nd,MoTe;0O;, (Pnma, CS) can be
formulated as Nd,(MoO,4)(TeO3)(Te,Os), it can also be considered as the
Te30847 anion in La,MoTe;0;, being replaced by a tellurite and a ditellurite
anions. The structure of Nd,MoTe;0,, features a 2D layer built by the lanthanide
ions interconnected by tellurite groups and ditellurite groups, with the MoQOy4
tetrahedra acting as the interlayer pendant groups (Fig. 21). The interlayer distance
is about 8.85 A [101].

Light green single crystals of Pr,MoTe, O, were obtained by the solid-state
reaction of a mixture containing Pr,O3 (0.25 mmol), MoO; (0.25 mmol), and TeO,
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(1.5 mmol) in an evacuated quartz tube at 750°C for 6 days whereas light purple single
crystals of Nd,MoTe,O4 were prepared by heating the mixture of Nd,O3
(0.18 mmol), MoO5 (0.35 mmol) and TeO, (1.4 mmol) at 720°C for 6 days.
Ln,MoTe 0,4 (Ln = Pr, Nd) (P-1, CS) are isostructural and feature a 3D network
in which the Ln(IIl) ions are interconnected by 1D Te,0,0" chains and MoO,
tetrahedra. Therefore, Ln,MoTe;O4 (Ln = Pr, Nd) can also be formulated as
Lny(MoOy4)(Te4049) (Ln = Pr, Nd). The TeO5 and TeO,4 groups are interconnected
via corner sharing into a novel 1D Te401047 anionic chain. Te(3)O4 and Te(4)O3
groups are interconnected via corner sharing, leading to a linear chain. Te(1)O; and Te
(2)O4 groups form a dimer by corner sharing. The dimers are hanging on the same side
of the linear chain through corner sharing (Scheme 1e). Such 1D [Te,O 10l anionic
chain is very different from the 1D [Te409(OH)]3 ~ anionic chain in Bay(VOs)
Te4O9(OH) we discussed earlier. It is worthy to compare the structures of
Ln,MoTe 014 (Ln = Pr, Nd) with those of La,MoTe;0;, and Nd,MoTe;0,,. All
four compounds contain MoQO, tetrahedra; however, their Te—O architectures are
completely different: La,MoTe;0;, features discrete Te;Os* anions, whereas
Nd,MoTe;0;, contains both TeO32* anion and dimeric TezOSZ* anions, and 1D
Te40104_ anions are formed in Ln,MoTe 014 (Ln = Pr, Nd). Nd,MoTe;0;, features
a layered structure with MoQO, tetrahedra hanging between two neighboring layers,
whereas the MoO, tetrahedra in La,MoTe;0;, are located at the tunnels of lanthanum
(II) tellurium(IV) oxide. In Ln,MoTe4O,4 (Ln = Pr, Nd), the MoQ, tetrahedron
serves as a pillar between two lanthanide(III) tellurium(IV) oxide layers.

Colorless plate-shaped single crystals of La,WTegO,g were obtained by solid-
state reaction of a mixture of La,O5 (0.30 mmol), WO;3 (0.60 mmol), and TeO,
(1.5 mmol) in an evacuated quartz tube at 750°C for 6 days. La,WTegO,g (P-3c1,
CS) can also be formulated as Lay(WOQOy4)(Te;07),. The TeO, groups are
interconnected into a Te;0,” " layer via corner sharing. Within the layer, three-
member rings and “pear-shaped” six-member rings are found (Scheme 1h). The
interconnection of La** ions by bridging WO,*~ anions led to a 2D [La,WO,]**
layer along the ab plane. One [La,WO,]*" layer is sandwiched by two Te;0,%~
layers into a thick layer in the ab plane via La—O-Te bridges. The thickness of the
layer is about 7.65 A and the width of the interlayer opening is about 3.0 A. The
lone-pair electrons of Te(IV) atoms are orientated toward the interlayer space.

Light purple single crystals of Nd,W,Te,O;3 was obtained by solid-state
reactions of a mixture of Nd,Os (0.25 mmol), WO;3; (0.50 mmol), and TeO,
(1.25 mmol) in an evacuated quartz tube at 720°C for 6 days. Nd,W,Te,01;
(P-1, CS) features a 3D network structure in which the W,0,, dimers occupy the
large apertures formed by neodymium tellurite. Among two unique Nd** ions in the
asymmetric unit, one is 8-coordinated whereas the other one is 9-coordinated.
Unlike that in La,WTegO,g, both the W(VI) cations in Nd,W,Te,O,5 are octahe-
drally coordinated. A pairs of WO octahedra are interconnected via edge sharing
into a W201087 dimer. One W atom is distorted toward a face (local C5 direction)
with three “short” and three “long” W-O bonds, whereas W(2) atom is distorted
toward an edge (C,) with two “short,” two “normal,” and two “long” W-O bonds. The
magnitudes of the distortion (Ad) is 1.118 and 0.945 10\, respectively, for W(1)Og
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and W(2)Og. The interconnection of the Nd(III) ions by the tellurite groups resulted
in a 3D network with two types of apertures along the a-axis. The large apertures
with a narrow-long shape are formed by 10-member rings composed of 4 TeO;
groups and 6 Nd(III) ions, whereas the small ones are formed by four-member rings
composed of 2 Nd(1) and two Te(1)O5 groups. The W,0,( dimers are located at the
large apertures. In Nd,W,Te,O3, each W,0;, dimer connects with two TeO;
groups (one in a unidentate fashion and the other in a bidentate bridging fashion)
to form a [WzTe2013]67 anion. Therefore, the structure of Nd,W,Te,O;5 also can
be viewed as the Nd** ions being interconnected by [W2T62013]67 anions via
Nd-O-Te and Nd—-O-W bridges.

Isostructural LnsMTe;0,3Cl3 (Ln = Pr, Nd; M = Mo, W) (C2/m, Cs) were
obtained by solid-state reactions of a mixture containing LnOCI (Ln = Pr, Nd),
WO3 (or M00O3), and TeO, in an evacuated quartz tube at 750 or 720°C for 6 days.
These compounds feature a 3D network of lanthanide(III) molybdenum(VI) tellu-
rium(IV) oxychloride with large apertures occupied by isolated CI anions and the
lone-pair electrons of Te(IV). LnsMTe,;0,3Cl; can be also formulated as Lns(MO,)
(TesO43)(Te05),Cl3. 2 Te(1)O5, 2 Te(2)O4, and 1 Te(3)O; groups are corner
sharing to form a novel TesO,3°~ pentamer in a “semi-cycle” shape (Scheme 1c).
The interconnection of Ln(III) ions via Te501367 and Te0327 anions resulted in a
thick layer parallel to the ab plane. Neighboring lanthanide tellurium(IV) oxide
layers are bridged by Cl(2) atoms into a complicated 3D network, forming two
different types of apertures. The small LnyO,Cl, ring was capped by the MO,
polyhedra on both sides, whereas the large apertures formed by eight-member rings
are filled by the isolated C1™ anions and the lone-pair electrons of Te(IV) atoms of
the Te501367 groups [102].

The solid-state luminescent properties of Nd,MoSe;0;9, Nd;MoTe;0;5,
Nd,MoTe,014, and Nd,W,Te,0;3 were investigated at both room temperature and
10 K, and the solid-state luminescent properties of NdsMoTe,0,5Cl; and
NdsWTe;0,5Cl; were studied at room temperature. Under excitation at 514 nm, the
room temperature emission spectra for all six Nd(IIT) compounds display three sets of
characteristic emission bands for the Nd(III) ion in the near IR region: 4F3/2 — 419/2,
4F3/2 -4, /2, and 4F3/2 -, 372- Nd;MoTe;0;, contains only one independent Nd
(III) site, whereas Nd,MoSe,O;q, Nd,MoTe,O;4, and Nd,W,Te,O;3 each contains
two unique NdA(III) sites with C; symmetry. Due to the crystal field effect, each
transition band was split into several subbands. PrsMoTe,;0,5Cl; and PrsWTe;0,5Cl3
display four sets of emission bands at 491 nm (very strong, “Py — *Hy), 534 nm
(moderate, °Py — *Hs), 619 nm (moderate, °Py — *Hg), 649 nm (strong, 3Py — °Fy)
and 735 nm (weak, °P, — F,) under /., = 448 nm. Under the same experimental
conditions, the corresponding emission bands for Pr,MoTe,0O,4 are much weaker.
Due to the so called “crystal field effect” as well as multiple Pr** sites, a few emission
bands were split into several subbands [101, 102].

It is noticed that most of MoO, (x = 4 or 6) polyhedra in the above compounds
are not polymerized because of small Mo/Ln (<1) ratios. We deem that these MoQO,
or MoOg may polymerize into novel polynuclear clusters or extended structures
through corner- or edge sharing if the Mo/Ln ratios are larger (>1).
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Fig. 22 View of the structure of H3;LnsMogs03,(SeO3)4(H,0), (Ln =La, Nd) and
Ln2M03010(SCO3)2(H20) (LI] = Eu, Dy, Er)

Our explorations of Mo-rich Ln"™-Mo"'-Se"'-0 phases led to five new lanthanide
selenites containing MoOg octahedra, namely, HzLnysMog 503,(SeO3)4(H,0),
(Ln = La, Nd,) and Ln,Mo030,((SeO5),(H,O) (Ln = Eu, Dy, Er) [103]. The
MoOg octahedra in the above two classes of compounds are interconnected into
two types of novel molybdenum oxide chains.

The above five compounds were initially synthesized by the hydrothermal
reactions of a mixture of lanthanide oxide (0.1 mmol), molybdenum oxide
(0.5 mmol), and selenium dioxide (1.0 mmol) in 5 mL of distilled water at 230°C
for 4 days. HsLngsMog 503,(Se03)4(H,O), (Ln = La, Nd,) (P-1, CS) features a
complicated 3D network in which the molybdenum selenite chains are further
interconnected by lanthanide selenite chains (Fig. 22). The interconnection of La
(1) and La(2) ions by bridging SeO;>~ groups resulted in a lanthanide selenite chain
along the b-axis. Mo(1)Og, M0(2)Og, and Mo(3)Og octahedra are interconnected by
edge-sharing bonds forming a [M030,4]'°~ trimer. The Se(2)0;>~ group capped on
the trimer via Se—O—Mo bridges to form a [Mo3Se014]67 unit. Such units are
further condensed into a molybdenum selenite chain of [M03Se013]47 via corner
sharing along the b-axis. A pair of Mo(4)O¢ octahedra are edge shared into a
[Mo(4); 50;;]1"" dimer; so are pairs of Mo(5)Og¢ octahedra. The interconnection
of [Mo(4); s01;1"*~ and [Mo(5),0,1'°" via edge sharing resulted in a double
strand polymer of [Mo, 7505]°° . A pair of [Mo3SeO,;3]*~ chains are sandwiched
by two [Mo; 7505]>>~ chains into a thick 1D slab of [Mo,75S¢0;o]>°~ through
Mo-O-Mo bridges.

Lny,Mo30,¢(Se05),(H,0) (Ln = Eu, Dy, Er) (P2;/m, CS) with lower Ln/Mo
molar ratio was obtained for the heavier lanthanide elements. Their structures feature
a 3D framework also constructed by the intergrowth of the molybdenum selenite
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Nd5(V904)(Se03)4°H,0 Eu(VO,)(SeO3)y

Fig. 23 View of the different structure types of Nd,(V,0,4)(SeO3),-H,0 and Eu(VO,)(SeO3),

chains and the lanthanide selenites chains (Fig. 22). The interconnection of Ln(1)**
and Ln(2)** ions through bridging Se(1)05%~ and Se(2)05>~ groups led to a lantha-
nide selenite chain along the »-axis. Two Mo(1)Og and one Mo(2)Og¢ octahedra are
interconnected by edge sharing into a [Mo30 4] 19~ trimer. This [Mo03014] 19~ trimer is
further capped by Se(2) atoms into a [Mo3Se014]67 unit. Neighboring [Mo3;SeO 14]67
units are further interconnected via corner sharing into a molybdenum selenite chain
as in H3L.nyMog 5s05,(Se05)4(H,0), (Ln = La, Nd,). The interconnection of the
alternating lanthanide selenite and molybdenum selenite chains along the a-axis via
Mo—O-Ln bridges resulted in a novel 3D network.

We had also isolated four lanthanide vanadium selenites with two types of
structures, namely, Nd»(V,04)(Se03)4-H,O and Ln(VO,)(SeOs), (Ln = Eu, Gd, Tb)
[104]. They were hydrothermally synthesized by reactions of a mixture of LnCl;-6H,0
(Ln = Nd, Eu, Gd, Tb), V,053, and selenium dioxide in 5.0 or 8.0 mL of distilled water
at 200°C for 4 days. During the reactions, V>* ion has been oxidized to V°™.

The structure of compound Nd,(V,04)(SeO5)4-H,0O features a 3D network com-
posed of the 2D layers of [Nd(SeOs)]* that are bridged by 1D [V204(Se03)2]27 chains
with the lattice water molecules located at the small 6-membered ring tunnels thus
formed (Fig. 23). The two VOs tetragonal pyramids are interconnected by edge
sharing to form a [V,0g]®~ binuclear cluster unit. The [V,05]®~ dinuclear cluster
units are further bridged by Se(2)05>~ groups via corner sharing into a 1D chain along
the c-axis. The Nd** ions are interconnected by bridging Se(1)O; groups into a
neodymium(III) selenites layer parallel to the bc plane. The above two building
units are further interconnected via Nd—O-Se(2) —O—V bridges into a 3D architecture
with two types of narrow-long shaped 6-MR and 10-MR tunnels along the c-axis. The
lattice water molecules are located at 6-MR tunnels composed of four VO5 and two
SeOs3 groups. The lattice water molecules also form a few hydrogen bonds with
oxoanion and selenite oxygen atoms, which further increases the stability of the 3D
structure. The structure of Ln(VO,)(SeO3), (Ln = Eu, Gd, Tb) (P2;/m, CS) also
features a 3D network composed of 2D [Ln(SeOs)]* layers which are bridged by 1D
[(VO,)(SeOs)]™ chains (Fig. 23). The two VOg octahedra are interconnected by edge
sharing to form a [V5010]'%" dimer. These dimers are further interconnected though
the corner sharing oxoanions into a double chain along the b-axis, Se(1)O3 groups are
grafted on both sides of the double chain in a bidentate bridging fashion, whereas
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Se(3)O5 groups capped on V4 rings of the 1D chain. The Ln(III) ions are bridged by
Se(2)0O5 and Se(4)O5 groups into a double layer perpendicular to the c-axis. The above
two building units are further interconnected via Ln—O-Se—O-V bridges into a 3D
architecture with narrow-long shaped 10-MR tunnels along the b-axis.

It should be mentioned that these lanthanide selenites and tellurites containing
V>*, Mo®, and W® are not SHG active since they are all structurally centrosym-
metric. This is very different from the corresponding metal iodates some of which
are SHG active, as discussed earlier.

3.1.3 TM-d’ TM-Se(IV)/Te(IV)-O System

A number of compounds in the translation metal (TM)—d0 TM-Te(IV)/Se(IV)-O
systems have been reported, a few of which exhibit moderate SHG efficiency
(Table 2).

Four new transition metal vanadium selenites or tellurites with different types of
structures were isolated by our group, namely, ZnVSe,0;, CdgV,Ses0,;,
ZI]3V2T€O]0, and Cd4V2T63015 [61, 105]

Dark-cyan crystals of ZnVSe,0O; was prepared by hydrothermal reactions of a
mixture of Zn(CH;COO),-2H,O (0.84 mmol), V,0s5 (0.28 mmol), SeO,
(1.08 mmol), and H,O (5 mL) at 200°C for 4 days. V>* jon was reduced to V**
ion during the reactions. The structure of ZnVSe,0; (P2;/n, CS) features a 3D
network composed of 3D anionic framework of [VSeZO7]2_ with the zinc(II)
cations located at the six MR tunnels along ag-axis. ZnVSe,O; can also be
formulated as Zn(VO)(SeO3),. The VOg¢ octahedra are interconnected via corner
sharing into a 1D vanadium oxide chain along the (101) direction. These chains are
further bridged by Se(1)Oj3 groups into a 2D layer parallel to the ac plane. Such 2D
layers are further interconnected by bridging Se(2)O; groups into pillar layers
[VSe,0,]*~ with two types of 6-MRs tunnels along the a-axis. Both 6-MRs are
composed of four VOg octahedra and two SeOj3 groups, one is wider whereas the
other is narrower. The lone pairs of the selenium(IV) point toward the center of the
narrow ones, whereas the zinc(II) cations are located at the wider tunnels.

Red needle-shaped single crystals of CdgV,SesO,; were obtained by the solid-
state reaction of a mixture of CdO, V,0Os, and SeO, in a molar ratio of 2:1:1 or 1:1:1
at 680°C for 6 days. CdgV,SesO,; can also be formulated as Cdg(V,06)(SeO3)s.
The structure of CdgV,SesO,; (P2,/c, CS) features a novel 3D network composed
3D {Cde(SeO3)s }2+ with 1D 16-MR tunnels along the b-axis, 1D {V206}27 anionic
chains are located at the big tunnels and form Cd-O-V bridges. There are six
unique cadmium(Il) ions, two vanadium(V) cations, and five selenites in its asym-
metric unit. The cadmium(Il) ions are interconnected by bridging and chelating
selenite groups into a 3D framework of {Cd(,(SeO3)5}2+ with 1D 16-MRs tunnels
along the b-axis. The size of the tunnel is estimated to be 3.0 x 12.0 A? based on
the structural data (the atomic radii of the ring atoms have been deducted). The 16-
MRs tunnels are constructed by six SeO3 groups and ten cadmium atoms. The lone
pairs of the selenite anions are pointing toward the center of the tunnels. V(1)O,4 and
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V(2)O, tetrahedra are interconnected alternately via corner sharing into a 1D
{ V1,04 }2_ anionic chain along the b-axis. These vanadium oxide chains are inserted
in the above tunnels of the cadmium(II) selenite and interact with the main skeleton
via V-0-Cd bridges [105].

Solid-state reactions of zinc(II) or cadmium(Il) oxide, V,0s, and TeO, at high
temperature led to two novel quaternary compounds, namely, Zn;V,TeO;q and
Cd4V2T€3O]5 [61]

Zn3V,TeOyq (P2,/c, CS) features a novel 3D network composed of 2D zinc
tellurite layers bridged by V(1)O, tetrahedra with 8-MRs tunnels along the c-axis,
and the V(2)O, tetrahedra are located at the above tunnels. In the structure, Zn(1)Og
and Zn(2)Os polyhedra are interconnected via edge- and corner sharing into a 1D
chain along the g-axis. Zn(3)O5 polyhedra are interconnected via edge sharing to
form a 1D chain along the c-axis. The two types of 1D chains are further
interconnected via corner sharing into a zinc(Il) oxide layer parallel to the ac
plane. The TeO, groups are grafted into the layers through Te—-O-Zn bridges to
form a thick zinc(I) tellurite layer with 8-MRs tunnels along the c-axis. Neighbor-
ing such layers are bridged by V(1)O, tetrahedra via corner sharing along the b-axis
into a 3D architecture. The V(2)O, tetrahedra are located at the eight-membered
ring tunnels formed by two tellurite groups and six zinc atoms.

Cd,V,Te;0;5 crystallizes in the NCS space group P2,2,2;. Its structure features
a 3D network composed of 2D cadmium tellurite layers bridged by discrete VO,
tetrahedra and 1D vanadium oxide helical chains (Fig. 24). There are four Cd(II)
ions, two V(V), and three tellurite groups in the asymmetric unit of Cd4V,Te30;5 It
can also be formulated as Cd4(VO3),(TeO3)s. All four unique cadmium(II) ions are
octahedrally coordinated by six oxygen atoms, and both vanadium(V) ions are in
the tetrahedral geometry. V(1)O, tetrahedra are interconnected into a 1D right-
handed helical chain via corner sharing, whereas the V(2)O, tetrahedra remain
“isolated.” The CdOg octahedra are interconnected into a 2D cadmium(II) oxide
layer via corner- and edge sharing. The tellurite (TeO3) anions capped on both sides

Fig. 24 View of the structure
of Cd4V,Tez0,5 down the
a-axis. The CdOg and VO,
polyhedra are shaded in blue
and green, respectively.

Te and O atoms are drawn

as pink and red circles,
respectively
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of the cadmium(II) oxide layer to form a novel cadmium(Il) tellurite layer parallel
to the ac plane. Neighboring cadmium(II) tellurite layers are further bridged by the
“isolated” V(2)O, tetrahedra and the V(1) oxide helical chains into a 3D architec-
ture with two types of left-handed helical tunnels along the a-axis. The larger ones
are formed by eight-membered rings composed of four cadmium(Il) atoms, three
vanadium(V) atoms, and a tellurium(IV) atom, whereas the smaller ones are based
on six-membered rings containing four cadmium(II) and two vanadium(V) atoms.
The lone-pair electrons of the tellurium(IV) atoms are orientated toward the tunnels
above [61]. SHG measurements revealed that Cd,V,Te;0,5 displays a moderately
strong SHG signal about 1.4 times that of KDP. This SHG response could be
attributed to both the lone pairs of the tellurite anions and the 1D vanadium(V)
oxide helical chain. The DTA studies indicate that Cd;V,Te3;0,5 exhibits an
endothermic peak at 751°C in the heating curve and an exothermic peak at 695°C
in the cooling curve; hence, Cd,;V,Te;0,5 may melt congruently at about 751°C.
This suggests that Cd;V,Te;0,5 is a congruently melting compound, which was
also confirmed by powder XRD studies under different temperatures. Therefore, in
principle, large single crystals could be grown from the stoichiometric melts.

A large number of transition metal molybdenum(VI) (or tungsten(VI)) selenites
or tellerites have been reported, some of them are SHG active [58, 62, 66, 106].

Polar Zn,(Mo0O,4)(QO3) (Q = Se, Te) was reported by the Halasyamani group very
recently [62]. Crystals of Zn,(MoQO,4)(TeO3) were grown by hydrothermal reactions of
Zn0 (2.0 mmol), TeO, (1.0 mmol), MoOj5 (1.00 mmol), and NH,CI/NH; 1 M buffer
solution (3 mL) at 230°C for 2 days, whereas Bulk polycrystalline and crystals of
Zn,(MoQ,4)(SeO3) were prepared by solid-state reactions of a mixture of ZnO
(2.0 mmol), SeO, (1.0 mmol), and MoOj3 (1.0 mmol) at 550°C for 48 h. Zn,(MoOy,)
(QO3) (Q = Se, Te) are isostructural and both crystallized in a polar space group P2;.
Their structures feature a 3D network composed of 2D zinc selenites (or tellurites)
layers further bridged by MoQO, tetrahedra. The ZnO,, (n = 4, 6) polyhedra are
interconnected into a wave-like 2D layer via corner sharing with the SeO; (or TeOs)
groups capping from both sides of the layer. These zinc selenites (or tellurites) layers
are further interconnected by the MoO, tetrahedra to a 3D framework via corner
sharing. The polarities come mainly from the lone-pair cations since MoOy, tetrahedra
cannot undergo SOJT distortion. Powder SHG measurements using 1,064 nm radia-
tion indicate the compounds exhibit moderate SHG efficiencies of 100 and 80 x «-
Si0; for Zn,(MoO,4)(SeO3) and Zny(MoO,4)(TeOs), respectively. Both of them are
nonphase-matching materials [62].

Three new phases in Ag'-Mo""/W"'-Te!V-0 system, namely, Ag,Mo;Te;0;6,
Agr,MoTe,04,, and AggW5Te 05, were prepared by our group [58]. They were
synthesized hydrothermally from a stoichiometric mixture of Ag,O, TeO,, MoO;
or WO3;, and 10 mL of H,O at 230°C. The loaded compositions are: Ag,O
(0.1 mmol), TeO, (0.3 mmol), and MoO5 (0.3 mmol) for Ag,Mo;Te;0,6; Ag,O
(0.1 mmol), TeO, (0.4 mmol), and MoO3; (0.1 mmol) for Ag,MoTe,01,;
Ag,0 (0.3 mmol), TeO, (0.4 mmol), and WO;5 (0.3 mmol) for AggW;Te,O,.

AgrMosTe;0 ¢ is isostructural to Na,Mos;Te;0;4 and crystallized in a polar
space group 2 [57]. Its structure features a 1D [Mo;Te;0;6]>~ anionic chain
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Fig. 25 The [Mo30,4]'>~ cluster (a), the [Te;Og]*~ cluster (b) and a 1D [Mo;Te;0;6]°~ anion (c)
in AgoMo3Te;04¢. The green arrows indicate the directions of the polarization of the cations

composed of [Mo3014]10_ clusters bridged by [T6308]4_ anions via corner
sharing. Neighboring chains are further bridged by the Ag™ ions into a condensed
3D network. The [M03014]107 cluster is formed by three edge-shared MoOg
octahedra in which the Mo®" cations are distorted toward an edge (local C,
direction), resulting in two short, two normal, and two long Mo—O bonds. The
magnitude of the distortion (Ad) was calculated to be 1.52 and 1.02 for Mo(1) and
Mo(2), respectively. The [Te3Og]47 anion composes of one Te(1)O,4 and two Te
(2)O3 groups interconnected by corner sharing (Scheme 1a). In the molybdenum
tellurite chains, the lone pairs of the TeO; groups are aligned on the same side to
produce a large macroscopic dipole moment in the compound (Fig. 25). SHG
measurements revealed that Ag;Mo;Te;0,¢ displays a large SHG response of
about 8 x KDP. From Fig. 25, we can see that the polarization of the two Mo(1)
Og octahedra in the [M03014]107 cluster are almost cancelled out whereas the
polarization of the central Mo(2)O4 octahedron is approximately along the
b-axis. As for the [Te;O0g]*~ anion, the contributions from Te(2)O5 groups almost
cancelled each other, and that of the Te(1)O4 group is polarized along the b-axis.
Hence, the polarizations of both types of asymmetric polyhedra within the 1D
[Mo;Te;0;4]° " anionic chain are “constructive” add. Therefore, the molybde-
num tellurite chains are polar.

Agr,MoTe, 04, (C2/c, CS) is isostructural with Na,MTe,0;, (M = Mo, W), and
its structure features a 3D anionic [MoTe,O1,]*~ network with Ag" ions filling the
cavities of the structure. The Te(1)O5 and Te(2)O3 groups are interconnected into a
2D [Te40,0]*" anionic double layer perpendicular to the a-axis via corner- and
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Fig. 26 View the structure of
Mn(MoOs)(SeO3)(H,0)
down the b-axis

edge sharing. These double layers are bridged by MoOg octahedra into a 3D anionic
[MoTe4012]27 network.

The structure of AggW;Te O, (C2/c, CS) exhibits a 3D anionic network com-
posed of 2D W(2)-Te(1)-O layers being bridged by 1D W(1)-Te(2)-O chains with
the silver(I) ions located at the cavities of the structure. Neighboring W(1)Og¢
octahedra are bridged by pairs of Te(2)O,4 groups via corner sharing into a 1D anionic
chain along the c-axis. Two Te(1)O,4 groups are interconnected to a Te,Og dimer via
edge sharing. W(2)Og4 octahedra are bridged by Te,Oq dimers to form a 2D layer
parallel to the bc plane. The W(2)-Te(1)-O layers were further connected by the 1D
W(1)-Te(2)-O chains to a 3D framework via Te(2)-O-W(2) bridges [58].

Our systematic explorations of new SHG materials in the divalent transition
metal-Mo(VI)-Se(IV)/Te(IV)-O systems afforded seven new compounds, namely,
TM(Mo0O3)(Se03)(H,0) (TM = Mn, Co), Fe,(Mo0,0,)(Se03),(H,0), Cuy,(MoOy)
(Se03), Ni3(MoO,4)(TeO5),, and Niz(Mo0,0g)(X03) (X = Se, Te) [66, 106].

Yellow brick-shaped crystals of Mn(MoO;)(SeO3)(H,0) were isolated by
heating a mixture of 0.4 mmol MoOs3, 0.4 mmol MnCOs5, 1.2 mmol SeO,, and
5 mL H,O at 210°C. The structure of Mn(MoO3)(SeO3)(H,O) (Pmc2;, NCS)
features a complicated 3D network composed of MnO; polyhedra, MoOg
octahedra, and SeO; polyhedra (Fig. 26). Its asymmetric unit contains two unique
Mn atoms lying on mirror planes, one Mo in the general site, and two Se atoms
sitting on mirror planes. Both Mn(1) and Mn(2) are seven coordinated by three
selenite oxygens, one aqua ligand, and four oxoanions in a pentagonal bipyramid
geometry. Mo(1) is octahedrally coordinated by two selenite oxygens, two terminal,
and two bridging oxoanions. The MoOg¢ octahedron is distorted toward an edge
(local C, direction) with two “short,” two “normal,” and two “long” Mo—O bonds,
and the magnitude of the distortion (Ad) was calculated to be 0.98. The MoOg
octahedra are corner shared into a 1D Mo—-O chain along the g-axis. MnO;
polyhedra and SeO; groups are interconnected into a ladder-shaped 1D chain
along the ag-axis. The above two types of chains are further interconnected and
alternating along b and c-axis, forming a complicated 3D network with 1D tunnels
of Mn,Mo,Se 5-MRs and small tunnels of MnMo, 3-MR along the b-axis.
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SHG measurements revealed that Mn(MoO3)(SeO3)(H,O) displays a moderate
SHG signal of about three times of KDP [66].

Brown plate-shaped crystals of Co(MoO;3)(SeO3)(H,O) were obtained by
heating a mixture of 0.4 mmol MoO3, 0.4 mmol CoCl,, 1.2 mmol SeO,, and H,O
(5 mL) at 210°C. Although Co(M003)(SeO3)(H,0) and Mn(MoO3)(SeO3)(H,0)
have a similar formula, they display totally different structures. The structure of Co
(Mo0O3)(SeO3)(H,0) (P-1, CS) features a 3D network composed of 1D molybde-
num(VI) selenite chains bridged by CoOg octahedra with 1D 8-MR tunnels along
the a-axis. The asymmetric unit of Co(Mo0O3)(SeO5)(H,0) is composed of two Co
(IT) atoms on inversion centers, one Mo(VI), one SeO327 anion, and an aqua ligand
on general sites. Both Co(1) and Co(2) are octahedrally coordinated by six oxygen
atoms which is different from the seven-coordinated Mn(II) atoms in the Mn
(Mo0O3)(SeO3)(H,0). The Mo(1) atom is octahedrally coordinated by two selenite
oxygens, two terminal and two bridging oxoanions with three “short” and three
“long” Mo-O bonds. Hence, the Mo(VI) cation is distorted toward a face (local C;
direction) and the magnitude of the distortion (Ad) was calculated to be 1.248. The
MoOg octahedra are interconnected into a 1D Mo—O chain along the a-axis via edge
sharing, and the selenite anions are hanging on both sides of the chain. Within the
molybdenum(VI) selenite chain, the polarization directions of the neighboring
MoOg octahedra are opposite each other and the polarizations of the selenites are
cancelled out. These centrosymmetric molybdenum(VI) selenite chains are further
bridged by the CoOg octahedra into a 3D network with 1D 8-MR tunnels along the
a-axis. The long narrow 8-MR tunnels are composed of 2 MoOg octahedra, 4 CoOg
octahedra, and 2 selenites. The lone-pair electrons of the Se(IV) cations are
orientated toward the center of the tunnels.

Red brick-shaped crystals of Fe,(M0,0,)(SeO3),(H,0) were isolated by heating
a mixture of 0.4 mmol MoQOs, 0.4 mmol Fe,03, 1.2 mmol SeO,, and H,O (5 mL) at
230°C for 4 days. The structure of Fe,(M0,0,)(SeO5),(H,0) (C2/c, CS) features a
3D architecture composed of iron(Ill) selenite layers interconnected by Mo,0,¢
dimers. The asymmetric unit of Fe,(Mo0,07)(SeO3),(H,O) contains one FeOg
octahedra, one MoQOg octahedra, and one selenite anion. The MoOg octahedron is
distorted toward an edge (local C direction), displaying two “short,” two “normal,”
and two “long” Mo-O bonds. The magnitude of the distortion (Ad) is calculated to
be 1.45. Each pair of FeOg octahedra form a Fe,O, dimer via edge sharing, and
such dimers are further bridged by selenite anions into a (100) layer. Two MoOg
octahedra form a Mo,0O,( dimer by edge sharing. The above iron(IIl) selenite layers
are further interconnected by the Mo,0;o dimers via Mo—O-Fe bridges into a 3D
framework with 1D 8-MR tunnels along the b-axis. The 8-MR is composed of
2 Se0s, 2 FeOg, and 4 MoOg groups. The lone pairs of the selenite groups are
orientated toward the centers of the above tunnels.

Cuy;(Mo0O,4)(SeO3) was obtained by heating a mixture of 0.4 mmol MoOs;,
0.4 mmol CuO, 0.4 mmol SeO,, and H,O (5 mL) at 210°C for 4 days. The structure
of Cuy,(MoOy)(SeOs5) (P2/c, CS) exhibits a 2D layer composed of 1D copper(Il)
oxide chains that are further bridged by SeO; groups and MoQ, tetrahedra. Its
asymmetric unit contains two CuOs square pyramids, one MoQ, tetrahedron, and
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one SeO; group. Two Cu(2)Os square pyramids are edge shared to Cu(2),0g dimers,
and the latter are further bridged by the Cu(1)O5 square pyramids to form a copper(Il)
oxide chain along the c-axis. Neighboring copper oxide chains are further bridged by
SeO; anions and MoQ, tetrahedra via corner sharing into a 2D layer parallel to the bc
plane with 1D 5-MR tunnels along the c-axis. The unusual odd member ring is
composed of 1 Cu(1)Os square pyramid, 2 Cu(2)Os square pyramids, 1 MoOy,
tetrahedron, and 1 SeOs group. The lone-pair electrons of the Se(IV) atoms are
orientated toward the interlayer space. The interlayer d-spacing is about 8.15 A [66].

Red prism-shaped crystals of Niz(MoO,4)(TeOs3), were synthesized by solid-state
reactions at 720°C: 3NiO + MoOs + 2TeO, — Niz(Mo00O,4)(TeOs3),. Nis(MoO,)
(TeO3), crystallizes in the NCS space group P2,2;2,. Its structure features a
novel 3D network of nickel(I) oxide with lager 1D tunnels along a-axis, the
MoOQy, tetrahedra, and TeOj3 groups capped on walls of the tunnels. Among three
unique nickel(Il) ions in the asymmetric unit, Ni(1) and Ni(2) are octahedrally
coordinated, whereas Ni(3) is in a square pyramidal geometry. Ni(1)Og and Ni(2)
Og octahedra are alternately interconnected into a 2D layer parallel to the ab plane
by edge sharing, whereas Ni(3)O5 square pyramids are corner sharing into a 1D
right-hand helical chain along the g-axis. The above 2D layers and the 1D chains
are further interconnected via Ni(1)-O(4)-Ni(3) and Ni(2)-O(9)-Ni(3) bridges into
a 3D network with large 12-MR tunnels along the a-axis. The tunnels are based on
Ni;, rings. The MoQ, tetrahedra and TeO5; groups capped on walls of the tunnels
[106]. SHG measurements indicate that the SHG signal of Ni3(MoQOy4)(TeOs), is
much weaker than that of KDP. This is due to the fact that the Mo®" in a tetrahedral
geometry is not subject to SOJT distortion and the polarizations of the tellurite
groups which capped on the walls of the large 12-MR tunnels have been mostly
cancelled out.

Green brick-shaped crystals of Niz(Mo0,0g)(SeO3) were initially prepared by the
solid-state reaction of a mixture of Nd,O3 (0.35 mmol), MoO5 (0.35 mmol), NiCl,
(0.35 mmol), and SeO, (1.4 mmol) at 700°C for 5 days. Although Nd(III) is not
present in the product, the addition of Nd,O; helped the crystallization of
Ni3(Mo,0g)(SeO3), and the quality of the crystals is very poor when the synthesis
was carried out in the absence of Nd,Os;. The structure of Niz(Mo,0g)(SeOs)
(P-1, CS) features a 3D network composed of [Ni(,022]32* cluster units that are
interconnected by [Mo040;6]®" clusters and SeOs>~ anions. There are three NiOg
octahedra, two MoOg octahedra, and one SeO; group in the asymmetric unit. The
Mo(VI) cations are distorted toward an edge (local C, direction) with two “short,”
two “normal,” and two “long” Mo—O bonds. The magnitudes of the distortions (Ad)
are calculated to be 1.18 and 1.29, respectively, for Mo(1) and Mo(2). Four MoOg
octahedra are interconnected by edge sharing to form a cyclic [MosO;6]%~
tetranuclear cluster unit. Six NiOg octahedra are interconnected into ahexanuclear
[Ni6022]327 cluster unit through edge sharing. The [Ni6022]327 cluster units are
bridged by SeO5>~ groups to form a 2D nickel selenite layer parallel to the ab plane.
Neighboring nickel selenite layers are further interconnected by the [Mo4O6]*~
clusters via Mo—O—-Ni bridges into a 3D network structure. The lone pairs of the
selenium(IV) atoms are orientated to the cavities of the structure.
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Green brick-shaped crystals of Ni;(Mo,0g)(TeO3) were prepared by the solid-
state reaction of a mixture containing NiO (0.5 mmol), MoO5 (0.5 mmol), and TeO,
(1.5 mmol) at 720°C for 6 days. The structure of Ni3(M0,0g)(TeOs3) is different
from that of Niz(Mo0,0g)(SeQ3), although their chemical formulae are comparable.
Ni3(Mo,0g)(TeO3) (C2/m, CS) features a 3D structure in which the corrugated
nickel-oxide anionic chains are bridged by [Mo040,6]® cluster units and TeO5>~
anions. As in Ni3(Mo,0Og)(Se03), the Ni(Il) and Mo(VI) cations are octahedrally
coordinated by six oxygens. Similar to that in Ni3(Mo,0Og)(Se03), the four MoOg
octahedra in Niz(Mo,0g)(TeO5) are interconnected via edge sharing to form a
[M04016]87 tetranuclear cluster unit. Different is two Ni(1)Og and one Ni(2)Og
octahedra are interconnected via edge sharing into a [NizO 131°°" trinuclear unit.
Neighboring such trinuclear units are further interconnected through edge sharing
into a corrugated [NizO; 11'%~ anionic chain along b-axis. This nickel oxide chain
can also be viewed as Ni(2)Og¢ octahedra being grafted onto the corrugated chain of
Ni(1)Og through edge sharing. It is interesting to note that [NigO,5]**" clusters are
formed in Niz(Mo0,0g)(SeO3), whereas corrugated [Ni3;O, 1'%~ anionic chains are
observed in Ni3(Mo,0g)(TeO3). Both nickel-oxide building units are based on Ni;O
triangles. The NizO triangles in [N16022]32_ clusters are condensed via sharing
Ni 'Ni edges, whereas those in [Ni3011]167 anionic chains are interconnected
through pairs of Ni—O-Ni bridges. These different nickel(II) oxide architectures
may result from the different coordination modes of the selenite and tellurite groups
as well as the different ionic radii of Se(IV) and Te(IV). Neighboring corrugated
nickel(I) oxide chains are bridged by TeO5>~ anions to form a thick nickel(Il)
tellurite layer parallel to the ab plane. The thickness of the layer is about 12.1 A.
Such layers are further interconnected by the [M04016]87 clusters via Mo—O-Ni
bridges into a 3D network structure. The lone-pair electrons of the tellurium(IV)
atoms are orientated to the tunnels of the structure [106].

3.1.4 p-Block Elements-d’ TM-Se(IV)/Te(IV)-O System

The TI, Pb2+, and Bi** cations may also have stereoactive lone-pair electrons and
can form asymmetric coordination environments. As for Ga3+/In3+, the cations of
group IIIA, have an oxidation state of +3 as lanthanide(III) ions but their coordina-
tion geometries are more closer to those of transition metal ions. Thus, we deemed
that these p-block main group cations in combinations with two other different
kinds of SOJT cations may result in new compounds with new types of structures as
well as different optical properties. So far such compounds are still rare.

Two NCS quaternary oxides, namely, TIMVOs (M = Se** or Te**) have been
synthesized by hydrothermal techniques [63]. TIMVOs (M = Se** or Te**) crys-
tallize in a polar space group Pna2,, their structures feature a 3D framework
composed of corner-shared VOg octahedra connected by asymmetric SeOs
(or TeO,) and TIOg polyhedra. Powder SHG measurements using 1,064 nm radia-
tion revealed that TIMVOs (M = Se** or Te**) have SHG efficiencies of approxi-
mately 40 times of a-Si0O,, but they are nonphase matchable.
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Four such tellurites, namely, Bi,WTe,O;9, Bi,W3Te,0.6, BiNbTe,Og,
Pb,M;¢TegO4; (M = Nb>* or Ta>*) were reported in the Pb**/Bi**-d° TM—Se**/
Te*-0 systems [37, 107-109]. Bi,WTe,0, features 1D chains of [WO4(TeO3)2]4*
anions that are further interconnected by Bi** ions [107], whereas Bi,W5Te,04
features triple-decker chains of [W30,0(Te03),]* ", which are further interconnected
by Bi** ions [108]. BiNbTe,Og can be described as layers of corner-shared NbOg
octahedra and fluorite-like sheets of BiOg distorted cubes capped by TeO, groups are
further interconnected by TeO; pyramids via Nb-O-Te—O-Bi bridges [109].
PbyM;¢TegO41 (M = Nb>* or Ta5+) exhibits a 3D framework consisting of layers of
corner-shared NbOg octahedra being further interconnected by TeO; and PbOg
polyhedra [37].

Two new quaternary mixed metal oxide materials, namely, InVTe,Og and
InVSe,Og, have been synthesized by standard solid-state reactions in
In**-V>*—Se**/Te**-0 systems [64]. InVTe,Os crystallized in the centrosymmet-
ric space group P2;/n. Its structure is a 2D layer consisting of 1D chains of corner-
shared InO¢ octahedra being further bridged by Te,O;, tetramers and VO,
tetrahedra. InVSe,Og exhibits a totally different structure type although its formula
is similar to that of InVTe,Og. InVSe,Og crystallized in NCS polar space group Pm,
its structure is a 3D framework composed of 1D edge-shared InO¢ chains and 1D
corner-shared VOs chains that are bridged by the SeO; anions. Powder SHG
measurements, using 1,064-nm radiation, indicated that InVSe,Og has a SHG
efficiency ~30 times that of -SiO, and it is nonphase matchable. The origin of
the polarization in InVSe,Og is thought to be from the local moments of the VOs5
square pyramids which were partly cancelled by the selenite groups [64].

Nine new quaternary phases in the p-block elements-d” TM—Se(IV)/Te(IV)-O
systems, namely, Pb,V,"Se>01, Pb, V5V SesO, g, Pb,Nb,YSe 015, Bis VsV SesOye,
and Bi2M02V1362013, [1 10], and Ga2M0Q2010 (Q = Se, Te), In2M02562013(H20),
and In,MoTe,O, [111], were isolated by our group. They exhibit eight different
types of anionic structures.

Pb,V,VSe;0;, PbyV5'"VSesOys, PboNb, Ses04s, BisV,YSe 046, and BisMo, ™!
Se,0q3 were hydrothermally synthesized by reactions of a mixture of PbO (or
Bi,03), V,05 (or Nb,Os, M00O3), and SeO, in 5-8 mL of distilled water, at 200 or
230°C for 4-5 days. It should be mentioned that the two vanadium(V) phases were
formed through the oxidation of the V** jon. These compounds cannot be prepared by
directly using the V,05 as the V sources.

All five compounds contain three types of asymmetric building blocks: two types
of cations with a lone pair and a distorted MOg (M = V, Nb, Mo) octahedron. Their
structures belong to five different types. The structure of Pb,V,VSe,0y; (P-1, CS)
features 1D [V,05(SeO5),]*~ chains that are further bridged by the Pb** cations into
a 3D network. There are two PbOs square pyramids, two VOg octahedra, and two
selenite anions in the asymmetric unit of Pb2V2V86201 1; hence, Pb2V2VSeZOH can
also be formulated as Pb2V2V05(SeO3)2. A pair of V(1)Og octahedra are
interconnected by edge sharing to a V(1),0;o dimer. Two V(2)O¢ octahedra are
capping on the V(1),0,¢ dimer to form a cyclic [V4O]6]12_ tetranuclear cluster unit.
Neighboring [V40;6]"> tetranuclear cluster units are further interconnected by
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Se(2)032_ groups via corner sharing into a 1D anionic chain of [VZOS(SeO3)2]4_
along the b-axis, and the Se(1)Os>~ groups are hanging on both sides of the chain.
Neighboring such chains are further bridged by lead(Il) ions into a 3D network.

The structure of Pb,V3'VSesO, 5 (Pnma, CS) features a 3D anionic framework of
[V5SesO,5]*~ with the lead(Il) cations being located at the 1D 8-MR tunnels along
b-axis. There are two lead(II) ions located on the mirror plane, two V>* ions with
V(1) at a mirror plane and three selenite anions with Se(1) at a mirror plane in the
asymmetric unit of Pb2V3IVSe5018; hence, Pb2V3IVSeSOIg can also be formulated
as sz(VIVO)3(SeO3)5. The VOg octahedra are bridged by SeO5 groups via corner
sharing into a 3D anionic framework with two types of 1D 8-MR tunnels along the
b-axis. One type of 1D 8-MR tunnel is based on 2 V(1)O¢ octahedra, 2 V(2)Oq
octahedra, 2 Se(1)O;, and 2 Se(3)O; groups and the lone pairs of Se(1)O5 and Se(3)
O; groups are oriented toward its center. The other type of 1D 8-MR tunnel is based
on 1 V(1)Og octahedra, 3 V(2)Og¢ octahedra, 2 Se(2)O3, 1 Se(1)O3, and 1 Se(3)O3
groups; the lone pair of Se(2)Oj is oriented toward the center of the tunnel. The lead
(II) ions are also located at the second type of 1D 8-MR tunnels.

The structure of szNbZVSe4015 (C2/c, CS) features novel niobium(V) oxy-
selenite chains of [Nb203(SeO3)4]4_ that are bridged by Pb%* cations into a 3D
network. The asymmetric unit of szNbZVSe4015 contains one severely distorted
PbOs square pyramid, one NbOg octahedron, and two selenite anions. The NbOg
octahedra are interconnected via corner sharing into a ladder-like double chain along
the c-axis; Se(2)Oz and Se(1)O3 groups are grafted into the chain in a bidentate
bridging and a unidentate fashion, respectively. The PbOs square pyramids are
interconnected into a 2D layer parallel to the bc plane via corner- and edge sharing.
The above two types of building units are further interconnected via Pb—O—-Se—O-Nb
bridges into a complicated 3D network with 1D tunnels of 8-MR along c-axis. The 1D
8-MR tunnels are based on 4 NbOg octahedra and 4 Se(2)O; groups, the lone pairs of
the Se(2) atoms are oriented toward the center of the tunnel.

The structure of Bi,V,YSe 046 (P2,/c, CS) features a 3D network composed of
the 2D layer of [Biz(SeO3)2]2+ and the 1D [(V02)2(5e03)2]27 chains. Its asymmetric
unit contains two BiO; polyhedra, two VOg octahedra, and four selenite anions;
hence, Bi,V,YSe O, can also be formulated as Bi>(VY0,)»(SeOs),. Neighboring
V(1)Og¢ and V(2)Og octahedra are interconnected via corner sharing into a 1D chain
and a pair of such chains are further interconnected via edge sharing into a 1D double
chain along the b-axis, Se(3)Os, and Se(4)O5 groups are grafted into the double
chain in a bidentate bridging fashion. The BiO polyhedra are interconnected to a 2D
layer parallel to the ac plane via edge- and face sharing, Se(1)O3 and Se(2)O3 groups
are capping on the both sides of the bismuth(II) oxide layer. The above two building
units are further interconnected via Bi—~O—Se bridges into a 3D architecture with
narrow-long-shaped 10-MR tunnels along the b-axis.

Bi2M02V1562013 is isostructural to Nd,W,Te,O;3 mentioned earlier [102], in
which the two Nd** ions have been replaced by two Bi** ions and W®* cations by
Mo®* cations. The structure of Bi,Mo,"'Se,0,; (P-1, CS) features a 3D network of
3D bismuth selenite with the 10-MR tunnels along a-axis occupied by the Mo,0,¢
clusters [110].
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It should be mentioned that although the above compounds contain two types of
lone-pair cations as well as d° transition metal ions, they are not SHG active due to
their centrosymmetric structures.

Systematic explorations of new phases in the Ga/In"'-Mo"'-Se!V/Te"V-0O
systems by hydrothermal reactions or solid-state reactions at high temperature led
to four new quaternary compounds, namely, Ga,MoQ,O;q (Q = Se, Te),
In2M02562013(H20), and IH2M0T62010 [1 1 1]

Ga,Mo0Q,0,9 (Q = Se, Te) were obtained by heating a mixture of Ga,Os,
MoOs3, SeO,, (or TeO,) at 200 or 230°C for 4 days. Ga,M0Q,0,¢ (Q = Se, Te)
(Pnma, CS) are isostructural, and their features a novel 3D network in which 1D
chains of the edge-shared GaOg octahedra are further interconnected by bridging
Q053%™ (Q = Se, Te) anions and MoOg octahedra. There are one GaOgq octahedron,
one MoQOg octahedron and two QO3 groups in the asymmetric unit. The GaOg
octahedra are interconnected into a 1D chain along b-axis via edge sharing.
Neighboring gallium oxide chains are further bridged by MoOg octahedra into a
corrugated 2D layer passing through about 1/3 ¢ and 2/3 ¢ with Q(2)O3 groups
capping on the cavities of the layer. It should be noted that MoOg octahedra are
bridged by Q(2)O5 groups into a molybdenum tellurite chain parallel to b-axis via
corner sharing. Hence, the corrugated 2D structure can also be described as a layer
formed by gallium oxide chains and molybdenum tellurite chains that are
alternating along a-axis. The above Ga—Mo-Te-O layers are further bridged by
Q(1)O3 groups into a 3D network with large 1D tunnels of GagM0,Q,4 12-member
rings and small tunnels of Ga,Q, four-member rings both along the »-axis. The lone
pairs of the Q*' cations are orientated toward the center of the large tunnels.
Although the chemical compositions of Ga,M0Q,0;¢ and Nd,MoSe,O,, are com-
parable, their structures are quite different. In Nd,MoSe,O;, the Nd** ions are
eight-coordinated and the Mo®" cation is tetrahedrally coordinated. Nd,MoSe,01q
features a 3D network composed of alternating neodymium(IIl) selenite layers
and neodymium(IIT) molybdate layers.

When the indium(Ill) oxide was used instead of gallium(IIl) oxide,
In,Mo,Se,015(H,0) and In,MoTe,0,( were isolated. Rose-pink prism-shaped crystals
of In,Mo,Se,043(H,0) were obtained by heating a mixture of MoO; (0.5 mmol), In,O;
(0.5 mmol), SeO, (1.2 mmol), and H,O (6 mL) at 200°C for 5 days. The structure of
In,Mo,Se,043(H,0) is isostructural to Fe,Mo,Se>O13(H,0) [66]. InoMo,Se,043(H,0)
(C2/c, CS) can also be formulated as In, { M0,0O,(H,0) } (SeO5),. Its structure features a
pillared-layered structure in which the indium selenite layers are bridged by
Mo,04(H,0) dimers. Colorless prism-shaped crystals of In,MoTe,O;, were obtained
by heating a mixture of MoO5 (0.3 mmol), In,O5 (0.25 mmol), TeO, (0.58 mmol), and
H,O (8 mL) at 230°C for 7 days. It should be note that the single phase powder sample
of In,MoTe,O,( was obtained by solid-state reaction of a mixture composed of MoOs,
In,O3, and TeO, in a molar ratio of 1:1:2. In,MoTe,O;o (P2:/n, CS) can also be
formulated to be Iny,(MoO,4)(TeOs), as in Nd,(MoQO,4)(SeOs),. However, their
structures are quite different. InoMoTe,O( features a 2D layered structure, which is
built from indium oxide layers with MoO,4 and TeO,, (n = 4, 5) polyhedra hanging on
both sides of the layer. The structure is composed of InO, InOg, and MoQOg octahedra as
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well as TeOs groups. In(1)O; and In(2)Og polyhedra are interconnected via edge
sharing into a dimer, such dimers are further interconnected via corner sharing into a
indium(III) oxide layer. The MoO,4 and TeO,, (n = 4, 5) groups capped on both sides of
the indium oxide layer. The lone pairs of the Te** cation are orientated toward the
interlayer space. The interlayer distance is about 9.0 A. There are also weak interlayer
Te—O bonds (2.512(8) A). It is interesting to note that the Te(1)O4 group is “isolated,”
whereas Te(2)Os groups are interconnected via corner sharing into 1D tellurium(IV)
oxide “zigzag chain” along b-axis.

These four compounds are also not SHG active since they are structurally
centrosymmetric; hence, polarizations of asymmetric MoOg octahedra and selenite
or tellurite groups have been completely cancelled out.

3.2 Metal Selenites or Tellurites Containing Halogen Anions

It is reported that the transition metal selenites or tellurites containing halogen
anions can display many types of novel structures and interesting magnetic
properties such as low dimensional magnets, etc. Transition metal Te(IV) or
Se(IV) oxyhalides can be regarded as so-called “chemical scissors” [112, 113].
The later transition metal cations form bonds to both oxygen and halide, whereas
lone-pair cations tend to form bonds only to oxygen anions. Such chemical differ-
ence can be utilized to prepare low dimensional transition metal materials with
interesting magnetic properties [112, 113]. Furthermore, it is well known that the
introduction of halogen anions can widen the transparency of NLO materials in the
UV region as in KBe;BO3F, (KBBF) [114]. Recent studies also show that the
introduction of the halogen anions into the lead(Il) borates can significantly
enhance the SHG efficiency of the inorganic compounds [115]. So far, a few of
compounds in metal Te(IV) or Se(IV) oxyhalides have been reported, some of
which exhibit NCS structures. For example, BisTe,O9Br, crystallizes in the polar
space group Pmm?2, and it also displays pyroelectric property. Its structure features
a 2D layer of [BisT 6209]2+ separated by bromine anions [116]. BaCu,Te,04Cl,
crystallized in the polar space group P2, its structure is a 3D network composed of
edge-shared Cu(1)Cl,03 and Cu(2)ClO,4 square pyramidal dimers bridged by Te(1)
O; and Te(2)O4 groups with the Ba®* cations being located at the cavities of the
structure [117].

Based on above reasons, we have performed systematic explorations in the transi-
tion metal or lanthanide transition metal Te(IV) or Se(IV) oxyhalide systems, 12 new
compounds were isolated by solid-state reactions at high temperatures, including
{Cdx(TesO13) }{CdxCls}, Cd;Clg(Te;017) [118], Nis(SeO3)4Cly, Nis(SeO3)4Brs,
Niz(TeO3)Cly, Nij1(TeOs3)10Cl,, [119, 120], DyCuTe,0¢Cl, ErCuTe,O4Cl,
ErCuTezOGBr, szMn(TeSOl3)Clz, DyZCu(Te5OI3)Br2, and Nd4CU(T€O3)5CI3
[121]. Among these compounds, Cd;Clg(Te;0;7) and Nd4Cu(TeO3)sCl; crystallized
in polar space group.
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[Cdy(Teg0;3)][Cd,Clg] was obtained quantitatively by the reaction of a mixture
of CdO/CdCl,/TeO, in a molar ratio of 1: 3: 6 at 670°C for 6 days. The structure of
[Cdy(Tec013)][CdClg] (P-1) features cationic cadmium(Il) tellurium(IV) oxide
layers parallel to ab plane and “isolated” anionic cadmium(Il) chloride double
chains along the a-axis. The [Cd,Clg]*~ double chain passing through the cell
edge is formed by edge-shared Cd(3)Cls and Cd(4)Clg octahedra. The cadmium
(D) tellurium(IV) oxide layer in [Cd,(TegO;3)][Cd,Clg] is formed by novel 1D slabs
of T6601327 anions interconnected by Cd—O double chains. Te(1)O4, Te(2)Oy,
and Te(3)O, groups are interconnected via corner- and edge sharing into a trinuclear
unit, and neighboring units are corner shared into a 1D chain along the a-axis. Two
Te(5)Os and two Te(6)O3 groups form a tetranuclear unit via corner- and edge
sharing. The above 1D chains and tetranuclear units are bridged by Te(4)O4 groups,
through corner sharing, into a 1D TegO,5° slab, forming six- and seven-member
polyhedral rings (Scheme 1f). The width of the slab is about 14.6 A. The lone-pair
electrons of the Te(IV) atoms are oriented toward the open space between
the cadmium chloride chains and cadmium tellurium(IV) oxide layers.

Colorless crystalline sample of Cd;Clg(Te;0,7) was then obtained quantitatively
by the reaction of a mixture of CdO/CdCl,/TeO, in a molar ratio of 3/4/7 at 720°C for
6 days. Cd,Clg(Te,O,;) crystallized in a polar space group Pca2,, its structure features
a 3D network composed of different tellurium(IV) oxide and cadmium chloride
substructures with long narrow tunnels along the b-axis. The two structural building
blocks are 1D [Te;0,,]® anions and unusual corrugated [Cd;Clg]®* layers based on
cyclohexane-type CdsCls rings. The Te;,O;,° anion features a 1D architecture
different from that of the TezO, 327 anion in [Cdy(Teg0;3)][Cd,Clg]. Only two types
of tellurium(IV) oxide polyhedra are found: TeO; for Te(7) and TeO, for the
remaining six tellurium atoms. TeO3 and TeO,4 groups are interconnected via corner
sharing into another type of 1D slab, forming two types of six-member polyhedral
rings and one type of three-member polyhedral ring (Scheme 1g). The three-member
ring is composed of three TeO,4 groups. One type of the six-member ring is formed by
solely TeO, groups in a “pear” shape, whereas the other type is made of two TeO; and
four TeQ,4 groups. The width of this 1D slabis 12.1 A, which is slightly narrower than
that of the Te4O;3>~ anion in [Cdy(TegO;3)][Cd>Clgl. In contrast to those in
[Cdy(Teg043)][Cd,Clg], the Cd and Cl atoms in Cd,Clg(Te,;0,7) are interconnected
to a novel corrugated 2D layer parallel to the bc plane. The layer is based on distorted
cyclohexane-type CdsCls rings. These 2D layers can be viewed as the result of
removing 1/8 of Cd(II) ions from a perfect “CdgClg” 2D layer leaving vacant
Cd¢Clg rings. The above two types of building units are interconnected via
Te—O—Cd bridges into a 3D network with long narrow tunnels along the b-axis. The
stereoactive lone pairs of the Te(IV) atoms are oriented toward the narrow tunnels
[118]. The polarization directions of tellurite groups are almost opposite, resulting in
mostly cancellation of the local dipole moments, which is also confirmed by a very
weak SHG response we measured recently.

When Ni(Il) halide was used instead of Cd(II) halide, four different structures
with a general formula of Ni,,;(Q03),X, (Q = Se, X = Cl, Br, n = 4; Q = Te,
X = Cl, n = 6, 10) were isolated.
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Nis(SeO3)4Cl, was prepared by solid-state reaction of 0.4 mmol of NiCl,,
0.8 mmol of Ni,O3, and 1.6 mmol of SeO, at 700°C for 6 days. Nis(Se03)4Cl,
(P-1, CS) features a 3D network formed by the interconnection of nickel(II)
octahedra via corner-, edge- and face sharing with Se** ions capping on its cavities.
Such a structure is different from Nis;(TeO3)4Cl, with a similar formula.
Nis(Te03)4Cl, exhibits a layered structure composed of corner-, edge- and face
shared 2D Ni(II) octahedral layer capped by TeO5 groups on the both sides [119].

Red brick-shaped single crystals of Nis(SeO5)4Br, were prepared by the solid-
state reaction of a mixture containing Ni,O3 (1.2 mmol), NiBr; (0.6 mmol), and
SeO, (2.4 mmol) at 670°C for 6 days. Nis(SeO3)4Br, (P-1, CS) features a 3D
network different from that of Nis(SeO3)4Cl,. Its 3D structure can be viewed as
nickel(I) oxy-bromide layers that are bridged by Se(IV) and additional Ni(II) ions.
Ni(1)OsBr and Ni(3)OsBr octahedra are interconnected via edge sharing into a 1D
chain, and neighboring chains are further interconnected via corner sharing into a
layered architecture. The above 2D nickel oxybromide layers are further
interconnected by Ni(2) and Se(IV) atoms into a condensed 3D network. Such a
3D network can also be viewed as a pillared layered structure in which Ni(2) and
selenite groups act as pillars [120].

Green brick single crystals of Niy(TeO3)sCl, and orange plates of
Ni;1(TeO3)oCl, were obtained from a same solid-state reaction of a mixture of
NiO (2.4 mmol), NiCl, (0.6 mmol), and TeO, (1.8 mmol) at 710°C for 6 days. The
structure of Ni;(TeO3)sCl, (R-3, CS) features a novel 3D network based on
Ni4ClOj3 cubane-like clusters with Te atoms located at the cavities of the network.
Three Ni(1)O5Cl moieties and one Ni(2)Og unit forms a NiyClO3 cubane-like
cluster via O 'O and O "'Cl edge sharing. The four nickel(Il) ions within the
Ni4ClOj; cluster displays a slightly distorted tetrahedron. Each pair of cubanes are
condensed into a dimeric unit by sharing a Ni(2) atom. Along the ab plane, the
Ni4ClO;3 cubanes are interconnected via edge sharing into a novel 2D cluster layer,
forming 12-member polyhedral rings. Each ring is composed of six NiyClO;
cubanes; hence, such cubane cluster layers are to some extent similar to those of
graphite. Neighboring 2D layers are interconnected by sharing Ni(2) atoms into a
3D network with small long-narrow-shaped tunnels along the a-axis. The Te atoms
are located at the above tunnels and connected to the cubanes via Te—O—Ni bridges.
It should be pointed out that such stacking of the cluster layers eliminates the large
tunnels along c-axis created by 12-member rings.

The structure of Ni;;(TeO3);oCl, (P-1, CS) features a very complicated 3D
network. There are six unique nickel(Il) ions, five tellurite groups, and one chloride
anion in its asymmetric unit. The interconnection of NiOsCl, NiOg, and NiOs
polyhedra via corner- and edge sharing led to a complex 3D network of nickel
oxychloride. The Te(IV) atoms are located at the voids of the network and also
connect with the framework through Ni-O-Te bridges. The 3D nickel oxychloride
network can also be considered as a pillared layered architecture based on the nickel
oxide layers composed of Ni(2), Ni(3), Ni(4), and Ni(5). Each pair of Ni(1)OsCl
octahedra form a dimeric unit via edge sharing; these dimers act as pillars between
two neighboring nickel oxide layers.
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It is interesting to note that the four nickel(I) compounds can be generally
formulated as Ni,;;(Q0O3), X5, where Q and X represent Se(or Te) and halide anion,
respectively. Also, the nickel sites may be partially occupied when # is large such as
in Nij1(TeOs3)¢Cl,. It is also noted that change of halide anion or change of selenite
anion by tellurite anion may lead to complete different structural types even though
their compounds have similar chemical formulae.

When lanthanide(III) ion was introduced into transition metal Te(IV) or Se(IV)
oxyhalides, six new lanthanide transition metal tellurium(IV) oxyhalides were
obtained, namely, DyCuTe,04Cl, ErCuTe,0xCl, ErCuTe,O¢Br, Sm,Mn(Tes0;3)
Cl,, Dy,Cu(Tes0;3)Br,, and Nd4Cu(TeO3)sCl;. They form three different struc-
tural types [121].

DyCuTe,O¢Cl, ErCuTe,O¢Cl, and ErCuTe,O¢Br (P2,/c, CS ) are isostructural.
They were prepared by the solid-state reaction of a mixture of Dy,05 (or Er,03),
CuO, CuCl, (or CuBr,), and TeO, at 750 or 720°C. They feature a 3D network
structure. LnOg polyhedra are interconnected via edge sharing into a 1D lanthanide
(IIT) oxide chain along the a-axis. Each pair of CuO4Cl polyhedra is bridged by a
pair of tellurite groups to form a 1D chain along the g-axis. The interconnection of
LnOg and CuO,4Cl polyhedra via bridging tellurite groups led to a 3D network with
apertures running along the a-axis. These apertures are formed by ten polyhedral
rings composed of 4 Dy, 4 Cu, and 2 tellurite anions. The halide anions and the lone
pairs of the tellurium(IV) atoms are orientated toward the above apertures.

Single crystals of Sm,MnTesO;5Cl, and Dy,CuTesO3Br, were obtained from the
solid-state reactions of a mixture containing Sm,O5 (or Dy,03), MnO, (or CuO),
MnCl, (or CuBr;), and TeO, at 750°C for 6 days. Sm,MnTesO3Cl, and
Dy,CuTesO3Br; (P2/n, CS) are isostructural and their structures feature a 3D network
of lanthanide transition metal tellurite with long, narrow-shaped tunnels occupied by
the isolated halides. TeO; and TeO,4 polyhedra are interconnected via corner- and edge
sharing to form two different tellurium(IV) oxide anions: Te;0g*~ and Te4O;5" . In
Te4010" ", two TeO, form a dimeric unit by edge sharing, and the dimer further corner
shares with two TeOj; groups. Te;Og* is composed of three corner-sharing TeO;
groups. The interconnection of the Sm™ (or Dym) jons and Mn" (or Cu") ions
by Te;0¢*~ and Te,O,0* anions results in a 3D network with tunnels running along
the b-axis. The halide anions remain isolated and are located at the above tunnels. The
lone-pair electrons of the tellurium(I'V) atoms are also oriented toward the tunnels.

Nd4Cu(TeO3)sCl; was obtained as a single phase by the following
reactions at 650°C: 2NdOCI + Nd,O5 + CuCl + 5TeO, — Nd,CuTes0,5Cls.
Nd,;Cu(TeO3)sCl; crystallizes in the polar space group 12, its structure features a
3D network of neodymium(III) tellurite with large tunnels in which 1D chains of
copper(l) chloride are inserted. The interconnection of Nd(III) ions by bridging and
chelating tellurite groups led to a 3D network with large tunnels along the b-axis.
The tunnels are formed by 16-membered polyhedral rings composed of 8 TeO3 and
8 Nd atoms. The lone-pair electrons of the tellurite groups are located at the above
tunnels. Neighboring CuCly, tetrahedra are interconnected via corner sharing into a
1D two-unit repeating (zweier) chain along the b-axis. These copper(I) chloride
chains are inserted in the centers of the above tunnels and form Cu—CI-Nd bridges.
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In this structure, the polarizations of Te(2)O3, Te(3)O3, Te(4)O3, and Te(5)0;
groups are mostly cancelled out but the polarizations of Te(1)O5 groups are aligned
in the same direction to produce a moderate net dipole moment along the b-axis
[121]. Unfortunately, no SHG measurements for this compound have been made.

3.3 Metal Tellurites and Selenites Containing Tetrahedral Groups
of Main Group Elements

Tetrahedral groups of main group elements, such as POy, BO,4, SiO4, may also be
SHG active and induce the formation of the NCS structures. Hence, metal tellurites
and selenites containing additional tetrahedral groups may lead to the formation of
new NCS structures with excellent SHG properties. So far such compounds are still
rare and mainly focused on tellurite phosphates, namely, Te,O3(HPO,),
TegO19(POy4)s, Tes03(POy),, Te,O(PO,),, Ba,TeO(PO,),, BaTeMO4(PO,) (M =
Nb>* or Ta’*), and A,TeM0,O4(PO,)> (A = K, Rb, Cs, or TI) [65, 122-127].
In these compounds, only Te,O3(HPO,4) (Pca2,, NCS) and Te,O(PO,), (Cc, NCS)
crystallized in polar space groups. The structure of Te,O;(HPO,) features a 3D
framework composed of 2D Te,O;>* cationic layer bridged by PO, tetrahedra. In
this structure, the polarizations of Te(2)O4 groups are toward almost opposite
directions, whereas the polarizations of Te(1)O,4 groups are align in the same direc-
tion; hence, a net dipole moment is produced [122]. Te,O(PO,), shows a 3D frame-
work structure composed of slightly distorted TeOs square pyramids and PO,
tetrahedra. The polarization directions of Te(1)Os and Te(2)Os groups are almost
opposite, resulting the cancellation of most of their local dipole moments. SHG
measurements reveal that Te,O(POy,), displays a weak SHG efficiency of approxi-
mately 50 x «-SiO, [65].

Our explorations in such systems by solid-state reactions and hydrothermal
syntheses afford four new compounds with different structures, namely, two novel
lanthanum(III) tellurites with additional SiO,4 or GeQ, tetrahedra (La,(Si5 »Ge, gO15)
(TeOs3), and La,(SigO;3)(TeO3),) [128], one selenite with BO, tetrahedra (B,Se,0-)
[14] and one tellurite with GaO, tetraheda (Ga,Te;Oq) [67]. Both B,Se,O; and
Ga,Te;0g crystallized in NCS structure and are SHG active.

La,(Si5»Ge, 3015)(TeO3), was initially obtained by solid-state reaction of
La,03 (0.4 mmol), GeO, (0.4 mmol), TeO, (1.2 mmol), with 0.4 mmol of CsCl
as flux in an evacuated quartz tube at 800°C for 6 days. Si element came from the
silica tube. The structure of La,(Sis»Ge,g0:3)(TeOs3), (P-1, CS) features a 3D
network composed of the [(Ge, g,Sis.18)O0; 8]47 layers and the [La4(TeO3)4]4+ layers
that alternating along b-axis. The germanate-silicate layer consists of corner-shared
X0, (X = Si/Ge) tetrahedra, forming four- and six-member rings. The 2D
[Lay(TeOs),]* layer is formed by lanthanide(III) ions bridged by TeO3 groups.
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La,(SigO,3)(TeO3), was prepared by solid-state reaction of La,O3 (0.4 mmol),
SiO, (1.6 mmol), and TeO, (0.8 mmol) at 960°C for 6 days. The structure of
Lay(Sig013)(TeOs3), (P2,/c, CS) is a 3D network composed of the [Si6013]27 double
layers and the [La,(TeO3),] o layers that alternate along a-axis. The [Si6013]27 double
layer is built by corner sharing SiO, tetrahedra, forming four-, five-, and eight-member
rings. The [Lay(TeOs),]** layer perpendicular to the g-axis is similar to that in
Lay(Sis»Ge, g015)(TeO3),. The TeO32_ anions in both compounds are only involved
in the coordination with the La>" ions to form a lanthanum(III) tellurite layer [128].

Compounds containing both borate anion and selenium(IV) may also possess good
SHG properties due to the presence of two types of SHG active groups. So far,
B,Se,0;, prepared by our group is the only such example. Single crystals of
Se,B,0; were isolated quantitatively by the solid-state reaction of B,O5 (1.2 mmol)
and SeO; (2.4 mmol) at 320°C in an evacuated quartz tube. The structure of Se,B,0,
(P242,2,,NCS) features a 3D network in which B,O, dimers composed of two corner
sharing BO, tetrahedra are bridged by SeO; groups (Fig. 27). The open framework of
Se,B,05 can also be described as an interesting mixed (3,4)-connected net of the B
and Se (linked by —O— bridges). Right-handed helical tunnels along c-axis are formed.
These tunnels are based on B¢Se,, 10-member rings. The lone pairs of the Se' cations
are orientated toward the above tunnels. B,Se,O exhibits a moderate strong SHG
efficiency of about 2.2 times of KDP [14].

Many efforts were tried to prepare Te,B,0-, the analog of Se,B,0;, but were
unsuccessful. Probably it is due to too large difference between the distance of Te-O
and B—O bonds. We therefore tried to prepare the gallium tellurites. Two isomeric
gallium(III) tellurites, namely, ¢-Ga,(TeO3); and f-Ga,(TeOs); were isolated [67].

The two compounds were hydrothermally synthesized by reactions of a mixture of
Ga,03 (0.2 mmol), TeO, (0.6 mmol), and Li,CO5 (0.10 mmol for a-Gay(TeOs3); or
0.25 mmol for $-Gay(TeO3)3) in 6 mL of distilled water at 230°C for 7 days. It is found

Fig. 27 View of the structure
of Se,B,0; down the b-axis.
BO, tetrahedra are shaded in
cyan. Se, B and O atoms are
drawn as pink, cyan and red
circles, respectively a
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Fig. 28 View of the structure of o-Ga,(TeO3); (a) and -Ga,(TeO3)3 (b) down the c-axis

that the amount of Li,COj; added is very important to the chemical compositions and
structures of the products formed. If 0.10 mmol Li,CO5; was used, the noncentro-
symmetric a-Gay(TeO3); was isolated. When the amount of Li,CO;3 used was
increased to 0.25 mmol, centrosymmetric ff-Gay(TeOs3); was isolated in a very low
yield. The structure of acentric a-Ga,(TeOs)3 (I-43d) features a close packing 3D
network with alternatively linkage of GaO, tetrahedra and TeOs trigonal pyramids via
corner sharing (Fig. 28a). The structure of centrosymmetric f-Ga,(TeOj3); (P63/m)
features a 3D open framework with 1D 12-MR tunnels along the c-axis. Different from
the o phase, the gallium(III) ion in the § phase is octahedrally coordinated. Two GaOg
octahedra are interconnected to a Ga,Oy dimer via face sharing, and such dimers are
bridged by the TeO5 groups into a 1D gallium tellurite chain along the c-axis. The
above chains are further linked by additional TeO5 groups into a 3D open framework
with 1D 12-MR tunnels along the c-axis (Fig. 28b). The internal diameter of the
channel is 7.983 A (about 0.8 nm). SHG measurements on a Q-switched Nd:YAG
laser with the sieved powder samples revealed that a-Ga,(TeOs); displays a moderate-
strong SHG response about that of KDP [67].

4 Conclusions and Outlook

In summary, the syntheses, structures, and SHG properties of metal iodates,
selenites, and tellurites with lone-pair electrons containing d° ™ cations, other
lone pairs and tetrahedral groups were reviewed. Combination of two or more types
of asymmetric units into a same compound not only can gives rise to a rich
structural chemistry but also may afford many NCS compounds with excellent
SHG properties. As for the direction of the out-of-center distortion, it was found
that V>* and Nb>* usually displace toward an edge or corner, whereas Mo®" and
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W®* are more likely distorted toward an edge or face. V>* cation may adopt the
square pyramidal geometry beside tetrahedron and octahedron, whereas Mo®" and
WO are usually tetrahedrally or octahedrally coordinated. Furthermore, V>* cation
is not as stable as other d° TM cations, and on some occasions it can be reduced to
V** during the reaction. The bond polarization follows the following order of I
(V) > Te(IV) > Se(IV), and Mo®* > V3 > W% > Nb>* > Ta’*. Furthermore,
the counterions also have dramatic effects on the structural topologies and the SHG
properties of the compounds formed. The slight change of the ionic radius of the
cation such as A(I) or lanthanide(Ill) ion could lead to a completely different
structure as exampled by A,W3TeO;, (A = K*, Rb", and Cs*) and Ln,MoTe30,,
(Ln = La, Nd). A(VO),0,(I05); (A = K*, Rb", Cs*, NH,") are isostructural but
their SHG responses follow a sequence as below, K > Rb > Cs > NH,. The
isostructural compounds of Ln3Pb3(IO3)13(p3—O) (Ln = La, Pr, Nd) display SHG
signals that about 2.0, 1.0, and 0.8 times of KDP, respectively, whereas the SHG
signal for the cerium compound is very weak. With respect to synthesis, molar
ratios of the starting materials, synthetic methods, and reaction temperatures are
also very important to the chemical compositions, structures, and physical
properties of materials formed. For example, the amount of Li,CO; controlled
whether noncentrosymmetric cubic phase a-Ga,(TeOs5); or centrosymmetric hex-
agonal phase f/-Ga,(TeO3); is isolated.

As for the different anions, it is worthy to mention that I(V) mainly appears as 105
group, but polymeric anionic clusters such as 1305~ in Nal3Og and layered 1,0, 2
anion in Cs,[4Oq; are also possible. The Se(IV) cation mainly exists as SeO3 group
(in some cases as the diselenite group), whereas Te(IV) can be 3-, 4-, or 5-coordinated,
and the most amazing aspect is that these TeO, (x = 3-5) polyhedra can be
polymerized into many types of polynuclear clusters or extended skeletons (Scheme 1)
besides ditellurite anion. Inorganic solids with various polymeric tellurium(I'V) oxide
anions include Te3084_ trimer in La,MoTe;0,, Te 04 ]6_ tetramer in Er,Te, O, 1,29
Tes05°~ pentamer in LnsMTe,;0,5Cl; (Ln = Pr,Nd; M = Mo, W), 1D Tes010" in
Ln,MoTe,0y4 (Ln = Pr, Nd), 1D TegO;3>~ in {Cdx(TegO3)}{Cd>Clg} and 1D
Te;0,7,°~ in Cd;Clg(Te;0;5), layered Te;0,% in La;WTegO15, 1D [TesOo(OH)*~
in Ba2(VO3)Te409(OH), 1D TCO327 in CS3Nb9018(TeO3)2(TCO4)2, 2D Te40927 in
K,Te,09-3.2H,0 and 2D Te,0s>~ in Ln(Te,05)X (Ln = Nd, X = Cl, Br; Ln = Gd,
X = CI) [14], etc. Certainly more such examples will be discovered in the future and
extensive theoretical studies are needed to understand its origin.

Based on this review, several opportunities and challenges are apparent. For d°
TM-I(V)-O system, no metal iodates containing W(VI) or Ta(V) cation has been
reported because of the synthetic difficulties, and only one Nb(V) iodate is reported.
For the metal iodates containing other lone pairs, there is no metal iodates with lone
pair-containing Sb(IIl), Sn(II), Se(IV), or Te(IV) reported, and little is known about
the bismuth iodates except two centrosymmetric Bi(IO3); and Bi(IO5);(H,0),.
With respect to metal selenites or tellurites, the combination of lone pair Te(IV)
or Se(IV) with borate is quite promising in searching for new SHG materials. Very
recently, a series of alkali metal boroselenites were synthesized by solid-state
reactions in our group, some of which crystallized in NCS structures and display
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excellent SHG properties due to the polarizations from both B—O polyhedra and
SeOj; groups. Furthermore, metal Te(IV) or Se(IV) oxyhalides are mainly focused
on low dimensional magnets before, and their SHG properties have been somewhat
overlooked. Some metal Te(IV) oxyhalides reported crystallized in polar structures
but their NLO properties have not been studied.

Also the crystal growth for the compounds with excellent SHG properties is also
very important for practical applications. Large single crystals of BaMo,TeO,
Na,W,;TeOy, and Cs,Mo3TeO;, have been obtained and their physical properties
studied in more details; however, large single crystals for other SHG compounds
remain to be grown and their physical properties studied more deeply. To fully
address these problems, strong interactions between synthetic and theoretical
chemists as well as materials chemists are necessary.
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