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ABSTRACT: A new noncentrosymmetric (NCS) and
polar material containing two lone-pair cations, Bi3+ and
I5+, and exhibiting an Aurivillius-type (Bi2O2)

2+ layer has
been synthesized and structurally characterized. The ma-
terial, BiO(IO3), exhibits strong second-harmonic genera-
tion (SHG), ∼12.5 � KDP (or ∼500 � R-SiO2), using
1064 nm radiation, and is found in the NCS polar orthor-
hombic space group Pca21 (No. 29). The structure consists
of (Bi2O2)

2+ cationic layers that are connected to (IO3)
�

anions. The macroscopic polarity, observed along the c-axis
direction, may be attributed to the alignment of the IO3

polyhedra. In addition to the crystal structure and SHG
measurements, polarization and piezoelectric measure-
ments were performed, as well as electronic structure
analysis.

The synthesis and characterization of new materials with
functional applications, e.g., piezoelectricity, battery materi-

als, multiferroics, etc. is of topical and technological interest.1

This is clearly the situation with polar compounds, i.e, materials
that exhibit a macroscopic dipole moment. Functional properties
such as pyroelectricity, ferroelectricity, and multiferroic behavior
are restricted to polar materials. Although the crystallographic
symmetry requirements for polarity have been extensively discussed,2

it remains an ongoing challenge to synthesize new polar com-
pounds. A variety of strategies have been suggested toward the
design and synthesis of new polar oxide materials.3 We have
focused on synthesizing new oxidematerials4 that contain cations
susceptible to second-order Jahn�Teller (SOJT) distortions,5 i.
e., octahedrally coordinated d0 cations (Ti4+, Nb5+, W6+, etc.)
and cations with a nonbonded electron pair (Se4+, Te4+, I5+, etc.).
With both families, the cation is in a locally polar coordination
environment. When the local polar environments are aligned in
the crystal structure, a macroscopically polar material is observed.

A class of materials that has not been explored extensively, are
oxides that contain two lone-pair cations. Relatively few of these
types of materials are known, and of these only TeSeO4,

6

Pb3SeO5,
4k Ln3Pb3(IO3)13 (μ

3-O) (Ln = La� Nd),7 Bi2SeO5,
8

Bi(SeO3)Cl,
9 and Bi2TeO5

10 are noncentrosymmetric. Interest-
ingly, all of the aforementioned NCS materials are also polar.
A lone-pair cation that has received considerable interest is I5+.
A variety of asymmetric coordination environments are foundwith
I5+, such as IO3, IO4, and IO5.

11 Of these, the former is the most
common. With respect to bismuth(III) iodates, two materials

have been reported, Bi(IO3)3 (space group P-1) and Bi(IO3)3 .
2H2O (space group P21/n).

12 As seen from the respective space
groups, both compounds are centrosymmetric. Bi3+ cations are
also found in Aurivillius phases,13 many of which are polar. The
Aurivillius structure is built up from alternate layers of (Bi2O2)

2+

cations and perovskite-like (Am-1BmO3 m+1)
2- anionic blocks,

with m being an integer corresponding to the number of corner-
shared octahedra forming the perovskite blocks. The macro-
scopic polarity observed in some Aurivillius phases is attributable
structurally to the (Bi2O2)

2+ layer, as well as the perovskite block.
In this communication, we report on a new polar material, BiO
(IO3), that not only contains two lone-pair cations, Bi

3+ and I5+,
but also exhibits an Aurivillius type (Bi2O2)

2+ layer. Instead of a
perovskite-like block between the (Bi2O2)

2+ layer, polar IO3

polyhedra are observed.
BiO(IO3) was synthesized by combining Bi(NO3)3 3 5H2O,

HIO3, and 1 M HNO3 in an autoclave at 200 �C for 1 week.14

BiO(IO3) crystallizes in the polar NCS space group Pca21 (No.
29), and exhibits a layered structural topology (see Figure 1a).
The structure may be described as containing layers of (Bi2O2)

2+

cations that are connected to (IO3)
� anions. The (Bi2O2)

2+

cationic layer is structurally analogous to those observed in
Aurivillius phases (see Figure 1b), however, instead of a perov-
skite-like anion block separating the layers, locally polar iodate
anions are observed. The Bi�O and I�O distances range
between 2.246(6) � 2.581(3) Å and 1.813(4) � 1.844(4) Å
respectively. Both the Bi3+ and I5+ cations are in asymmetric and
polar coordination environments attributable to their stereoac-
tive lone-pairs. As we will demonstrate, it is the alignment of the
I5+ lone-pair that results in the strong SHG response.

BiO(IO3) is thermally stable up to ∼400 �C. Above this
temperature, the material decomposes to β-Bi2O3. The electro-
nic structure of BiO(IO3) provides insight into its structure�
property relationships. The band structure (see Figure S10)
reveals an energy gap of ∼2.0 eV at the Fermi level, that is less
than the measured value of 3.3 eV. It has been shown that these
types of calculations underestimate the band gap.15 The electron
localization function (ELF)16 isosurfaces for the pseudopotential
calculations are also shown in Figure 2. Clearly, lobe-like
isosurfaces are observed near both the Bi3+ and I5+ cations, and
may be considered as stereoactive lone-pairs. Some caution
needs to be taken with the ELF isosurface, as core electrons
are excluded,17 but the qualitative features are consistent with a
lone-pair.18

Received: June 13, 2011



12423 dx.doi.org/10.1021/ja205456b |J. Am. Chem. Soc. 2011, 133, 12422–12425

Journal of the American Chemical Society COMMUNICATION

The occurrence and alignment of the lone-pair profoundly
impact the functional properties of BiO(IO3). As seen in Figure 2
and Table S4, the polarization attributable to the Bi3+ polyhedra is
negligible � the local dipole moments are directed nearly in an
antiparallel manner. With the IO3 polyhedra, however, the local
dipolemoment is additive and results in amacroscopic polarization
along the c-axis direction. Powder SHG measurements, using
1064 nm radiation, indicated that BiO(IO3) is a strong fre-
quency-doubler with an efficiency of ∼12.5 � KDP (or ∼500 �
R-SiO2). This efficiency compares well to BaTiO3 (400�R-SiO2)
andLiNbO3 (600�R-SiO2).

19 Particle size vs SHGefficiency data
indicate that BiO(IO3) is type 1 phase-matchable with a calculated
<deff> of ∼26 pm/V (see Figure 3). As with Li2Ti(IO3)6 and
Na2Ti(IO3)6,

4i,j the alignment of the iodate lone-pair is, structu-
rally, wholly responsible for the large SHG efficiency. In addition,
the SHG efficiency of BiO(IO3) is similar to A2Ti(IO3)6 (A = Li+

or Na+), i.e., <deff> of 23 � 26 pm/V.
In addition to investigating the SHG phenomena, piezo-

electric and polarization properties were also examined. With the

piezoelectricity, a d33 charge constant of ∼26 pm/V was mea-
sured (see Figure S6). This value compares well with those of
other iodates, namely LiIO3 (d33 = 92 pm/V) and KIO3 (d33 = 39
pm/V), as well as Li2Ti(IO3)6 (d33 = 81 pm/V).4i,20 As noted,
BiO(IO3) is polar and may exhibit pyroelectric and ferroelectric
phenomena. Pyroelectric measurements revealed a pyroelectric
coefficient, p, of�0.26 μCm�2 K�1 at 50 �C. Variable frequency
ferroelectric measurements were also performed. ‘Hysteresis
loops’ were observed, however BiO(IO3) is not ferroelectric
(see Figures S7 and S8).21 Ferroelectricity indicates macroscopic
polarization reversal, that in turn implies microscopic (local)
polarization reversibility. There are two oxide polyhedra that
exhibit local polarity� the asymmetric BiO6 and IO3 polyhedra.
With the Bi3+ oxide polyhedra, polarization reversal has been
observed, for example in BiFeO3 as well as the m = 2 Aurivillius
phase SrBi2Ta2O9.

22 With the IO3 group, we have demonstrated
earlier that the energy barrier to inversion is∼8.5 eV.4j This value
in comparison to well-known ferroelectrics such as BaTiO3

(∼1.8 � 10�2 eV) and PbTiO3 (2.0 � 10�1 eV)23 clearly
demonstrates why BiO(IO3) is not ferroelectric - polarization
reversal for the IO3 polyhedra is energetically very unfavorable. It
could be argued that the polarization with the IO3 remains frozen,
whereas the dipole moment associated with the BiO6 polyhedra
invert. This is unlikely for two reasons. First, recall that the
polarization associated with the BiO6 groups is directed in an
antiparallel manner (see Figure 2). Any inversion in one poly-
hedron would be canceled by its opposite neighbors. This type of
‘reversal’ has been described as an antipolar ferroelectric.24

Second, invoking an antipolar ferroelectric mechanism would
still require an antidistortive displacement of the Bi3+ cations.
That displacement coupled with the frozen polarization of the
IO3 polyhedra would suggest any ferroelectric hysteresis loop
would be displaced. As this is not observed, and antipolar
antidisortive displacements are rather rare, we suggest that the
data are consistent with BiO(IO3) being a nonferroelectric
pyroelectric.

In summary, we have synthesized and characterized a new
polar material, with a large SHG response ∼12.5 � KDP (or
∼500 � R-SiO2), that contains two lone-pair cations and
exhibits an Aurivillius type (Bi2O2)

2+ layer. The observed func-
tional properties are attributable to the stereoactive lone-pairs
found on both the Bi3+ and I5+ cations. We are in the process of

Figure 1. Ball-and-stick representation of BiO(IO3) (a) and polyhedral
representation of the m = 2 Aurivillius phase (b). Note the similar
(Bi2O2)

2+ cationic layer in each material.

Figure 2. Ball-and-stick representation of BiO(IO3) in the bc-plane.
The partially parallel and antiparallel alignments of the polarization
attributable to the IO3 and BiO6 polyhedra respectively are shown. A net
macroscopic polarization directed toward the c-axis is represented by the
large black arrow. Note that the lobe-like isosurfaces were calculated
through electron localization function with η=0.9 utilizing pseudopo-
tential calculations.

Figure 3. SHG intensity vs particle size data for BiO(IO3). The curve is
drawn to guide the eye and is not a fit to the data.
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synthesizing other polar materials that contain two lone-pair
cations and will be reporting on them in the near future.
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