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ABSTRACT: As the crucial soluble species of long-lived radionuclides
129
I and 79Se, iodate and selenite anions commonly share similar
geometry of the trigonal pyramid XO3 (X = I, Se) but in diﬀerent
valence states. Although large amounts of investigations have been
performed aiming at understanding the environmental behavior of
these two anions individually, studies on cases when they coexist are
extremely scarce. Structurally well-characterized natural/synthetic
crystalline solids simultaneously incorporating these two anions as
potential solubility-limiting products at the nuclear waste geological
depository remain elusive. We report here a crystalline solid
Th(IO3)2(SeO3) representing the ﬁrst example of aliovalent substitution between IO3− and SeO32− sharing the same structural site, as
demonstrated by single crystal X-ray diﬀraction, laser-ablation
inductively coupled plasma mass spectrometry analysis, and spectroscopic techniques including infrared, Raman, and X-ray
absorption spectroscopies. Sequentially, in the Eu(IO3)3 solid matrix, we demonstrated that the IO3− site can be suﬃciently
substituted by SeO32− in the presence of Th4+ via simultaneous incorporation of Th4+ and SeO32− in a charge-balancing
mechanism. The obtained results provide insights into the environmental behavior of ﬁssion products 79Se and 129I: they may
cocrystallize in one solid matrix and may be eﬃciently immobilized by incorporation into each other’s solid phase through solid
solution.

■

INTRODUCTION

to the biosphere emerged as one of the major environmental
concerns.4,6 Furthermore, the release of these soluble anionic
radionuclides in used fuel reprocessing as well as leaching from
high-level radioactive waste (HLW) are also critical public
concerns.
Until now, studies of environmental behavior and synthesis
of contaminant-capture materials have focused on individual
contaminant elements in isolation.7 For instance, Hou et al.
found that the inorganic iodide and iodate were the dominant
species of 129I in seawater oﬀshore Fukushima.6 Zhang et al.
proposed that iodate was the main species of iodine that
coprecipitates with calcite near the Hanford site.8 Chen et al.
reported that the possibility of incorporation of selenite ions
into uranyl minerals greatly depended on the structural

A multitude of elements in a range of isotopic forms are created
during the ﬁssion of actinides in nuclear reactors. Among these,
79
Se and 129I are of particular importance not only because they
are both environmentally persistent and bioavailable, but also
hold a relatively long half time of decay of 1.11 × 106 and 1.57
× 107 years, respectively.1−3 Although 79Se is a low-energy β
emitter, it has been identiﬁed as a major contributor to the
long-term dose in deep geological repositories.4 Likewise,
signiﬁcant quantities of unstable isotopes of iodine were
released into the environment during the Cold War via the
processing of irradiated targets and above-ground weapon
tests.5 Recently, various inorganic iodine species including
volatile I2 and water-soluble IO3− were discharged from the
nuclear accident at the Fukushima Daiichi nuclear plant in
Japan.6 Therefore, the potential migration of those soluble
species, i.e., SeO32−, SeO42−, and IO3−, from contaminated sites
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Table 1. Detailed Reaction Parameters of Incorporation Experiments
reaction series
2−

SeO3 @Eu(IO3)3
Th4+@Eu(IO3)3
SeO32− + Th4+@Eu(IO3)3

solid matrix of Eu(IO3)3/mg

solution of 1 M SeO32−/mL

67.7
67.7
67.7

0.1
0.1

connectivity of the hosting structural sites.1 Another structural
investigation indicated that the SeO32− anion may substitute
CO32− in calcite, resulting in volume expansion of the unit cell.9
As the main soluble species of 129I and 79Se, IO3− and SeO32−
both contain lone-pair electrons that are stereochemically
active, engendering similar trigonal pyramidal geometries and
coordination behaviors. However, there are no studies
accounting for synergetic environmental behaviors of these
two associated radionuclides; even a solid solution of selenite
and iodate ions for each other at the same crystallographic site
in mineral phases or synthetic phases has never been reported.
One possible reason is that these two anions hold diﬀerent
valence states and charge densities, leading to an aliovalent
substitution type that requires additional charge compensation
ions. However, the possibility of a solid solution for these two
species has implications for the environmental fate of the
radionuclides 129I and 79Se, since incorporation of the species
into natural or synthetic crystalline solids is one means by
which to immobilize them.10−13 Signiﬁcant eﬀorts have been
made to retard radionuclides utilizing natural minerals such as
calcite,9,14−17 sodalite,18−20 apatite,21,22 mordenite,23 and other
synthetic materials.9,17 The majority of works demonstrated
that a crystallographically compatible structural site is a
requisite for accommodating soluble radionuclides. For
example, coupled substitution of NpO2+ + SeO32− for UO22+
+ SiO3OH− in the uranophane phase was observed owing to
the charge-balance nature of the mineral.24 Enhanced uptake of
radionuclides 237Np and 129I in Ba3(UO2)2(HPO4)2(PO4)2 can
be achieved due to their substitution for the uranyl cation and
HPO42− anion, respectively.25 Furthermore, there is a large
body of crystallographic data for secondary actinide selenites
and iodates, which can potentially form as the solubility-limiting
solid phase during the reprocessing of used fuel or at the waste
repository.26,27
Synthesis and characterization of crystals containing radionuclides under hydrothermal19,25 or diﬀusion methods17 have
been demonstrated to be an eﬃcient approach for predicting
the fate of soluble radionuclides at the atomic level.
Accordingly, in the present work we focus on the solid state
behavior of soluble species IO3− and SeO32− in crystalline
compounds that simultaneously contain the two anions. In
addition, with the nearly identical ionic and similar coordination chemistry, trivalent lanthanides such as Eu3+ and less
radiotoxic early actinide Th4+ could serve as surrogates for
transuranic cations in speciﬁc cases, such as Am3+, Np4+, and
Pu4+, which are of major concern for the nuclear waste
management.28−30 Crystalline solid Th(IO3)2(SeO3) was
hydrothermally synthesized and structurally characterized.
Single crystal X-ray diﬀraction combined with spectroscopic
techniques demonstrates that substitutional disorder of
SeO32−/IO3− can be achieved in synthesized compounds,
implying that isomorphic anions are uniformly distributed on
the same structural site. Furthermore, an isotypic compound
Eu(IO3)3 was chosen as the solid matrix model to investigate
substitution of IO3− by SeO32−. Remarkably, signiﬁcant coupled
substitution of Th4+ + SeO32− for Eu3+ + IO3− in the Eu(IO3)3

solution of 1 M Th4+/mL

ultrapure water/mL

0.1
0.1

2.9
2.9
2.8

solid matrix is demonstrated. In particular, substitutional
disorder of SeO32−/IO3− suggests an insight into environmental
behaviors of radionuclides 79Se and 129I, especially when they
coexist, e.g., incorporation of 129I into selenite-containing
minerals and incorporation of 79Se into iodate-rich phases.

■

EXPERIMENTAL SECTION

Syntheses. Th(NO3)4·6H2O (99.5% Bomeida Co.), Eu(NO3)3·
6H2O (99.9% Energy Chemical Co.), SeO2 (99.99%, Alfa Aesar), and
I2O5 (99% Adamas) were used as received without further puriﬁcation.
Caution! 232Th (T1/2 = 1.4 × 1010 years) poses a health risk owing to
α emission, and β emission from its daughters. The standard procedure for
handling radioactive materials should be followed. Th(IO3)2(SeO3) and
Eu(IO3)3 was prepared by the hydrothermal method. Typically, 58.9
mg of Th(NO3)4·6H2O, 11.8 mg of SeO2, 36.6 mg of I2O5 (the molar
ratio Th:Se:I = 1:1:2), and 3 mL of ultrapure water were loaded into a
10 mL autoclave. The autoclave was sealed and heated to 230 °C for
24 h under autogenous pressure and then cooled down to room
temperature at the rate of 9.6 °C/h. Colorless prismatic crystals were
isolated as the pure phase of Th(IO3)2(SeO3). The same procedure
was adopted to synthesize Eu(IO3)3 using 44.9 mg Eu(NO3)3·6H2O
and 53.2 mg HIO3 as starting materials (the molar ratio Eu:I = 1:3).
Incorporation of Selenite into Eu(IO3)3. The Eu(IO3)3 is chosen
as the host solid matrix primarily due to its isotypic topology to
Th(IO3)2(SeO3), which highlights the possible simultaneous accommodation of both Th4+ and SeO32− in this matrix. Besides, Eu(IO3)3
presents condensed packing of ions without voids or channels, which
consequently excludes all other incorporation mechanisms except
substitution. Generally, hydrothermal reactions were conducted by
adding speciﬁc amounts of SeO2/Th(NO3)4·6H2O/SeO2 + Th(NO3)4·6H2O into the initial solutions containing Eu(IO3)3 solid
matrix, followed by heating at 230 °C for 24 h. The yielding
incorporation products are labeled as SeO32−@Eu(IO3)3, Th4+@
Eu(IO3)3, and SeO32−+Th4+@Eu(IO3)3, respectively. The detailed
reaction conditions are listed in Table 1.
Crystallographic Studies. A selected crystal of Th(IO3)2(SeO3)
was mounted on Cryoloops with paratone and optically aligned on a
Bruker D8-Venture single crystal X-ray diﬀractometer equipped with a
digital camera. The diﬀraction data were collected using a Turbo X-ray
Source (Mo Kα radiation, λ = 0.71073 Å) adopting the direct-drive
rotating anode technique and a CMOS detector under room
temperature. The structures were solved by the direct method and
reﬁned on F2 by full-matrix least-squares methods using SHELXTL.31
Standard substitutional disorder reﬁnement process was performed in
the structure solution of Th(IO3)2(SeO3). Site occupancy factors
(SOFs) of Se and I were obtained from the reﬁnement in the space
group P21/c. For comparison, the same results were also obtained
from the lowest symmetry space group P1, demonstrating that the
substitutional disorder existed in the all XO3 sites (X = Se/I) without
pseudosymmetry operation. Both A and B level alerts are associated
with I3 and its coordinated oxygen atoms O8 and O9, presumably
originating from the relatively large occupancy factor of Se3, compared
to those of Se1 and Se2 (Table 2), leading to additional amounts of
disorder for these oxygen sites.
Powder X-ray Diﬀraction (PXRD). Powder patterns were
collected from 5° to 50°, with a step of 0.02° using a Bruker D8
advance X-ray diﬀractometer with Cu Kα radiation (λ = 1.54056 Å)
equipped with a Lynxeye one-dimensional detector.
Scanning Electron Microscope/Energy-Dispersive Spectrometer (SEM/EDS) Analysis. Scanning electron microscopy/
energy-dispersive spectroscopy (SEM/EDS) images and data were
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Table 2. Site Occupancy Factors (SOFs) of I and Se in Three
Sites of Th(IO3)2(SeO3) from the Reﬁnement Results
site

SOF (%)

site

SOF (%)

I(1)
I(2)
I(3)
total

79.5
74.4
46.0
199.9

Se(1)
Se(2)
Se(3)

20.5
25.6
54.0
100.1

collected using FEI Quanta 200FEG. The energy of the electron beam
was 30 kV, and the spectrum acquisition time was 100 s. Samples were
mounted directly on the carbon conductive tape with Au coating.
Laser-Ablation Inductively Coupled Plasma Mass Spectrometer (LA-ICP-MS) Analysis. Laser-ablation analysis of incorporation
products was conducted using a ThermoFisher Element2 ICP-MS
instrument coupled to a UP213 Nd:YAG laser-ablation system (New
Wave Research). Individual analyses consisted of 50 s measurement of
background ion signals prior to a 40 s interval of measurement of ion
signals (77Se, 127I, 153Eu, 232Th). Analyses were conducted in medium
mass resolution mode (resolution = mass/peak width ≈ 4000) to
eliminate possible spectral interferences. The ablated particles were
transported from the ablation cell to the ICP-MS instrument using He
carrier gas at a ﬂow rate of 1 L/min. Crystals were ablated using a
range of spot sizes between 15 and 30 μm, a repetition rate of 2 Hz,
and 45−50% power output corresponding to an energy density of 12−
15 J/cm2. Using these ablation conditions, the depth of penetration of
the laser passes 5 μm.32
Infrared and Raman Spectra Analysis. IR spectra were recorded
on the powder of bulk crystals by a Thermo Scientiﬁc Nicolet iS50
instrument in the range 400−4000 cm−1 at room temperature. Raman
spectra were acquired on polycrystalline samples from 200 to 1000
cm−1 using a Craic Technologies microspectrophotometer.
X-ray Absorption Near-Edge Spectrum (XANES). Se K-edge Xray absorption spectra were recorded in the Shanghai Synchrotron
Radiation Facility (SSRF) at the beamline 14W1. Data were recorded
using a Si(111) double crystal monochromator in transmission mode.
The electron beam energy of the storage ring was 3.5 GeV, and the
maximum stored current was approximately 210 mA.
Inductively Coupled Plasma Optical Emission Spectrometry
(ICP-OES). ICP-OES measurement was performed using the Thermo
Scientiﬁc 7200 ICP-OES. A 15 mg as-synthesized sample was
dissolved in concentrated nitric acid and then diluted before analysis.

Figure 1. View of the dense framework structure of Th(IO3)2(SeO3)
along the a axis; ThO8 polyhedra are shown in blue, and XO3 (X = I
and Se) trigonal pyramids are shown in yellow.

actinide iodates.34−38 The dense 3D structure is constructed by
isolated ThO8 polyhedra surrounded by an XO3 trigonal
pyramid (X = I/Se). The asymmetric unit consists of one
crystallographically independent Th site and three XO3 sites.
The X−O bond lengths are provided in Table S1, ranging from
1.734(11) to 1.823(10) Å, shorter than those of most
M3+(IO3)3 compounds;11 bond lengths for isotypic compounds
with M = Gd, Am, and Cm are 1.78−1.82 Å.30−34 The Se4+−O
bond length is expected to be considerably shorter than I5+−O.
The parametrization of Brese and O’Keeﬀe suggests that ideal
distances are 1.71 Å for Se4+−O (bond valence = 4/3) and 1.82
Å for I5+−O (bond valence = 5/3).39 Therefore, the observed
short distances initially suggest partial substitution between
SeO32− and IO3− on the same trigonal pyramid sites. In
addition, when X sites were solely assigned as Se, the isotropic
atomic displacement parameter Ueq is unreasonably small
(smaller than 0.005 Å2) (Figure S1), implying that the sites
should be partially occupied by heavier elements. Therefore,
standard substitutional disorder treatment (detailed reﬁnement
processes are included in the CIF ﬁle) was employed to reﬁne
the precise site occupancy factors (SOF) of Se and I in all three
XO3 trigonal pyramid. As shown in Table 2, the reﬁnement
results demonstrate that the occupancy factors of I in all three
sites are approximately 80% (I(1)), 74% (I(2)), and 46%
(I(3)), respectively. The corresponding values of Se are listed
in Table 2. The high percentage of Se(3) in XO3 contributes to
the shorter bond lengths observed in this site, whereas the
relatively longer bond lengths are observed in the I-rich I(1)
and I(2) sites (Table S1). Despite the fact that the three XO3
sites have distinct I:Se occupancy ratios, the sum of the
occupancies gives an overall ratio of I:Se = 2:1 (Table S2),
ideally balancing the cationic charge of tetravalent thorium ions
in the overall structure. It should be noted that such
substitutional disorder on the XO3 site was also observed in
the structure solution of the lowest symmetry space group P1,
excluding the possibility of apparent disorder produced by
superposition of diﬀerent twin orientations through pseudosymmetry.
To further support this conclusion, EDS and ICP-OES
analysis were employed to determine the precise ratio of heavy
elements in the sample. As shown in Figure S2, the ratio of
heavy elements is approximately 2:1:1 (I:Se:Th) in the tested

■

RESULTS AND DISCUSSION
Syntheses. Selenite (SeO32−) and iodate (IO3−) anions
exhibiting similar coordination chemistry are the main soluble
species of radionuclides 129I and 79Se. However, no crystal
structure was reported to simultaneously contain isomorphic
anions iodate and selenite (based on a recent search in the
Inorganic Crystal Structure Database 2016). The only example
close to this case is Th(IO3)2(SeO4)(H2O)3·H2O that
incorporates both iodate and selenate.33 In general, both
selenite and iodate anions adopt a coordination geometry of C3v
trigonal pyramids (MO3, M = I, Se) in either solid state or
aqueous solution. The diﬀerence between two anions is that the
charges and sizes stemmed from the diﬀerent M−O bond
distances, i.e., the typical I5+−O bond length is ∼1.83 Å while
that of Se4+−O is ∼1.70 Å. Investigation of the solid state
chemistry of two similar anions in a single solid matrix is
desired for understanding the fate of 129I and 79Se when they
coexist in the environment. For this propose, crystals of
Th(IO3)2(SeO3) were hydrothermally synthesized by the
combination of thorium nitrate, I2O5, and SeO2.
Structural Model Containing Substitutional Disorder
in IO3− and SeO32−. As shown in Figure 1, Th(IO3)2(SeO3) is
isotypic to those structures of lanthanide iodates and trivalent
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crystal shown by the EDS analysis, and the ICP-OES
measurement on bulk crystals yields the measured value of
I:Se:Th to be 17.935, 6.1395, and 20.142 ppm (molar ratio of
1.8:1:1.1 in Table S2). Both results are highly consistent with
crystallographic reﬁnement results (I:Se:Th = 2:1:1). The
comparison between crystallographic results and EDS analysis
is shown in Table S2. The infrared spectrum of Th(IO3)2(SeO3) exhibits clear absorption bands below 1000 cm−1
(Figure 2), where the absorption peak at 472 cm−1 should be

Crystallographic analysis, elemental analysis, and vibrational
spectra of Th(IO3)2(SeO3) together demonstrate that it is the
ﬁrst example of intrinsic substitutional disorder of radionuclides
I/Se in a well-resolved crystal structure.
Incorporation of SeO32− into the Eu(IO3)3 Solid Matrix.
The results above show that it is possible for SeO32− and IO3−
to randomly substitute for another crystal structure. Thus,
materials containing iodate could provide a suitable structural
site to accommodate SeO32− and vice versa. However, owing to
the charge deviation between SeO32− and IO3−, a compensating
cation is required because of the charge-balance nature of
materials. Therefore, a Eu(IO3)3 phase is carefully selected
owing to its identical topology with Th(IO3)2(SeO3) and the
similar ionic radius between Th4+ (1.19 Å, CN = 8) and Eu3+
(1.206 Å, CN = 8).42 Such a structure provides a good
opportunity to study the synergistic incorporation of cations
between SeO32− and IO3−, and cations between Th4+ and Eu3+.
As expected, the incorporated products of SeO32−@Eu(IO3)3,
Th4+@Eu(IO3)3, and SeO32− + Th4+@Eu(IO3)3 show identical
diﬀraction patterns with the solid matrix of Eu(IO3)3 (the
PXRD patterns are shown in Figure S3), clearly declaring the
structural integrity of them. However, it should be noted that
only limited amounts of reagents were used for the
incorporation studies, since increasing the amount of the
starting materials would result in the formation of α- and βTh(SeO3)2 precipitates (Table 1).43 From the laser-ablation
ICP-MS results, there is evidence that no incorporation was
detected in SeO32−@Eu(IO3)3, while enhanced incorporation
was observed from Th4+@Eu(IO3)3 to SeO32− + Th4+@
Eu(IO3)3.
Figure 3 further illustrates ion count dependence of laserablation time in diﬀerent incorporation products of Th4+@
Eu(IO3)3 and SeO32− + Th4+@Eu(IO3)3. Figure S4 is a picture
of ablated crystals, verifying that ion signals originated from the
interior of incorporation products. The signals of 77Se in
SeO32−@Eu(IO3)3 cannot be observed in the ablation data,
which could be due to the relative low ionization eﬃciency and
low natural abundance (ca. 7.6%) of 77Se. Meanwhile, the Th4+
signal in Th4+@Eu(IO3)3 is depth-dependent (Figure 3a).44
However, both signals of Se and Th in SeO32− + Th4+@
Eu(IO3)3 are clearly observed, which present similar distribution trends in the incorporated product. These results not only
verify that Se and Th ions can be incorporated into the inner
part of the crystals of Eu(IO3)3 instead of being adsorbed on
the surface (Figure 3b), but also show that the presence of Th

Figure 2. Infrared spectrum of Th(IO3)2(SeO3). Inset: Raman shifts in
the compound Th(IO3)2(SeO3).

attributed to asymmetric I−O stretching (ν3), while those at
677 and 735 cm−1 could be ascribed to symmetric I−O
stretching (ν1).40 Although the band at 875 cm−1 in the
spectrum can be solely attributed to Se−O stretching, the
precise assignment of the band at 825 cm−1 is diﬃcult, primarily
owing to the overlay between the vibrations of Se−O and I−O
in the range from 800 to 1000 cm−1.40 The Raman spectrum
was recorded from 200 to 1000 cm−1, showing four vibrational
modes for SeO32− and IO3− in the range from 300 to 1000
cm−1, as depicted in the inset of Figure 2. The corresponding
bands are assigned as follows: 321 cm−1 (ν4 (I−O)), 362 cm−1
(ν4 (Se−O)), 395 cm−1 (ν2 (I−O)), 460 cm−1 (ν2 (Se−O)),
677 cm−1 (ν1 (I−O), shoulder), 743 cm−1 (ν3 (Se−O)), 812
cm−1 (ν3 (I−O)), and 846 cm−1 (ν1 (Se−O)), receptively.40,41

Figure 3. Demonstration of detectable ion count dependence of laser-ablation time in diﬀerent incorporation products of (a) Th4+@Eu(IO3)3 and
(b) SeO32−+Th4+@Eu(IO3)3.
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minerals simultaneously containing these ions, solid forms in
eqs 1, 2, and 3 (Scheme 1) do provide possibilities for solid
solution analogues formed in the environment. Notably, in eq
3, full structural site substitution of IO3− by SeO32− would
result in the synthetic compound of Th(IO3)2(SeO3) discussed
above.

greatly increase the amount of Se in the crystalline phase in
comparison to the SeO32−@Eu(IO3)3, where no detectable
signals for Se are observed. However, a question remains
regarding whether or not SeO32− incorporates into the
structural sites of Eu(IO3)3. The XANES data shown in Figure
S5 strongly suggests that the Se signals located at 12663.2 eV
from SeO32−@Eu(IO3)3 are clearly consistent with other SeIV
reference samples, such as Na2SeO3, Th(IO3)(SeO3), and
SeO32− + Th4+@Eu(IO3)3, demonstrating the incorporation of
SeO32− into Eu(IO3)3 matrix.45
The morphologies of the incorporated compounds were
investigated in advance, and the SEM images are shown in
Figure 4. Both SeO32−@Eu(IO3)3 and Eu(IO3)3 exhibit smooth

■

CONCLUSION
Iodate and selenite are the dominant soluble species of 129I and
79
Se from the used nuclear fuel in a wide range of
environmental conditions. Previous studies show that these
radionuclides are retarded by incorporation into alternation
phase or natural minerals.9,22,25 In this work, we have
demonstrated for the ﬁrst time that SeO32−/IO3− trigonal
pyramids could coexist in one structural site through substitutional disorder. Further designed incorporation experiments
verify that the additional charge compensating cation
signiﬁcantly increases the incorporation ratio of SeO32− onto
IO3− sites. Our results expand the knowledge of these two
anions and suggest that analogous substitutional behavior could
also occur for other potentially isomorphous ﬁssion ion pairs
such as MoO42− and SeO42−, TcO4− and SeO42−. The coupled
substitution observed in this work greatly enhances the anion
uptake. Potential natural minerals or advanced synthetic
materials for permeable reactive barrier (PRB) applications
can be designed correspondingly.
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Figure 4. Morphology of Eu(IO3)3 solid matrix (a), and incorporation
products of SeO32−@Eu(IO3)3 (b), Th4+@Eu(IO3)3 (c), and SeO32− +
Th4+@Eu(IO3)3 (d).
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surfaces, whereas the Th4+@Eu(IO3)3 shows clear triangle
defects. In sharp contrast, a rough surface was observed in
SeO32− + Th4+@Eu(IO3)3, which should be attributed to the
enhanced substitution ratio in this coupled substitution model,
given that there is no surface precipitate in all incorporation
products as demonstrated by PXRD (Figure S3). Conversely,
Aurelio et al. reported that suﬃciently large concentrations of
SeO32− substituting in CaCO3 suppressed formation of the
stable polymorph calcite in favor of metastable vaterite.9
The structure of Eu(IO3)3 is suﬃciently dense that
nonstoichiometry must be accompanied by vacancy rather
than by the interstitial mechanism. Therefore, only structural
sites of Eu3+ and IO3− could serve as hosts for accommodating
Th4+ and SeO32−, giving rise to vacancies in the solid solution.
The substitution mechanism can be best illustrated in Scheme
1. The substitution of IO3− by SeO32− here further supports the
substitutional disorder of SeO32−/IO3− observed in Th(IO3)2(SeO3), which stemmed from the similar coordination mode
and geometries of SeO32− and IO3−. Although there are no
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