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ABSTRACT: Periodate is a strong oxidant and is often
reduced to IO3

− or I2 under hydrothermal conditions.
Here, we present a rare case of a mixed-valent iodate(V)/
p e r i o d a t e ( V I I ) c o m p o u n d , T h ( H 2 O ) -
(IVO3)2[I

VII
0.6V1.76O7(OH)], prepared with a hydrothermal

method starting from periodic acid. Crystallographic
results demonstrate that heptavalent iodine adopts IVIIO6
distorted octahedral geometries, which are stabilized on
the crystallographically compatible crystal lattice sites of
VO6 octahedra through an aliovalent substitutional
disorder mechanism. X-ray photoelectron and synchrotron
radiation X-ray absorption spectroscopes both quantita-
tively confirm the presence of mixed valent iodine
oxoanions with a molar ratio (IV/IVII) of 4:1, consistent
with the single crystal X-ray analysis. The crystallization of
mixed-valent products with compatible lattice site can be
fancily utilized for stabilizing the uncommon oxidation
states of other elements in general.

The actinide oxoanion compounds, such as actinide-based
iodate, silicate, phosphate, and borate, have been

extensively investigated in the past two decades.1 These
compounds not only offer chances to investigate divergence or
parallel chemistry between 4f and 5f elements but also provide
molecular level insights into the environmental fate and nuclear
waste forms of actinides.2 Particularly, actinide iodates have
received remarkable attention due to the application of iodate as
a precipitation reagent for separation purposes in the fuel cycle,
as well as their implications on the fate of 129I, which is one of the
long-lived radionuclides (t1/2 = 1.5 × 107 y) with major
concerns.3 Iodine often exists in three common oxidation states:
−1, 0, and +5, where the latter is present as the trigonal pyramid
IO3

− anion under the oxidative environment.4a An extremely rare
c a s e o f t e t r aoxo ioda t e IO4

3− was r epo r t ed in
Ag4(UO2)4(IO3)2(IO4)2O2 as a new type of pentavalent
iodine-based oxoanion.5 By contrast, heptavalent iodine is
much less explored given its strong oxidative power (E°(IO4

−/
IO3

−) = 1.6 V).4 It is often found in a six-coordinated periodate
anion IO6

5− and is easily reduced to IO3
− or I2 under a variety of

conditions.4 As one of a limited number of examples, IO6
5− was

found in K2[(UO2)2(VO)2(IO6)2O]·H2O due to the presence of
high valent vanadium to preserve an oxidative condition during
the hydrothermal reaction.6 In fact, the only example of mixed-
valent I(V/VII) reported in the literature, I2O6, which was
initially thought to be the hexavalent iodine oxide, contains
separated lattice sites for both IO3

− and IO6
5− units confirmed by

its single crystal structure.7 This unique compound was isolated
more than 20 years ago through controlled dehydration of H5IO6

by Kraft et al., and there is no other mixed-valent iodine
compound reported. Nevertheless, materials and compounds
constructed from mixed-valent oxoanions are of particular
importance, not only because of the aesthetics of structural
design but also because of the development of potential
applications in magnetism, conductivity, and optical proper-
ties.8−11

During our continuous efforts in understanding the structure−
property relationship of actinide oxoanion compounds, the
second mixed-valent iodate(V)/periodate(VII) compound Th-
(H2O)(I

VO3)2[I
VII

0.6V1.76O7(OH)] (ThIVO) was discovered,
which can be isolated from the hydrothermal reaction of
Th(NO3)4·6H2O and V2O5 with a large excess of H5IO6.
Although IO6

5− is significantly reduced to IO3
− during the

reaction, heptavalent iodine partially incorporates onto VO6 sites
in an aliovalent substitutional disorder mechanism, providing a
new strategy to stabilize this uncommon oxidation state of
iodine. This compound is stable exposed to air for at least three
months.
As shown in Figure 1a, the crystal structure of ThIVO is a

complex dense 3D framework crystallizing in the triclinic space
group P1 ̅. The structure can be divided into three fragments:
ThO9 polyhedra, IO3 trigonal pyramids, and complex
[IVII0.6V1.76O7(OH)]

2− chains. The Th center is bound by nine
oxygen atoms, which are provided by IO3, VO6, VO4, and a
coordinated water molecule, forming a tricapped trigonal prism.
The Th−O bond lengths are within a range from 2.386(6) Å to
2.583(6) Å, which is normal. The I−O bond lengths in the IO3
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trigonal pyramids are also typical, ranging from 1.793(5) Å to
1.814(6) Å. [IVII0.6V1.76O7(OH)]

2− consists of an IVII-doped VO6
zigzag chain (Figure 1a), distorted I(5)VIIO6, and distorted
V(3)O4, with the last two sites showing relatively low
occupancies of 0.15 and 0.21, respectively. IVII-doped VO6 zigzag
chains are constructed of dimers of edge-sharing V(1)O6 that are
perpendicular to the dimers of the edge-sharing V(2)O6
polyhedra. Two different coordination geometries of the VO6
polyhedral are observed in the zigzag chains: [1 + 4 + 1]
coordination of the V(1)O6 polyhedra with one vanadyl bond
length of 1.775(9) Å (O(10)) and the [2 + 2 + 2] coordination of
the V(2)O6 polyhedra with two vanadyl bond lengths of
1.703(6) Å (O(5)) and 1.766(6) Å (O(9)) (as illustrated in
Figure S2).12 A relatively short distance between adjacent oxygen
atoms is observed in [IVII0.6V1.76O7(OH)]

2−. In addition, the
results from bond valence sum (BVS) calculations (Tables S1
and S2) suggest that terminal oxygen atomO(5) is protonated to
be a hydroxyl unit.13 The O−O distances are in the range from
2.7 to 3.2 Å, forming a hydrogen-bond network.
Notably, the isotropic atomic displacement parameter (Ueq)

were unreasonably small (as shown in Figure S1a) when the V
was only assigned to VO6 sites, leading to the initial speculation
of I incorporation on these sites. However, unreasonably large
Ueq values were obtained when I was solely assigned to the VO6
sites compared to those when I was assigned to IO3 sites (0.050
Å2 and 0.077 Å2 vs 0.007 Å2 and 0.009 Å2, as shown in Figure
S1b), indicating the presence of aliovalent substitutional disorder
between IVII and VV at these sites. Therefore, a standard
substitutional disorder treatment (detailed refinement processes
are included in the cif file) was used to refine the precise site
occupancy factors (SOFs) of V and I. The refinement results
demonstrate that the occupancy factors of I for the two sites are
0.33 and 0.12, respectively, providing a total IVII/VV crystallo-
graphic ratio in these sites of 0.45:1.55. In addition, the
substitutional disorder is also present in the structure solution
of the lower symmetry space group P1. Using the bond distances
within the XO6 units, the bond valence sums of iodine calculated

using the I−O parameter are 6.8 and 6.4, respectively. This slight
divergence from 7 is a result of substitutional disorder, where the
bond distances of V−O play a role.
Energy-dispersive spectroscopy (EDS) analysis indicates that

the I/Th/V atomic ratio in the bulk sample is 15.02:5.18:6.62%,
which is highly consistent with the atomic ratio in the formula for
ThIVO determined by X-ray crystallography (Figure 1b).
Moreover, ICP-OESmeasurement on dissolved crystals afforded
an I/Th/V molar ratio of 8.57:3.67:4.38, also close to the
theoretical value of 2.6:1:1.76. Thermalgravimetric/differential
scanning calorimetry (TG/DSC) analysis was also performed on
dried samples from 30 to 900 °C. As shown in Figure S3, the
weight loss of 3% below 350 °C should be attributed with the loss
of coordinated water and hydroxyl groups. As shown in Figures
S4 and S5, the infrared vibrational frequencies of I−O and V−O
are superimposed below 1000 cm−1; however, a feature at 937
cm−1 in the Raman spectrum is clearly indicative of vanadyl in
ThIVO.6 In addition, the IR spectrum exhibits the characteristic
vibrations of OH− and H2O at 3400−3500 cm−1 v(O−H) and
1600 cm−1 δ(H−O−H), respectively. The Raman spectrum
recorded on ThIVO also contains features for v(O−H) located
above 3000 cm−1.
X-ray photoelectron spectroscopy (XPS) was further utilized

to determine the oxidation state of iodine inThIVO, as shown in
Figure 1c. The well-resolved peaks correspond to the binding
energies (BEs) of 3d3/2 and 3d2/5 of iodine (V and VII), which are
consistent with the previously reported values.14 The peaks at
624.7 and 636.1 eV are assigned to the BE of IV, and the two
resolved shoulders at 622.5 and 634 eV confirm the presence of
IVII. The quantitative peak area ratio of IV/IVII obtained from the
fitting results (Figure S6 and Table S3) is 4.18, which is in good
agreement with the crystallographic results.
To further investigate the valence state of iodine, we collected

X-ray absorption spectroscopy (XAS) data to directly clarify the
structural divergence of the various oxidation states of iodine.
Figure 2a shows the iodine K-edge XAS spectrum of ThIVO,

along with those for H5IO6 and HIO3, which serve as the
reference materials for IVII and IV, respectively. The white line in
the iodine K-edge XAS spectrum corresponds to the electronic
transitions from 1s to 5p states. As a result, the intensity of this
feature reflects the unoccupied states. The IV ion spectrum
contains a relatively weak main peak and a shoulder at the higher
energy region (approximately 15 eV); this shoulder is strongly
correlated with the bond length of I−O because of the scattering
contribution. In the cases of IVI and IVII, the intensity of the main

Figure 1. (a) Structural view of dense 3D frameworks along the b axis.
The IO3 trigonal pyramid is shown in blue. The ThO9 polyhedra are
shown in green, and the IVII-doped VO6 zigzag chain is shown in cyan.
(b) SEM image of the ThIVO clusters. Elemental analysis indicates that
the Th/I/V ratio is similar to the ratio determined by crystallography.
(c) I3d XPS spectrum. Green and blue lines correspond to IVII and IV,
respectively. The yellow line is the fitted spectrum, which is in
agreement with the experimental result.

Figure 2. (a) XANES spectra of synthesized compounds (ThIVO, olive
line) and reference iodine species (H5IO6 magenta line, HIO3 orange
line). Inset: The fitted ratio of IV/IVII obtained from the XANES data was
approximately equal to 80:20% in ThIVO. (b) Extended X-ray
absorption fine structure (EXAFS) fitting (scatter line) and
experimental spectra (solid line) of synthesized compounds (ThIVO)
and reference iodine species.
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peak gradually increases and the position shifts to higher energy
with the increase of oxidation states. For the ThIVO sample, the
intensity and energy position of the main peaks are similar but
still deviate from that of IV, implying the presence of mixed
oxidation states (corresponding to different iodine occupied
sites). According to the crystallographic and XPS analysis, the IV/
IVII ratio is approximately 4:1. Therefore, we carried out a simple
simulation by superimposing the IV and IVII spectra using the
proposed molar ratio of IV/IVII and comparing the result with the
spectra of theThIVO samples, as shown in the inset of Figure 2a.
The almost overlap in the intensity and position of the main peak
between the experimental data and simulation results again
quantitatively confirms the presence of IV and IVII and
corresponding aliovalent substitutional disorder.
Quantitative information was also extracted using extended X-

ray absorption fine structure (EXAFS) fitting, as shown in
Figures 2b and S7 and in Table 1. Pentavalent iodine exhibits

coordination number of 3 with a relatively short I−O bond
length of 1.81 Å. However, six-coordinated oxygen atoms were
resolved in the spectrum of the H5IO6 reference sample, with the
longest I−O bond length being 1.87 Å. In particular, mixed-
valent iodine is clearly present in the ThIVO sample, which
corresponds to a mediate coordination number and I−O bond
length provided by EXAFS in conjunction with the crystallo-
graphic results. Notably, the averaged coordination number of
the ThIVO determined by EXAFS is 3.6, which is also in high
agreement with the calculated averaged coordination number
assuming a IV/IVII molar ratio of 4:1.
In conclusion, a rare case of mixed-valent iodate(V)/

p e r i o d a t e ( V I I ) c o m p o u n d T h ( H 2 O ) -
(IVO3)2[I

VII
0.6V1.76O7(OH)] is successfully isolated and structur-

ally characterized. A detailed structural analysis combined with
spectroscopic techniques including XPS, XANES, and EXAFS
clearly reveals that a robust inorganic lattice in conjunction with
compatible crystal lattice sites can trap thermodynamically
unstable oxoanions, providing a new synthetic strategy to
stabilize the uncommon oxidation states of other elements in
general.
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