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The high-temperature/high-pressure treatment of the K-Te—U oxo-family at 1100 °C and 3.5 GPa results
in the crystallization of a series of novel uranyl tellurium compounds, Ko[(UO)s(TeVOs)4l, Kol(UO,)
TelY Ou4l, a-Ko[(UO,)Te"'Os] and B-Ka[(UO,)Te'Os). In contrast to most of the reported uranyl compounds
which are favorable in layered structures, we found that under extreme conditions, the potassium uranyl
oxo-tellurium compounds preferably crystallized in three-dimensional (3D) framework structures with
complex topologies. Anion topology analysis indicates that the 3D uranyl tellurite anionic framework
observed in K[(UO,)s(TeVOs)4l is attributable to the additional linkages of TeOs polyhedra connecting
with TeO4 disphenoids from the neighboring U-Te layers. The structure of K[(UO,)TelYO14l can be
described based on [UTegO»6%~ clusters, where six TeOs polyhedra enclose a hexagonal cavity in which
a UOg polyhedron is located. The [UTegO,6]%2 clusters are further linked by TeOs square pyramids to
form the 3D network. Similar to uranyl tellurates, both a- Ko[(UO,)TeV'Os] and ﬁ-Kz[(UOz)TeV'OS] contain
TeOg octahedra which share a common face to form a dimeric Te,O10 unit. However, in a-K>[(UO5)
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TeV'Og), these Te,O4p units connect with UOg tetragonal bipyramids to form a 3D structural framework,
while in B-KZ[(UOZ)TeV'OS], the same Te, O, dimers are observed to link with UO; pentagonal bipyramids,
forming 2D layers. Raman measurements were carried out and the vibration bands related to Te"V-O, Te"'-O
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Introduction

First known from a handful of minerals including cliffordite
(UO,(Te;05))," moctezumite (PbUO,(TeO;),)* and schmitterite
(UO,(Te0y)),> the chemistry of the uranium tellurium family
has attracted increasing attention in recent years. This is, in
particular, with regard to its diverse structural chemistry as
well as the key roles it plays in environmental issues.
Tellurium is one of the highly corrosive fission products that
forms in different chemical states in spent nuclear fuel.** The
reaction of tellurium with actinides such as Th, U and Pu, as
well as other fission products can produce currently unknown
metallic and oxide compounds.®” The phase formation and
structural chemistry of these tellurium-bearing compounds are
the prerequisites for understanding and modelling the compli-
cated processes in a reactor.
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Under oxidizing conditions, uranium is usually found in a
hexavalent state in solutions and in the solid-state. The U"" is
dominated by the configuration of the so-called uranyl cation
(UO,>") formed via connecting two oxo oxygen atoms with one
uranium center. It exhibits a linear geometry that can further
coordinate with four to six ligands perpendicular to its linear
direction resulting in tetragonal, pentagonal and hexagonal
bipyramidal polyhedra.®*?

Tellurium, typically occurring in either a tetravalent or a
hexavalent oxidation state, also bears fascinating structural
chemistry. Te" has a very rich structural chemistry coordinat-
ing three, four, or even five O atoms to form trigonal pyramidal
(Te™0,), disphenoidal (Te™0O,) and square pyramidal (Te™Oj)
geometries. These oxo-anions can be further interlinked to
form condensed oligomeric and polymeric structures."® Unlike
the versatile Te", Te"" normally occurs in a distorted octa-
hedral arrangement by coordinating with six O atoms. Thus,
one could expect that uranyl tellurates would be structurally
much simpler. In fact, since Te"" is easily reduced to Te", the
uranyl tellurates are extremely sparse, and only three uranyl
tellurate compounds have been reported in the literature.
These include one recently discovered mineral Pb[(UO,)(TeOg)]
(Markcooperite'!) and two synthetic Ag[(UO,)(HTeOs)] and
Pb,[(UO,)(TeOg)].*”
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One of the current interests in uranium chemistry is to find
suitable synthetic methods that permit the isolation of stable
three-dimensional (3D) framework structures. These frame-
work materials attract significant interest because they are able
to accommodate guest atoms, ions or molecules in their cav-
ities. This feature enables them to demonstrate extraordinary
physicochemical performance, including selective-oxidation
catalysis,"®"” ionic exchange properties,'®'® and storage
metrics for radionuclides.”® In recent years, due to the
improvement of chemical technology and the arduous efforts
of research, uranium compounds have undergone a respect-
able rate of expansion with a great quantity of products being
isolated and chemically elucidated almost on a weekly basis.
However, most of these uranium compounds, encompassing
ubiquitous linear uranyl (UO,**) units, are based on two-
dimensional layered structures. This phenomenon can be
attributed to the terminal feature of the trans dioxo oxygen
from the UO,>" units that are normally arranged in a parallel
fashion. However, this trend has not always followed the expec-
tations. One of the most remarkable exceptions is the uranyl
tellurite family.">*"** Equipped with a stereochemically active
lone-pair of electrons, the uranyl tellurites have the ability to
form unusual structural building units which are not restricted
to layered structures. Some examples of 1D uranyl tellurites are
Pb[(UO,)(Te05),],>* Sr3[UO,(TeO3),](Te0;), *" and B-TL[(UO,)
(TeO3),],>" whereas Nag[(UO,)s(TeO3)10]** and UO,(Te;0,)" are
crystallized in 3D framework structures. Due to the 55*5p° elec-
tronic configuration, the p-block cation Te*" has lone-pairs
with an effective volume nearly the same as that of an 0”7,
which plays the role of a terminating ligand to cause one-sided
coordination.'>?**?® As a consequence, the presence of a non-
bonding volume on the Te*" centers can either reduce overall
dimensionality from 2D to 1D through blocking the propa-
gation of structural linkages or cause pore volumes through
opening up the crystal structure.>”**

In spite of the promising application potential for open
framework materials, detailed studies associated with a tar-
geted design have been barely reported. Recently, we addressed
that the formation of a 3D framework can be directly affected
by the reaction conditions such as temperature and pressure.”
Following this, we discussed the influence of high-tempera-
ture/high-pressure conditions on the formation of atypical
structural features present in the solid-state uranium com-
pounds.*® The extreme synthesis conditions play an important
role in enhancing and improving the structural diversity and
complexity that uranium can adopt. Under high-temperature
(up to 1200 °C) and high-pressure (near 2.5 GPa) conditions, a
totally novel family of uranyl borates where UOg, UO,, and UOg
tetragonal, pentagonal, and hexagonal bipyramids are all
present within one compound were prepared.’’ In addition,
this method is also helpful for yielding structural features that
have not been observed with traditional synthesis conditions,
as exemplified by the isolation of the first thorium compound
with mixed-valent oxoarsenic(m)/arsenic(v),>*> as well as the
first actinide aluminoborate.>® Continuing in this direction,
here, we substantially expand the uranyl tellurium family
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through the application of a high-temperature/high-pressure
route that yields four new potassium uranyl tellurium com-
pounds, Kp[(UO,)s(Te™0s),], K[(UO,)TelN0,,], o-K,[(UO,)
Te"'05] and B-K,[(UO,)Te""0;].

Experimental section
Crystal syntheses

Note: U used in this study belongs to an « emitting radioiso-
tope and thus standard precautions for handling radioactive
materials should be strictly obeyed at all times.

The titled four uranyl tellurium crystals were prepared by
using high-temperature/high-pressure experiments using the
piston cylinder module of a Voggenreiter LP 1000-540/50. The
raw chemicals used were A. R. grade UO;, KNO; (Alfa-Aesar),
TeO, (Alfa-Aesar) and HeTeOq (Alfa-Aesar) and used without
further purification. The UO; was obtained by heating (UO,)
(NO3),-6H,O at 400 °C for 5 h. All the syntheses were per-
formed using similar experimental procedures; the only differ-
ences were the ratios of starting chemicals, applied
temperature and pressure. First, the starting materials of UO;,
KNO;, TeO, and HeTeOs were weighed with the desired ratio,
then were mixed and finely ground. Second, the obtained
mixture was filled into a platinum capsule (outer diameter:
4 mm, wall thickness: 0.2 mm, length: 7 mm). Third, the
capsule was sealed on both sides with an impulse micro
welding device (Lampert PUK U4) and placed into the center
of a 2-inch piston cylinder talc-Pyrex assembly. The calibration
procedure of the piston cylinder module is described in ref.
32. After this, the corresponding pressure and temperature
were applied on the capsule to perform the crystal synthesis. A
detailed description of the chemical ratio as well as the
pressure and temperature profile for each crystal synthesis is
as below.

K,[(UO,)3(Te™0;),]. The starting materials were 20.0 mg
(0.0699 mmol) UO;, 14.1 mg (0.1398 mmol) KNO3, 33.5 mg
(0.2098 mmol) TeO,, and 16.1 mg (0.0699 mmol) HeTeO for
K,[(UO,)5(Te™03),]. This leads to a U:K: Te ratio of 1:2:4. A
pressure of 3.5 GPa was applied within 30 minutes and this
pressure was kept constant for the whole experimental run.
The temperature program was started only after the desired
pressure was reached, and the associated temperature is as
follows: first, the temperature was increased to 1100 °C within
30 minutes, and then held at this temperature for
180 minutes. After this, the temperature was decreased to
900 °C within 60 minutes. Then, the temperature was slowly
decreased to 350 °C at a rate of 0.14 °C min~" followed by
quenching to room temperature. The quenching time of the
sample is about 2 to 3 seconds. After quenching, the pressure
was released in a period of 30 minutes. Finally, the platinum
capsule was crushed in order to extract the reaction products
out of the high pressure assembly. The resulting products with
dark yellow color were obtained for further investigations. The
powder X-ray diffraction patterns of the obtained products
show that the mineral cliffordite (UO,(Te;0)) is the major
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phase. K,[(UO,);(Te™03),] presents as a minor phase (see the
ESIY).

K,[(UO,)TelY0,,]. For K,[(UO,)TelYO,,], the starting
materials were 20.0 mg (0.0699 mmol) UOs;, 28.3 mg
(0.2796 mmol) KNO;, 67.0 mg (0.4196 mmol) TeO,, and
16.1 mg (0.0699 mmol) HeTeOg. This results in a U: K: Te ratio
of 1:4:7. After filling the mixture into the capsule and sealing
it, a pressure of 3.5 GPa was applied within 30 minutes and
this pressure was kept constant for the whole experimental
running time. The temperature program was started only after
the desired pressure was reached, and the temperature profile
is the same as that of K,[(UO,);(Te™0;),]. The resulting pro-
ducts are light brown crystals. The powder X-ray diffraction
patterns of the synthesized products indicate that the yield of
K,[(UO,)5(Te™03),] is more than 95% (see the ESIY).

a-K,[(UO,)Te""05]. The starting materials were 20.0 mg
(0.0699 mmol) UO;, 14.1 mg (0.1398 mmol) KNO;, and
16.1 mg (0.0699 mmol) HeTeO, for K,[(UO,);(Te™05),]. This
results in a U:K: Te ratio of 1:2: 1. A pressure of 3.5 GPa was
applied within 30 minutes and this pressure was kept constant
for the whole experiment. The temperature program was
started only after the desired pressure was reached, and the
associated temperature is very similar to that of
K,[(UO,)5(Te™03),]. But here we used a rate of 0.10 °C min™"
to decrease the temperature from 900 °C to 350 °C. The result-
ing products with dark yellow color were obtained for further
investigations. Powder X-ray diffraction patterns indicate that
the UO; is the main phase. o-K,[(UO,)TelNO,,] can only be
found as a minor product (see the ESIT).

B-K,[(UO,)Te""0;]. The starting materials were 20.0 mg
(0.0699 mmol) UO; 14.1 mg (0.1398 mmol) KNO;z, and
48.3 mg (0.2097 mmol) HTeOq for K,[(UO,);(Te™0;),]. This
results in a U:K: Te ratio of 1:2: 3. A pressure of 3.5 GPa was
applied within 30 minutes and this pressure was kept constant
for the whole experimental run. The temperature program was
started shortly after the desired pressure was reached, and the
temperature program is the same as that of a-K,[(UO,)Te""O5].
After the experiment, the products with dark yellow color were
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found. Because of the difficulty to discern the crystals from
broken glass pieces, the yield cannot be obtained. Powder XRD
shows that B-K,[(UO,)Te""0;] is the minor product. The main
phase is aK,[(UO,)Te"'O5]. Similar to oK,[(UO,)Te"'0;5],
powder diffraction shows that B-K,[(UO,)Te"’O;] presents as
the minor phase with UO; presenting as the major one (see
the ESIY).

Crystallographic studies

The as-obtained uranyl tellurium crystals were selected for
data collection. The crystals were mounted on glass fibers and
optically aligned on an Agilent single crystal diffractometer
(SuperNova, Dual Source). The data collection was done using
a monochromatic Mo-Ka tube which has an incident wave-
length of 0.71073 A and runs at 50 kv and 0.8 mA providing a
beam size of approximately 30 pm. A scan width of 0.75%w
and an exposure time of 35 s per frame were used for data col-
lection, respectively. The unit-cell dimensions for these crystals
were refined using least-squares techniques against the posi-
tions of all measured reflections. More than a hemisphere of
data were collected for each crystal and the three-dimensional
data were reduced and filtered for statistical outliers using the
standard CrysAlis™ program. Data were corrected for Lorentz,
polarization, absorption and background effects. The crystal
structure determination and refinement were carried out using
the SHELXL-97 program.** The data and crystallographic
information are given in Table 1. The structures were solved
by direct methods and refined to R, = 0.0377 for
K,[(UO,)3(Te™03),], Ry = 0.0298 for K,[(UO,)TelNOy4], Ry =
0.0344 for o-K,[(UO,)Te"'05] and R; = 0.0225 for B-K,[(UO,)
Te"'0;], respectively.

Raman studies

Utilizing a Peltier cooled multi-channel CCD detector, the
unpolarized Raman spectra were recorded with a Horiba
LabRAM HR spectrometer. All the samples were in the form of
single crystals. An objective with a 50x magnification was
linked to the spectrometer, allowing the analysis of samples as

Table 1 Crystallographic data of K[(UO,)s(Te"VOs)4l, Ko[(UO,) Tel Oy, a-K,[(UO,)Te"'Os], and f-K,[(UO,)Te"'Os]

Compound K,[(UO,);(Te™05),] K,[(UO,)TelN 0y,] o-K,[(UO,)Te""05] B-K,[(UO,)Te""05]
Dimension 3D 3D 3D 2D
Formula weight 1590.69 1337.82 555.83 555.83
Space group P1 Pa3 P24/n C2/c

a(A) 6.8463(6) 11.394(3) 7.9021(6) 14.201(3)

b (A) 7.0274(7) 11.394(3) 10.1355(9) 13.8632(12)
c(4) 9.4044(9) 11.394(3) 8.5671(7) 7.1186(6)

a 73.579(9)° 90 90 90

B 81.098(8)° 90 95.591(7) 113.761(14)
¥ 81.761(8)° 90 90 90

V(A% 426.41(7) 1479.2(7) 682.89(10) 1282.7(3)

zZ 1 1 4 8

1(A) 0.71073 0.71073 0.71073 0.71073
F(000) 666 2290 952 1943

Pealed (£ cm™) 6.195 6.031 5.406 5.416

Ry 0.0377 0.0298 0.0344 0.0225

WR, (FOZ) 0.0886 0.0680 0.0832 0.0533

This journal is © The Royal Society of Chemistry 2016
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small as 2 pm in diameter. The incident radiation was pro-
duced by a He-Ne laser at a power of 17 mW (1 = 632.81 nm).
The focal length of the spectrometer was 800 mm and a
1800 gr mm™ " grating was used. The spectral resolution was
around 1 em™* with a slit of 100 um. The Raman spectroscopic
investigation for all the samples was executed at room temp-

erature in the range of 100-1050 cm ™.

Bond-valence analysis

Bond-valence sums (BVS) for all atom positions in the four
uranium tellurium compounds were calculated. The bond-
valence parameters for U(v)-O are obtained by Burns,** and
the bond-valence parameters for Te(iv)-O and Te(vi)-O are
used according to Brese and O’Keeffe.*” The BVS for all atoms
are consonant with their expected formal valences.

Scanning electron microscopy/energy-dispersive spectroscopy
(SEM/EDS)

Scanning electron microscopy images and energy-dispersive
spectroscopy (SEM/EDS) data were collected using a FEI
Quanta 200F environment scanning electron microscope. The
EDS results are in good agreement with the proposed chemical
compositions for all the four tellurium uranium compounds.

Results and discussion
Synthesis

Attributable to the weak thermal stability of tellurium
compounds,®®® their synthesis needs to be performed either
at relatively low temperature or under sealed conditions. In
fact, most reported uranyl tellurium compounds were either
from the low-temperature (180-220 ©°C) hydrothermal
method®*?*° or a high-temperature (around 800 ©°C) flux
method*® which allows the crystal growth at a temperature far
below the melting point of the solute. In our recent work,*" we
described the preparation of a series of novel sodium uranium
tellurium compounds using the high-temperature/high-
pressure technique. The advantages of the high-temperature/
high-pressure method include the ability to stabilize crystalline
phases which are difficult to obtain under normal conditions.
Besides, the sealed conditions prevent the sublimation of
tellurium oxide and evaporation of H,O molecules.

The formation of the four uranyl tellurium compounds is
strongly associated with the molar ratio of the starting
materials (KNOj3, TeO,, HsTeOg and uranium). We found that
the appearance of TeO, is necessary for the isolation of uranyl
tellurites  (K,[(UO,)3(Te™03)s] and K,[(UO,)TelV0,4,]). Our
initial effort to synthesize the uranyl mixed-valent Te**/Te®*
compounds by adding tetravalent TeO, and hexavalent HsTeOq
as reacting sources was not successful. By comparison,
thorium Te**/Te® compounds can be prepared under similar
conditions, but these are the subject of ongoing work and will
be published in the near future. It is noted that o-K,[(UO,)
Te''0;5] was favored in the reactions with low Te:U ratios,
while higher Te : U ratios can lead to B-K,[(UO,)Te""O5].
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Structure descriptions

K,[(UO,)3(Te™ 03)4]. Ko[(UO,)5(Te™0,),4] crystallizes in the tri-
clinic space group P1, and forms a 3D U-Te anionic framework
which is charge balanced by K' cations. It contains two sym-
metrically unique U®" sites (U(1) and U(2)) and two different
Te"" sites (Te(1) and Te(2)) in the asymmetric unit. Both
uranium sites are coordinated with two nearly linear t¢rans
oxygen atoms at the axial positions, forming a uranyl (UO,>")
unit. U(1) forms in a highly distorted UOg tetragonal bipyrami-
dal geometry by binding with four equatorial O atoms, a less
common coordination environment for uranium. The U=O0
bond distance of U(1) is 1.812 A (x2), which falls in the typical
range of uranyl coordination.*” Its equatorial U-O distances,
with an average value of 2.310 A, are obviously distorted in the
O(4) direction, this being the shortest U-O distance of 2.198(9)
A. U(2) is found in a UO, pentagonal bipyramidal configur-
ation with the U=0 bond distances from 1.817(9) to 1.820(9)
A. Compared to U(1), U(2) experiences less perturbation within
its equatorial plane, but still shows a slight variation, which
ranges from 2.268(8) to 2.383(9) A.

Te(1) is in the form of a disphenoidal geometry (TeO,). It is
coordinated with four oxygen atoms, and with its electron lone
pairs pointing towards the cross corner (see Fig. 1(c)), whereas
Te(2) is surrounded with three oxygen atoms in a trigonal pyra-
midal configuration (TeO;). The Te(2) atom is off-centered
from the triangular base (see Fig. 1(d)). It is noted that the
fourfold Te™O, or threefold Te™O; coordinations are quite
common among the tellurite structures.**™*> The Te(1)-O bond
lengths vary within a considerably wide range from 1.845(9) to

Fig. 1 Representation of the structure of K,[(UO,)s(TeVO3)4l. (a)
Illustration of the anionic uranyl tellurite framework which is charge
balanced by K*. (b) View of the [TeOs]>~ chain comprised of alternating
connections of TeOs and TeO,4 polyhedra. (c) The local coordination
environment of Te(1). (d) The local coordination environment of Te(2).
Legends: UO; pentagonal bipyramids are shown in yellow. TeOsz polyhe-
dra are in light blue and their long pairs are shown in purple. K* cations
are in blue nodes.

This journal is © The Royal Society of Chemistry 2016
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2.171(9) A, and the mean value is around 1.999 A. In contrast,
the Te(2)O; trigonal pyramid is less distorted, but still shows
substantial variations in Te-O bond lengths and O-Te-O
angles, which range from 1.853(9) to 1.890(9) A and from
87.8(4)° to 103.0(4)°, respectively.

In K,[(UO,);(Te™"0;),], two U(2) pentagonal bipyramids
share a common edge, leading to a U,0;, dimer. The neigh-
boring U,0;, dimers are fused together via sharing four ver-
texes with four equatorial corners from UO, polyhedra,
resulting in a zigzag uranyl ribbon running in the [010] direc-
tion (Fig. 1(a)). The Te(1)O, disphenoids and Te(2)O; trigonal
pyramids are connected alternately by sharing common
corners to form infinite [TeO;]*~ chains propagating along the
a-axis direction (Fig. 1(b)). The lone electron pairs of Te(1) and
Te(1) are arranged exclusively vertical to the chain direction.
Finally, these [TeOs]*~ chains further link with the above-men-
tioned uranyl ribbons in a corner-sharing manner, completing
the [(UO,);Te,01,]°" framework. Bond valence calculation
results in 4.05 and 3.97 v.u. for Te(1) and Te(2), respectively,
both of which are consistent with Te in tetravalent oxidation.

It is noteworthy that the structure of K,[(UO,);(Te™v0;),] is
closely related to that of A,[(UO,);(Te05),0,] (A = K, Rb, Cs).
Both structures can be seen as based on similar U-Te building
fragments, shown in Fig. 2(b and c). The local linkages inside
such building fragments can be described using the method
of anion topology”® and the result is shown in Fig. 2(a). In this
anion topology, the triangles are filled with Te polyhedra (TeO3
or TeO,) while the squares and pentagons are occupied by UOg

o -

’-» TeO, or TeO,

.. 5 ,,v.}

'h/’"”' sadl
R e
() (e)

Fig. 2 Structural comparison between 3D K[(UO,)s(Te'VOs)4] and 2D
A2[(UO,)3(TeO3),0,] (A = K, Rb, Cs). (@) The anion topology of the uranyl
tellurite building block. (b) The uranyl tellurite building block observed
in Ko[(UO,)3(TeVO3)4]. (c) The uranyl tellurite building block observed in
As[(UO,)5(Te03),0,] (A = K, Rb, Cs). (d) 3D framework in
K>[(UO,)s(TeVO3)4l formed by connecting uranyl tellurite building blocks
with additional TeOs linkers (the TeOs linkers are highlighted in pink). (e)
2D layered structure in Ay[(UO,)3(TeOs),0;] (A = K, Rb, Cs) composed of
linking uranyl tellurite building blocks side-by-side in a plane. Legends:
UO; pentagonal bipyramids are shown in yellow. TeO, (x = 3 or 4) poly-
hedra are in light blue and pink, respectively.
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and UO-, respectively. In the former structure, the observed
U-Te building fragments are fused together, with the linkage
of additional TeO; polyhedra, resulting in a terraced configur-
ation (Fig. 2(d)), whereas the adjacent U-Te building fragments
in the latter compounds are fused side-by-side within a plane
(Fig. 2(e)). As a result, K,[(UO,);(Te™0;),] forms a 3D frame-
work while A,[(UO,);(Te03),0,] (A = K, Rb, Cs) crystallizes in a
2D layered structural type. It is obvious that this dimensional-
ity difference is due to the coordination geometries of the Te
polyhedra within the respective U-Te building fragment. As
mentioned above, the anion topology of both structural types
contains triangles that represent the Te polyhedra. In
K,[(UO,)5(Te™03),], the corresponding triangular area in the
anion topology graph cannot be exactly occupied by a four-co-
ordinated TeO, disphenoid. In this case, the remaining two
oxygen corners of this TeO, which do not participate in tri-
angle composition can be further linked “up” and “down” rela-
tive to the U-Te building plane with additional TeO; units
(highlighted in Fig. 2(d) in pink color). In contrast, for
A,[(UO,);3(Te0;),0,] (A = K, Rb, Cs), the corresponding triangle
in anion topology can be exactly filled by three oxygen atoms
of a TeO; trigonal pyramid.

K,[(UO,)TelN 04,4]. The structure analysis reveals that the 3D
framework of K,[(UO,)TelY0,,] is formed by edge-sharing of
UOg and TeOs polyhedra (shown in Fig. 3(a)). The asymmetric
unit contains one crystallographically independent U and one
Te atom. The U(1) atom is formed in an almost ideal hexago-
nal bipyramid, with U=0 bond distances of 1.788(10) A (x2),
and the O=U=O0 angle of 180.0(0)°. The equatorial U-O bond
distances are all equal to 2.445(6) A. As given in Fig. 3(b), each
U shares all six edges with six TeOs polyhedra in the equatorial
plane, giving rise to a [UTes0,6]*>~ cluster. Each Te(1) site is
coordinated by five oxygen atoms with the electron lone pairs
pointing towards the square base, creating a distorted square
pyramidal coordination geometry. The resulting Te(1)Os poly-
hedron has one p,-O atom linked with another Te(1), and four
p3—O atoms, two of which are linked with one Te(1) and one
U(1) and another two are linked with two Te(1) atoms. The
topology of oxo-tellurium is shown in Fig. 3(c). The Te-O bond
distances varying from 1.873(6) to 2.363(6) A are within the
range seen in other tellurites containing TeOs polyhedra.*”"*®

Fig. 3
along the c-axis. (b) The local coordination geometry of [UTegOzq
clusters in Ka[(UOo)TelO14l. (c) The topology of oxo-tellurium. UOg
hexagonal bipyramids are shown in yellow. TeOs polyhedra are in light
blue. K* cations are blue nodes.

(a) A view of the three-dimensional K,[(UO,)TelY O14] extending
]22
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Finally, the TeOs square pyramids further bridge with
[UTeq0,6]**~ clusters to complete the 3D network structure of
K,[(UO,)TelY0,,]. Bond valence sum calculations are consist-
ent with UY" and Te", providing the values of 6.0 and 3.9 v.u.,
respectively.

The structure of K,[(UO,)Tef’ O,,] is highly related to that of
cliffordite (UO,(Te,O5)). Both are constructed from the same
structural building units of UOg hexagonal bipyramids and
TeOs square pyramids. Their structural difference comes from
the number and arrangement of the UOg polyhedra in each
structural unit. As shown in Fig. 4, only one U site is observed
in K,[(UO,)TelY 0,,]. However, two symmetrically independent
U sites are found in the structure of cliffordite, one of which is
partially occupied and the other is fully occupied. For cliffor-
dite, 27 UOg hexagonal bipyramids reside in each unit cell,
forming a regular pcu (primitive cubic lattice) net. In contrast,
only 13 U atoms are found in one unit cell for K,[(UO,)
TelYO,,), and they are arranged into a cuboctahedral confor-
mation with a feu-a (augmented face-centered cubic lattice)
topology, much like the uranium arrangement in the Na-based
counterpart of Na[(UO,)TeqO45(OH)].*" In fact, the U arrange-
ment in K,[(UO,)TelY0,,] and cliffordite can be transformed
from one to another by removing the 8 corners and 6 face-
centers from the cliffordite-based topology.

a-K,[(UO,)Te""05]. The 3D framework of o-K,[(UO,)Te""Os]
(Fig. 5(a and b)) is crystallized in the P2,/n space group. It con-
tains one symmetrically independent U®" which is strongly
bonded to two O atoms, resulting in a linear uranyl unit
(UO,)**. The bond lengths of the uranyl cation are 1.824(8)-
1.829(9) A for U=0, and 2.221(10)-2.246(9) A are observed for
equatorial U-O.q. One symmetrically distinct Te®" cation, with
the BVS result of 5.97 v.u., is present in TeOg octahedral
coordination. The bond angles are 78.9(4)-99.9(4)° and
169.3(4)-179.5(4)° A for Te-O in cis- and trans-configurations,
respectively.

The fundamental building block (FBB) in the 3D structural
framework of o-K,[(UO,)Te'’05] is composed of two TeOq
octahedra and two UO, tetragonal bipyramids, shown in
Fig. 5(c and d). Within it, the [Te,04,]"~ anions, formed by two

UO,(Te,0,)

K,[(UO)Te" 0]

4-8-0]

(2 )

cut corners and face centers

Fig. 4 Arrangement of UOg hexagonal pyramids in one unit cell for (a)
cliffordite (UO,(Tez07)) and (b) Kal(UO,)TelO14l, respectively. The
corresponding topologies of the pcu and fcu-a net for UO,(TesO-) and
Kz[(UOZ)Te'g’OM], respectively. Topological transformation of U arrange-
ment from pcu observed in Kz[(UOZ)Te'g’OM] to fcu-a observed in
UO,(Tes0;) can be achieved by removing the 8 corners and 6 face-
centers. UOg hexagonal bipyramids are shown in yellow nodes.
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Fig. 5 (a) View of the structure of a-K,[(UO,)Te"'Os] extending along
the bc plane. The fundamental building block (FBB) is highlighted by a
red line. (b) Projection of the structure of a-K,[(UO,)Te"'Os] along the
b-axis. (c) The FBB is constructed from two UOg tetragonal bipyramids
which share corners with a Te,O;9 dimer. (d) The corresponding ball-
and-stick presentation of the FBB. UOg tetragonal bipyramids are shown
in yellow. TeOg octahedra are in light blue. K* cations are blue spheres.

edge-sharing TeOg octahedra, share four corners linking with
two UQg tetragonal bipyramids. The bridging Te-O(4), with a
bond length of 1.995(9) A, shows significant lengthening with
respect to the remaining Te-O bonds, which range from
1.869(10) to 1.911(9). The Te-O-Te angles in [Te,04,]"" anions
are around 101°, and the Te-O-O-Te dihedral angle is nearly
180°. It is to be noted that analogues of the [Te,04,]"” anions
can also be found in several inorganic tellurates.">*°

The FBBs link together via a corner-sharing manner to
form a complex 3D system of channels. When viewing from
the c-axis, one can find that the largest channel runs though
the U-Te lattice (highlighted in Fig. 6(a)). This channel, with
an eight-ring pore opening, is occupied by charge compensat-
ing K" cations. It has a cross-section of an elliptic shape and
the dimensions of around 5.4 A x 3.2 A. Besides, additional
smaller interlacing channels can also be detected propagating
in the [101], [101] and [110] directions. In order to describe the
connection behavior of uranium and tellurium polyhedra
along the channel direction, here we use the black-and-white
nodal representation where the UOg tetragonal bipyramids
and TeOg octahedra are simplified as black and white nodes,
respectively. The nodes are connected by single or double lines
if the corresponding polyhedra share a corner or an edge with
each other. This method permits one to elucidate the local
topological feature inside the channel structure and has been
widely used to describe the open-framework actinide com-
pounds containing tubular units, such as uranyl selenate
[(UO,)5(Se04)5]*7,>°  uranyl molybdate [(UO,)s(MoO,4)]*~
(ref. 51) and thorium molybdate [Th3(MoO,),]*".>> The largest
channels propagating along the c-axis is shown in Fig. 6(b
and c). The corresponding topological net is given in Fig. 6(d).
From the idealized unfold topology (see Fig. 6(e)), one can
note that the infinite U-Te channel is assembled from seven-

This journal is © The Royal Society of Chemistry 2016
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(f)

Fig. 6 Channels in the structure of a-K,[(UO,)Te"'Osl. The structure
can be considered as consisting of a cylinder unit. (a) The polyhedral
presentation viewed along the b-axis. (b) Extraction of one of the chan-
nels from the structure of a-K,[(UO,)Te"'Osl. (c) Viewing this channel
along the direction that is perpendicular to the c-axis. (d) The black-
and-white presentation of the corresponding channel topology. (e) The
ideal unfold vision of the channel topology, which shows that the
channel is composed of seven- and three-membered rings. (f) The ideal
vision of the channel structure obtained through simple folding and
gluing procedures.

and three-membered rings. Due to the existence of a twofold
rotational axis, the topological net is achiral, which is consistent
with the space group P2,/n. Each uranium polyhedron (black
node) is four-connected while each tellurium polyhedron (white
node) is three-connected. It is noted that this channel structure
can be re-constructed using a folding and gluing procedure.
First, the equivalent points on the sides of the tape were
labelled by letters a, b and c. Then the tape was folded by
joining the corresponding opposite sides (aa’, bb' and cc) to
make a cylinder. The idealized topological structure for the
tubular unit in a-K,[(UO,)Te*"05] is demonstrated in Fig. 6(f).
B-K,[(UO,)Te"'05]. The 2D structure of B-K,[(UO,)Te"'O;5]
consists of [UTeO,]*” anionic layers propagating along the bc
plane. These two-dimensional anionic layers are shown in
Fig. 7(a). They are separated from each other by K’ cations
playing the role of maintaining charge neutrality. As shown in

%
AN
> "a"'\"c/f

()

Fig. 7 View of the layered structure of p-K,[(UO,)TeY'Os] along the
b-axis. (b) One of the [UTeO,]>~ anionic layers projected along the
a-axis. (c) The local coordination environment of Te,O,¢ dimers and
UO; polyhedra shown in ball-and-stick presentation. UO, pentagonal
bipyramids are shown in yellow. TeOg octahedra are in light blue. K*
cations are blue spheres.

This journal is © The Royal Society of Chemistry 2016

View Article Online

Paper

Fig. 7(b and c), each [UTeO,]*” anionic layer is formed from
one crystallographically unique U site and one Te site. The U
cation is coordinated by two-terminal oxo-groups, creating the
uranyl moiety. The U-O bond lengths range from 1.799(5) to
1.807(5) A for U=0 bonds of the uranyl unit, and from 2.241(5)
to 2.541(5) A for the U-O in the equatorial plane. These UO,
polyhedra share common edges with each other to result in infi-
nite chains, with one UO; polyhedron wide, running along the
c-axis. In fact, these U chains have been commonly observed
among several minerals and synthetic uranium tellurites/tellu-
rates, such as moctezumite Pb[(UO,)(TeO;),]* and UTeOs’. As
for the Te site, it exhibits a slightly distorted octahedral environ-
ment. The distortion can be best shown from the cis O-Te-O
angles in the range of 80.0(2)° to 95.4(2)°. The Te-O bond dis-
tances vary within an appreciable range of 1.886(4) to 1.983(5)
A, the average distance being 1.929 A. The bond valence sum
calculations give the values of 5.9 v.u. for the U site, and 5.8 v.u.
for the Te site, respectively, confirming that all the U and Te are
all in the +6 oxidation state.

As shown in Fig. 7(c), two TeOg octahedra share a common
edge, O(6)-0O(6)', leading to a Te,0;, dimer, similar to the one
reported in a series of compounds with the formula
A,[Te;04(OH),] (A = Na, K, Rb, Cs).>® However, the Te,O4,
dimers have different coordination environments in both
structures. In B-K,[(UO,)Te""0s], these Te,O,, dimers are
embedded into the above-mentioned [UTeO,]*~ anionic layers
by sharing one edge (O(3) and O(5)) and one corner (O(7))
from each TeOs octahedron. In contrast, the corresponding
Te,0, dimers in A,[Te;O4(OH),] are further fused together
through corners resulting in infinite chains.

Raman spectral analysis

The Raman spectra for all the four uranyl tellurium com-
pounds are presented in Fig. 8. It is noteworthy that the
vibrational data on tellurites/tellurates are well-established in
the literature,> however, very little research has been under-

. T T T T T T T
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595 758
0 I h
v
66000 | K[UO)T"0,] 0
—_
B 44000
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S 22000 - 846
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ES) \
Z s @K [(UO)Te"0,] s
8
= 38000
]
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884
0 =1 h f f I
—
36000 | AKLUO)Te™0 ) s
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Fig. 8 Raman shifts from 150 to 1050 cm™ for K,[(UO,)3(TeVOs),],
Ka[(UO2)Tel O14l, a-K,[(UO,)TeV'Os), and B-Ko[(UO,)TeV'Os].
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taken on the vibrational spectroscopy of actinide tellurates/tell-
urites. The infrared spectrum studies of schmitterite
(U0,Te05)* and cliffordite (UTe;0,)>® were reported by Botto
et al, and Raman vibrational studies of schmitterite
(UO,Te0;)>” and moctezumite (Pb(UO,)(TeO;),)*® have been
recently discussed by Frost et al.

The Raman spectra for all the above-discussed uranyl tellur-
ium compounds are characterized by motions from uranyl
(U0,?") linearity and the tellurite (Te™O5) trigonal pyramid or
tellurate (Te''O,) octahedron. The ideal uranyl (UO,>") unit
with D, symmetry has three normal modes in aqueous solu-
tion, that is, v; symmetric stretching mode (approximately
from 860 to 880 cm ™), v; anti-symmetrical stretching (approxi-
mately from 930 to 960 ecm™'), and v, bending mode (approxi-
mately from 199 to 210 cm™').>*®® The free Te™ O, trigonal
pyramid has the C;, symmetry, with motions being assigned
as Ay(v1), Ay(v2), E(v3) and E(v,),*" where vy, 1v,, v3 and v,
modes are denoted as non-degenerate symmetric stretching,
non-degenerate symmetric bending, doubly degenerate asym-
metric stretching and asymmetric bending vibrations, respect-
ively. In aqueous solution, these modes are observed to be
located at 758 cm™" for vy, 703 cm™ for v3, 364 cm™! for v,
and 326 cm™' for v,, respectively.®® The ideal Te"'O, octa-
hedron has three kinds of Raman active vibrational bands,

View Article Online
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v1(Arg), v2(Eg) and us(Fy), and the stretching and bending
vibrations for most tellurate compounds are distributed in the
range of 550-750 cm™ " and 350-450 cm™ ", respectively.®

For all the four uranyl compounds, the high frequency
bands between 600 and 800 cm ™' are mainly attributed to the
stretching vibrations of U-O and Te-O, whereas the low fre-
quency part below 250 cm™" corresponds to the motions of the
crystal lattice. Due to the large number of atoms in the unit
cell and to the relatively overlapping vibrational regions of U-O
and Te-O, here we only assign the signature peaks for our
uranyl tellurium compounds. The assignment of the
vibrational bands was mainly based on the comparison of two
uranyl mineral schmitterite (UO,TeO3)’” and moctezumite (Pb
(UO,)(Te03),).>® Moreover, the identification of the stretching
modes (v; and v3) of UO,*" are also attempted from crystallo-
graphic parameters using the empirical equations®® from
Bartlett and Cooney:

v1 = [(dy-o — 0.575)/106.5) /2 (1)

v3 = [(dy-o — 0.804)/91.42] /2 (2)

where dy_o is the bond length of UO,>*. The calculated v, and
v3 values together with the corresponding uranyl site geome-
tries are given in Table 2. For all four compounds derived from

Table 2 Stretching (v4 and v3) frequencies and U-O bond lengths in UO,2* for reported K—U-Te compounds

Calculated Observed
Compound Uranyl sites Bond length (A) vy (em™) vs (em™) vy (em™) vs (em™)
K,[(UO,);(Te™ 05)4] o2 U(1)-0(3): 1.812(9) 799 864 758
*® .\-
J
-
(o2} .OS
03
° U(2)-0(1): 1.817(9) 794 858 760
o~ U(2)-0(2): 1.820(9) 792 854
os@ u2 " ..
o7 .05
o1
K,[(UO,)TelY O44] % U(1)-0(1): 1.788(10) 822 895 846 920
g ur Moz
uz.m. I.oe 9
oa-K,[(UO,)Te"05] @ U(1)-0(1): 1.824(9) 788 849 884
U(1)-0(6): 1.829(9) 783 842
03. u1 ’.02
¥
D'\I @os
06
B-K,[(UO,)Te"'05] U(1)-0(1): 1.807(5) 804 870 826 898
e U(1)-0(2): 1.799(5) 811 880
&% = -~ @0
o . u1 .m
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high-temperature/high-pressure conditions, the calculated
stretching bands are not equivalent in several uranyl sites. One
must note that these two empirical equations were derived on
the basis of a least-squares fitting of some selected com-
pounds synthesized from normal conditions. As such, certain
deviation can potentially be observed between the calculated
and observed stretching values. This indicates that the influ-
ence of extreme conditions on the formation of atypical uranyl
structures has not yet been taken into account in the above
equations used to calculate the uranyl stretching bands.

Specifically for K,[(UO,);(Te™03),], the very strong peak at
678 cm™ may be assigned to the symmetric stretching of v,
Te™0;. The corresponding band is shifted to a higher fre-
quency for K,[(UO,)TelY0,,] (at 702 em™"), but still agrees well
with that for schmitterite where it is also observed at 724 cm™*
as the strongest peak in the spectrum.” The symmetric
stretching v; of UO,>" presents a slightly broad structure with
subcomponents composed of two subpeaks (758 and
760 cm™ ). This is due to the multiple crystallographic sites of
U in K,[(UO,);(Te™03),] (see Table 2), which gives rise to mul-
tiple v; bands. The triply-degenerate asymmetric stretching v,
of UO,>" is not clearly shown from the spectrum but can be
calculated as 854, 858 and 864 cm™'. The Raman spectrum of
K,[(UO,)TelY0,,] is very similar to that of Na[(UO,)
Te013(0OH)].*" This is due to the fact that both K,[(UO,)
TeY0,,] and Na[(UO,)Tes0,5(OH)] can be considered as the
derivatives of cliffordite (UO,(Te;0;)). The main feature of the
K,[(UO,)TelY0,,] spectrum is the presence of broad, partially
overlapping bands, which exhibit a high degree of symmetry
because of the cubic crystal system. The band located at
846 cm™" may be assigned to the v; (UO,)*" symmetric stretch-
ing vibration, which can be compared with 823 cm™ in calcur-
molite (Ca(UO,)3(M00,);(OH),-H,0)*> and 826 cm™' in
moctezumite,® respectively. The presence of different peaks in
a- and B-K,[(UO,)(Te""05)] reflects the structural differences in
both modifications. The largest peak which can be assigned as
v, of Te¥'0y is lower for a-K,[(UO,)(Te""0;5)] (at 715 cm™') than
that for p modification (at 748 cm™), but still comparable well
with most tellurate compounds.®®®”

Conclusion

This work enhances the poorly investigated area of the actinide
chemistry under extreme conditions of pressures and tempera-
tures. Amid all the synthetic uranyl tellurium compounds in
the literature, most were isolated via employing mild hydro-
thermal (around 200 °C) conditions in a Teflon-lined auto-
clave, and a few were synthesized at high-temperature (around
800 °C) using alkaline chloride as the flux.?**® The obtained
novel uranyl tellurium compounds in this work are structurally
more complex than those produced under ambient pressure or
mild hydrothermal conditions.

The structures of the title compounds demonstrate the con-
siderable flexibility of tellurium polyhedral geometries (Te™ O,
trigonal pyramid, Te™O, disphenoid, Te™VO5 square pyramid
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and Te"'Oq octahedron) in forming diverse structural topolo-
gies. Specifically, Te™O; trigonal pyramids and Te™O, disphe-
noids are connected in [TeO;]*~ chains extending along the
a-axis in K,[(UO,)5(Te™v03),]. Te™O5 square pyramids play the
role of structural linkers to connect [UTeqO,6]*>~ clusters into
K,[(UO,)TelY0,,], and Te"'Os octahedra are found to form
Te,0;0 dimers among both and o- and B-K,[(UO,)Te"'O5].
Moreover, three out of four wuranyl compounds,
K,[(UO,)3(Te™03)4], Ko[(UO,)TeNO,,] and a-K,[(UO,)Te"'Os]
are isolated in the 3D framework, which is a sharp contrast to
the dominant 2D layered structures among uranyl compounds
synthesized under regular conditions. Thus, it is clear that the
extreme conditions allow for the formation of atypical struc-
ture types with structures more complex and dimensionalities
more variable than expected.

The chemical behavior of uranyl tellurium compounds
under extreme conditions is very sensitive to the nature of
counter cations. Small changes in the composition can give
rise to dramatic different chemical compositions and struc-
tural properties. Compared to the sodium uranyl tellurium
family*' where the high probability of noncentrosymmetric
and polar structures are observed, the larger cations of the K'-
based family in this work are centrosymmetric and nonpolar.
The ionic size of the present cations is of major influence to
control the macroscopic polarity (eight-coordinated Na',
1.18 A; eight-coordinated K*, 1.51 A),°® which should therefore
be taken into consideration for the further investigations
aiming at elucidation of the pressure influence on the struc-
tural and chemical formation of the actinide inorganic
materials.
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