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ABSTRACT: Four isotypic cationic layered materials,
[Pu2Te4O11]Cl2, [Ce2Te4O11]Cl2, [Zr2Te4O11]Cl2, and
[Zr2Te4O11]Br2, have been prepared under hydrothermal
conditions. Single crystal diffraction studies reveal that these
materials possess cationic Pu/Ce/Zr tellurite layers with
halides as interlamellar charge-balancing anions. The PuIV,
CeIV, and ZrIV centers of the cationic layers exhibit a quite rare
pentagonal bipyramid coordination environment.

■ INTRODUCTION

Many metal oxo-hydroxo anions are listed by the EPA as
inorganic pollutants, and chromate and pertechnetate are
inherent to the nuclear weapons complex legacy of the Cold
War as well as to advanced nuclear fuel cycles.1 Cationic
extended materials with anion exchange capabilities can be
utilized to sequester these anionic pollutants. Materials with
extended structures are typically anionic in nature, and the
charge is balanced by cations that fill the voids leading to an
overall neutral charge.2 Only a handful of inorganic materials
with an extended cationic network charge balanced by isolated
anions exist.1 On the basis of the inorganic crystal structure
database (ICSD), fewer than 100 cationic inorganic materials
exist among 150,042 crystal structures. Cationic inorganic
materials with anion exchange capabilities are much rarer. A
series of layered double hydroxides (LDHs) have been reported
that possess cationic layers and exchangeable interlamellar
anions.3 A number of cationic metal−organic frameworks
(MOFs) materials with vast types of topologies that exhibit
anion exchange have also been synthesized.4 However, LDHs
are of limited relatively low thermal stability, and MOFs are
vulnerable to decomposition because of their organic linkers.1,5

As a result, we are investigating the synthesis of inorganic
cationic extended materials that are stable under environ-
mentally relevant conditions with potential for trapping anions
of concern. Our research efforts have successfully given rise to a
complex thorium borate, NDTB-1, that possesses a super-
tetrahedral cationic framework that selectively removes TcO4

−

from nuclear waste streams despite the presence of large
excesses of competing anions.6

We have recently undertaken a study of the solid-state
chemistry of actinides, lanthanides, and transition metals using
a variety of oxoanions, such as borate, tellurite, and phosphite.
Borate and tellurite share a common property in that they both
are highly polarizable and can possesses polymeric structures.
Tellurite is of course very different from borate in that it
possesses a stereochemically active lone pair of electrons on the
TeIV centers that lead to a large variability in coordination
environments and properties in this family of compounds.
Tellurite anions can be further interconnected to form dimers,
trimers, and polymeric structures, which enable a variety of
unusual structures to form.7 For example, novel infinite tellurite
tubes with lone-pair self-containment have been reported.8

Unusual uranyl tellurites containing [Te2O6]
4− ions and three-

dimensional (3D) networks have been observed in uranyl
tellurites.9 A new 3D Te7O17

6− building unit has been
discovered by our group.10 Ok et al.'s and our studies suggest
that the lone pair electrons of tellurites can push the oxygen
atoms toward one side of the cation and create a highly
distorted environment, making it an ideal component for
synthesis of cationic extended materials.10,11

In addition, tellurites bind metals in a variety of ways leading
to a rich study of the coordination chemistry of actinides,
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lanthanides, and transition metals. Both PuIV and CeIV can be
seven, eight, or nine coordinated by oxygen, yielding different
coordination geometries based on square antiprism, hexagonal
bipyramid, tricapped trigonal prism, trigonal dodecahedra,
distorted dodecahedra, and so forth.12 ZrIV can be six and
eight coordinated by oxygen with octahedral, and dodecahedral
environments, respectively.13 Seven coordinate ZrIV with
oxygen is relatively rare.
Herein, we present a series of isotypic metal tellurites,

[M2Te4O11]X2 (M = Pu, Ce, Zr; X = Cl, Br), with cationic
layered structures and an unusual coordination environment of
the metal centers.

■ EXPERIMENTAL SECTION
Synthesis. CeCl3 (99.5%, Alfa-Aesar), ZrCl4 (98%, Alfa-Aesar),

ZrBr4 (99%, Alfa-Aesar), and TeO2 (99.99%, Alfa-Aesar), were all used
as received. Weapons-grade plutonium (94% 239Pu, 6% 240Pu) in the
form of PuCl3 was used as received from the Los Alamos National
Laboratory (LANL). Reactions were run in PTFE-lined Parr 4749
autoclaves with a 23 mL internal volume for the cerium/zirconium and
with 10 mL internal volume autoclaves for plutonium. Distilled and
Millipore filtered water with resistance of 18.2 MΩ·cm was used in all
reactions.
Caution! 239Pu (t1/2 = 24,065 years), and 240Pu (t1/2 = 6,537 years)

represent serious health risks owing to their α and γ emission. All studies
with plutonium were conducted in a laboratory dedicated to studies on
transuranium elements. This laboratory is located in a nuclear science
facility and is equipped with HEPA f iltered hoods and negative pressure
gloveboxes that are ported directly into the hoods. A series of counters
continually monitor radiation levels in the laboratory. The laboratory is
licensed by the Nuclear Regulatory Commission. All experiments were
carried out with approved safety operating procedures. All f ree-f lowing
solids are worked with in gloveboxes, and products are only examined when
coated with either water or Krytox oil and water. There are signif icant
limitations in accurately determining yield with plutonium compounds
because this requires drying, isolating, and weighing a solid, which poses
certain risks, as well as manipulation dif f iculties given the small quantities
employed in the reactions.
[Pu2Te4O11]Cl2. PuCl3 (0.029 mM, 0.0100 g), TeO2 (0.0589 mM,

0.0094 g), and water (300 μL) were loaded into a 10 mL autoclave.
The autoclave was sealed and heated to 230 °C in a box furnace for 3
days. The autoclave was then cooled to room temperature at a rate of

5 °C/h. The products were rinsed with DI water, and pale green
tablets were isolated.

[Ce2Te4O11]Cl2. CeCl3 (1 mM, 0.2465 g), TeO2 (1 mM, 0.1596 g),
and water (2 mL) were loaded into a 23 mL PTFE-lined autoclave
linear. The autoclave was sealed and heated to 230 °C for 3 days
followed by slow cooling to room temperature at a rate of 5 °C/h. The
products were washed with DI water to remove soluble solids,
followed by rinsing with methanol. The products consisted of light
yellow tablet crystals of [Ce2Te4O11]Cl2.

[Zr2Te4O11]X2 (X = Cl− or Br−). ZrX4 (1 mM, 0.2330 g for ZrCl4,
0.4108 g for ZrBr4), TeO2 (1 mM, 0.1596 g), and water (2 mL) were
loaded into a 23 mL PTFE-lined autoclave linear. The autoclave was
sealed and heated to 230 °C in a box furnace for 3 days. The autoclave
was then cooled to room temperature at a rate of 5 °C/h. The
products were washed with DI water to remove soluble solids,
followed by rinsing with methanol. [Zr2Te4O11]X2 crystallizes as
tablets. [Zr2Te4O11]Cl2 is colorless and [Zr2Te4O11]Br2 is light yellow.
Photographs of all three sets of crystals can be found in the Supporting
Information.

Crystallographic Studies. Single crystals of [M2Te4O11]X2 were
mounted on CryoLoops with Krytox oil and optically aligned on a
Bruker APEXII Quazar X-ray diffractometer using a digital camera.
Initial intensity measurements were performed using an IμSX-ray
source, a 30 W microfocused sealed tube (MoKα, λ = 0.71073 Å) with
high-brilliance and high-performance focusing Quazar multilayer
optics. Standard APEXII software was used for determination of the
unit cells and data collection control. The intensities of reflections of a
sphere were collected by a combination of four sets of exposures
(frames). Each set had a different φ angle for the crystal, and each
exposure covered a range of 0.5° in ω. A total of 1464 frames were
collected with an exposure time per frame of 20 to 60 s, depending on
the crystal. The SAINT software was used for data integration
including Lorentz and polarization corrections. Semiempirical
absorption corrections were applied using the program SADABS or
TWINABS. Selected crystallographic information is listed in Table 1.
Atomic coordinates and additional structural information are provided
in the Supporting Information (CIFs).

UV−Vis−NIR Spectroscopy. UV−vis−NIR data were acquired
from single crystals using a Craic Technologies microspectropho-
tometer. Crystals were placed on quartz slides under Krytox oil, and
the data was collected from 200 to 1400 nm.

Table 1. Crystallographic Data for [Pu2Te4O11]Cl2, [Ce2Te4O11]Cl2, [Zr2Te4O11]Cl2, and [Zr2Te4O11]Br2

compound [Pu2Te4O11]Cl2 [Ce2Te4O11]Cl2 [Zr2Te4O11]Cl2 [Zr2Te4O11]Br2
formula mass 1241.30 1037.54 939.74 1028.66
color green yellow colorless yellow
Habit tablet tablet tablet tablet
space group P1̅ P1̅ P1̅ P1̅
a (Å) 8.0505(16) 8.1046 (19) 7.7986(11) 7.800(3)
b (Å) 9.488(3) 9.5210(2) 9.4173(13) 9.529(3)
c (Å) 10.433(2) 10.4230(3) 10.3257(15) 10.563(5)
α (deg) 109.289(3) 108.537(2) 111.031(2) 112.513(4)
β (deg) 108.169(2) 108.932(2) 107.958(2) 106.483(5)
γ (deg) 98.374(3) 98.327 (2) 98.476(2) 99.473(3)
V (Å3) 686.7(3) 693.2(3) 644.28(16) 661.6(5)
Z 2 2 2 2
T (K) 100(2) 100(2) 100(2) 100(2)
λ (Å) 0.71073 0.71073 0.71073 0.71073
maximum 2θ (deg.) 27.590 27.700 27.570 27.610
ρcalcd (g cm−3) 6.004 4.971 4.844 5.164
μ (Mo Kα) (cm−1) 182.77 151.63 109.56 163.05
R(F) for Fo

2 > 2σ(Fo
2)a 0.0504 0.0436 0.0423 0.0450

Rw (Fo
2)b 0.1181 0.0959 0.1023 0.1081

aR(F) = ∑||Fo| − |Fc||/∑|Fo|.
bRw(Fo

2) = [∑[w(Fo
2−Fc2)2]/∑wFo

4]1/2.
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■ RESULTS AND DISCUSSION

Synthesis. All four compounds were synthesized using
metal halides and tellurium dioxide under hydrothermal
conditions. The stoichiometry of the reactants is critical. For
example, a lower ratio (1:2) of CeCl3/TeO2 results in
generating of [Ce2Te7O17]Cl2 as the main product instead of
[Ce2Te4O11]Cl2. All of compounds contain tetravalent metals
even though [Pu2Te4O11]Cl2 and [Ce2Te4O11]Cl2 were
synthesized from PuIII/CeIII halides. PuIV is the favored valence
under ambient condition and oxygen from air can easily oxidize
PuIII to PuIV.14 However, the redox potential for CeIV/CeIII is
1.28 V/NHE in 1 M HCl and CeIII is the preferred valence
state under acidic condition.15 The oxidation of CeIII to CeIV

under hydrothermal condition can be attributed to complex-
ation by tellurite, the different pH conditions, and a possible
solubility-driven mechanism. These solubility-driven redox
changes have been proposed in our previous studies.12a,g,16

Structures and Topological Descriptions. Single crystal
X-ray diffraction reveals that all compounds are isotypic
materials with an inorganic cationic layered structure. To the
best of our knowledge, [Pu2Te4O11]Cl2 not only represents the
first transuranium cationic structure, but also the first known
plutonium tellurite halide compound. Additionally,
[Ce2Te4O11]Cl2, [Zr2Te4O11]Cl2, and [Zr2Te4O11]Br2 are the
first cerium/zirconium cationic layered materials. Figure 1
depicts the cationic layers extending along the a axis. The
structure consists of a cationic Pu/Ce/Zr tellurite layer with
halides as interlamellar charge-balancing anions. The distance
between each layer is 4.242 Å for [Pu2Te4O11]Cl2, 4.328 Å for
[Ce2Te4O11]Cl2, 4.352 Å for [Zr2Te4O11]Cl2, and 4.410 Å for
[Zr2Te4O11]Br2, respectively. The variance of the layer
distances is due to the different ionic radii of the metal ions
(PuIV ≈ CeIV > ZrIV) and halides (Br− > Cl−).17 The larger the
metal ion is, the longer the M−O bond would be.18 Extended
M−O bonds expand the layer size, in the meanwhile, squeeze
interlamellar space. Similarly, the smaller the halide is, the
shorter the layer distance would be.
The [M2Te4O11]

2− layer is composed of two crystallo-
graphically independent metal atoms and two types of tellurite
anions, forming a tellurite-metal-tellurite sandwich structure (cf.

Figure 2a). Within the metal-oxo sheet, the crystallographically
unique polyhedra edge-share with themselves to form dimers
and the different dimers corner-share alternatively, resulting the
formation of the one-dimensional (1D) metal ribbons (cf.
Figure 2b). In the tellurite sheet, there are two different
building units, TeO3

2− and Te3O8
4−, which are dark-blue and

light-blue colored in Figure 2c. For TeO3
2−, each Te4+ bonds to

three oxygen atoms with bond distance ranging from 1.828(14)
Å to 1.911(12) Å. For Te3O8

4−, the central Te4+ is bonded to
four oxygen atoms and the other two Te4+ atoms are bonded to
three oxygen atoms. The Te−O bond distances range from
1.817(6) Å to 2.151(9) Å (cf. Table 2). The distances of
bridging Te−O bond [Te(4)−O(5) and Te(4)−O(8)] are
larger than 2 Å, and the terminal Te−O bond lengths are
smaller than 2 Å. All oxygen atoms donated from tellurite
anions either corner-share or edge-share with the metal centers,
connecting with the metal ribbons into the two-dimensional
(2D) [M2Te4O11]

2− layer.
The cationic layered structure of these materials suggested

the possibility for anion exchange behavior. Anion exchange of
[Ce2Te4O11]Cl2 and [Zr2Te4O11]X2 crystals were conducted
with common anions (F−, Cl−, Br−, I−, SO4

2−, NO3
−, MnO4

−)
and measured by energy-dispersive X-ray spectroscopy (EDS).
Unfortunately, the interlamellar halides do not exchange with
other anions. The nonbonded electron pairs on Te4+ point into
the layer interfaces, forming electrostatic interactions with the
halides (cf. Figure 1). Te atoms retain their valence shell s-
electrons via the inert pair effect and effectively block halide
mobility.1 Thus, the halides are locked within the layers, which
is likely the reason [Ce2Te4O11]Cl2 and [Zr2Te4O11]X2 lack the
ability to anion exchange. This locking effect has been observed
in a mixed-metal oxychlorides Te4M3O15·Cl and inorganic
cationic frameworks [Ce2Te7O17]X2 (X = Cl− or Br−).10,11

Te4M3O15·Cl and [Ce2Te7O17]X2 exhibit 3D cationic tunnel
framework and current structures are 2D layered. One thing in
common is that the all Te4+ centers are in asymmetric
coordination environments attributable to their nonbonded
electron pair. The nonbonded electron pairs on Te4+ point into
the center of the channel or layer interfaces, where the halide
anion resides. A thermal ellipsoid plot for the TeO3, and Te3O8

Figure 1. View of [M2Te4O11]X2 (M = Pu, Ce, Zr, X = Cl, Br) parallel to the [bc] plane showing the cationic layered structure extending down the a
axis and halides anions filling between layers. Metal polyhedra are shown in gray, tellurites in blue, and halides anions in green.
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polyhedra are shown in the Supporting Information. Another
possibility is that halides do not favor exchange with other
anions because of their stability in the structure. Other anions
with less electrostatic interactions with the framework or higher
mobility might be more likely to exchange.
Another key feature of these [M2Te4O11]X2 compounds is

the coordination environment of the PuIV, CeIV, and ZrIV

centers (Figure 3). In [M2Te4O11]X2, novel pentagonal
bipyramid PuIV, CeIV, and ZrIV centers were discovered (cf.
Figure 2 and Table 2). Pentagonal bipyramid geometry is very
common for neptunyl, uranyl, and can sometimes be found in
Th and Eu.19 However, it is quite rare in low oxidation state
lanthanides and actinides. In [M2Te4O11]X2, M

IV polyhedra
edge-share to form dimers, and all oxygen atoms bound to MIV

are donated from tellurite anions. The capping oxygen has
relatively short M−O bond lengths ranging from 2.142(9) to
2.179(9) Å for [Pu2Te4O11]Cl2, 2.136(8) to 2.173(8) Å for
[Ce2Te4O11]Cl2, 2.005(6) to 2.032(6) Å for [Zr2Te4O11]Cl2,
and 2.006(6) Å to 2.032(5) Å for [Zr2Te4O11]Br2. The M−O

bond distances within the pentagonal plane range from
2.170(14) Å to 2.427(9) Å, 2.181(9) Å to 2.438(8) Å,
2.071(7) Å to 2.282(6) Å, and 2.069(7) Å to 2.271(6) Å in
[Pu2Te4O11]Cl2, [Ce2Te4O11]Cl2, [Zr2Te4O11]Cl2, and
[Zr2Te4O11]Br2, respectively (cf. Table 2). Bond valence
calculations indicate all metals are tetravalent, which agree
with the charge balanced formulas.20 These isotypic
[M2Te4O11]X2 compounds provide us an additional oppor-
tunity to discern differences in bond distances between PuIV,
CeIV, and ZrIV. The average M−O lengths are 2.3(1) Å, 2.3(1)
Å, 2.1(1) Å, 2.1(1) Å for [Pu2Te4O11]Cl2, [Ce2Te4O11]Cl2,
[Zr2Te4O11]Cl2, and [Zr2Te4O11]Br2, respectively, which
suggest the larger the metal ion is, the longer the M−O
bond would be.18 This result also suggests there are no
measurable differences between PuIV−O bonds and CeIV−O
bonds, which matches our previous study.12b

UV−Vis−NIR Absorption Spectroscopy. The absorption
spectra for [Pu2Te4O11]Cl2, [Ce2Te4O11]Cl2, [Zr2Te4O11]Cl2,
and [Zr2Te4O11]Br2 were obtained from single or twinned
crystals of each compound and are shown in Figure 4a. The
existence of PuIV in [Pu2Te4O11]Cl2 can be confirmed by the
UV−vis-NIR spectrum (cf. Figure 4b). The 5F2 + 5I6 peaks
centered near 1100 nm are signature peaks of PuIV. At
wavelengths less than 900 nm, the transitions are due to
multiple J states and have not been deconvoluted, but the
transitions match well with the spectra reported by Carnall.21

CeIV and ZrIV have empty 4f and 4d orbitals, respectively, and
do not exhibit any f-f or d-d transitions in the absorption

Figure 2. (a) Crystallographic view of one [M2Te4O11]
2− layer along

the a axis. (b) Depiction of the metal-oxo sheet topology. Metal
dimers (1) are shown in light-gray, metal dimers (2) are in dark-gray.
(c) Depiction of the tellurite sheet topology. TeO3

2− tetrahedra are in
dark-blue and Te3O8

4− polymers are in light-blue.

Table 2. Selected Bond Distances for [Pu2Te4O11]Cl2,
[Ce2Te4O11]Cl2, [Zr2Te4O11]Cl2, and [Zr2Te4O11]Br2

a

Pu (Cl) Ce (Cl) Zr (Cl) Zr (Br)

M(1)−O(4) 2.160(9) 2.173(8) 2.030(6) 2.023(5)
M(1)−O(10) 2.179(9) 2.136(8) 2.025(6) 2.012(6)
M(1)−O(3) 2.170(14) 2.207(9) 2.072(7) 2.069(7)
M(1)−O(8) 2.406(10) 2.438(8) 2.227(6) 2.246(6)
M(1)−O(9) 2.427(9) 2.295(8) 2.239(6) 2.243(6)
M(1)−O(9) 2.286(9) 2.398(8) 2.154(6) 2.171(6)
M(1)−O(11) 2.357(9) 2.402(8) 2.282(6) 2.266(6)
M(2)−O(1) 2.142(9) 2.159(7) 2.005(6) 2.006(6)
M(2)−O(7) 2.161(9) 2.167(8) 2.032(6) 2.032(5)
M(2)−O(2) 2.270(11) 2.181(9) 2.071(7) 2.069(7)
M(2)−O(5) 2.410(9) 2.419(8) 2.240(6) 2.250(6)
M(2)−O(6) 2.366(9) 2.284(8) 2.245(6) 2.254(6)
M(2)−O(6) 2.310(9) 2.420(8) 2.141(6) 2.166(6)
M(2)−O(11) 2.350(9) 2.398(8) 2.274(6) 2.271(6)
Te(1)−O(1) 1.840(9) 1.842(8) 1.834(6) 1.839(6)
Te(1)−O(2) 1.911(12) 1.848(9) 1.849(7) 1.855(7)
Te(1)−O(3) 1.828(14) 1.849(9) 1.851(7) 1.858(7)
Te(2)−O(4) 1.835(9) 1.828(8) 1.817(6) 1.830(5)
Te(2)−O(5) 2.005(8) 1.923(8) 1.950(6) 1.972(6)
Te(2)−O(6) 1.890(9) 1.912(8) 1.909(6) 1.895(6)
Te(3)−O(7) 1.835(10) 1.828(8) 1.822(6) 1.826(5)
Te(3)−O(8) 1.924(9) 1.943(8) 1.962(6) 1.978(6)
Te(3)−O(9) 1.918(10) 1.902(8) 1.898(6) 1.896(6)
Te(4)−O(5) 2.049(8) 2.109(8) 2.066(6) 2.076(6)
Te(4)−O(8) 2.151(9) 2.066(7) 2.067(6) 2.077(6)
Te(4)−O(10) 1.824(9) 1.847(7) 1.821(6) 1.837(5)
Te(4)−O(11) 1.943(10) 1.911(8) 1.947(6) 1.950(6)

aM(1)−O(4), M(1)−O(10), M(2)−O(1), and M(2)−O(7) are the
metal-capping oxygen bonds. Te(4)−O(5) and Te(4)−O(8) are the
bridging Te−O bonds.
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spectra. The peaks ranging from 200 to 300 nm are ascribed to
the Te−O charge transfer based on the measurement of TeO2
crystal.

■ CONCLUSIONS
A series of inorganic cationic layered materials have been
synthesized under hydrothermal conditions. [Pu2Te4O11]Cl2,
[Ce2Te4O11]Cl2, [Zr2Te4O11]Cl2, and [Zr2Te4O11]Br2 repre-
sent the first plutonium/cerium/zirconium cationic layered
materials with [Pu2Te4O11]Cl2 representing the first plutonium
tellurite. The PuIV, CeIV, and ZrIV centers of these materials also
exhibit an unusual pentagonal bipyramid coordination environ-
ment. To obtain cationic extended materials with anion
exchange ability, anions with less electrostatic interactions
with the framework and higher mobility will be incorporated in
future studies.
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