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ABSTRACT: The flux synthesis, solid state synthesis,
and characterization of a new aluminate, Cs,(UO,)ALOq,
are reported. Cs,(UO,)AL O crystallizes in the tetragonal
space group I4;/amd with lattice parameters a =
7.3254(2) and ¢ = 30.9849(7) and is constructed from
edge-sharing chains of UO, pentagonal bipyramids that
are connected to [Al,O5]* two-dimensional sheets. The
cesium cations, which are heavily disordered, occupy small
channels in the a and b directions in the framework
structure. The optical properties and ion exchange
behaviors are reported along with DFT calculations that
support the observed results of the ion exchange
experiments.

he crystal chemistry of uranium continues to expand as

nuclear energy and nuclear waste storage receive ongoing
attention in the scientific community. The number of reported
inorganic extended structures containing uranium has steadily
grown from 180 well-refined published uranium(VI) containing
structures in 1996, to 368 in 2005, and to 727 in 2016. Much of
this data was summarized in the expansive hexavalent uranium
structural reviews by Burns et al.' In addition, uranium(IV)
structures, while quite plentiful, are not nearly as widely reported
as U(VI) structures. The recent expansion in our understanding
of uranium crystal chemistry is mainly credited to exploratory
crystal growth, which utilizes different combinations of
reagents to incorporate the desired elements into the single-
crystal products. This approach has resulted in a plethora of new,
targeted structure types with new compositions as well as, at
times, serendipitous results.

While uranium phosphates, arsenates, and silicates are well
established classes of materials and flux growth of these materials
is a well-established process, uranium germanates, by contrast,
have only recently come into play as the number of flux grown
uranium germanates increased from a single reported crystal
structure in 2013 to 20 in 2018. Phosphate, arsenate, silicate, and
germanate TO,"” units all commonly adopt tetrahedral
coordination environments and have functioned as building
blocks in compositionally diverse extended uranium structures;
consequently, we decided to pursue other TO," tetrahedral
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building blocks to achieve similar structures, specifically
aluminum as AlO,*". Aluminum commonly adopts a tetrahedral
coordination environment when found in combination with
highly electropositive cations and is well-known in the realm of
zeolites and silicate minerals, where it substitutes on silicon
sites.” A simple ICSD search of U, Al, and O containing
compounds yields 25 structures consisting of 18 minerals, one
synthetic perovskite, one novel aluminoborate prepared by high
temperature—high pressure methods,’ and five flux grown
uranium aluminophosphates recently published by our group.”
Additionally, the synthesis of uranyl aluminate nanoparticles has
also been reported.” Herein, we report a novel cesium uranium
aluminate, the first uranium extended structure to contain solely
aluminate tetrahedra as the secondary building unit.

Crystals of Cs,(UO,)Al,O; were initially obtained serendip-
itously from a flux reaction using 0.5 mmol of UF, (International
Bio-Analytical Industries, powder, ACS grade), 0.33 mmol of
LaPO, (Alfa Aesar, powder, 99.99%), 11 mmol of CsCl (Alfa
Aesar, powder, 99.99%), and 9 mmol of CsF (Alfa Aesar, 99%)
loaded into a silver tube covered loosely with a silver cap and
held upright in the furnace with an alumina crucible. The
mixture was heated to 875 °C in 1.5 h, held for 12 h, and slowly
cooled to 400 °C at 6 °C/h. It appeared that the flux was not
contained in the silver tube and reacted with the alumina
crucible producing yellow crystals of the title compound on the
rim of the alumina crucible (Figure 1). The reaction vessels were
sonicated in water following removal from the furnace in order
to loosen the crystals from the surface of the vessels by dissolving
any remaining flux. All attempts to duplicate these conditions
were unsuccessful, and these crystals could not be resynthesized
using flux methods alone.

The structure and composition of Cs,(UO,)ALOs were
determined by single-crystal X-ray diffraction, and this
information was used to successfully synthesize the title
compound by traditional solid state methods. Combining 0.5
mmol of UO,(NO,),6 H,0 (International Bio-Analytical
Industries, powder), 1 mmol of AL,O; (Alfa Aesar, powder,
99.9%), and 1 mmol of CsNO; (Alfa Aesar, powder, 99.8%) into
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Figure 1. Optical images of single crystals of Cs,(UO,)ALOs.

an alumina crucible and heating the mixture with intermittent
grindings to 900 °C for 250 h, 950 °C for 48 h, 1000 °C for 96 h,
and finally 1050 °C for 48 h resulted in the product phase.
Between 900 and 1000 °C the target phase Cs,(UO,)AlLO;
forms together with Cs,U,0; (yellow), and at 1050 °C the
target phase is present together with Cs,UsO;, (orange). This
mixture of Cs,U;O;, and Cs,(UO,)ALO; was loaded into a
platinum crucible with 9 mmol of CsF and 11 mmol of CsCl, and
the resulting mixture was heated under the same conditions as
the original flux reaction. These reaction conditions promoted
the recrystallization of Cs,U;O,, and Cs,(UO,)Al, O as orange
plates and yellow crystals, respectively, that could be manually
separated to obtain a relatively pure sample of Cs,(UO,)Al,O;.
Powdered and single-crystalline products were identified by
powder X-ray diffraction (PXRD) using a Bruker D2 Phaser
equipped with an LXYENE silicon strip detector and a Cu Ka
source (Figure 2).

4
q
< 3
x
>
3 2
E]
=
=1 \ '
‘ B N — \‘lL H ‘\ A \’I\\IL H )J
05 10 15 20 25 30 35 40 45 50 55 60 65

26 [°]

Figure 2. PXRD pattern of Cs,(UO,)ALO; (red) and the calculated
pattern from the cif (black).

Single-crystal X-ray diffraction data were collected on a yellow
plate crystal cut from the larger polyhedral crystals of
Cs,(UO,)ALO; using a Bruker D8 Quest single-crystal X-ray
diffractometer equipped with a Mo Ka microfocus source (4 =
0.710 73 A). The structure of the single crystal was determined
by reducing the data and applying an absorption correctlon
using the SAINT+ and SADABS programs within APEX 3,
solving using the SHELXT solution method, and refining the
solution using SHELXL within the Olex 2 GUL'®~"* Full
crystallographic data can be found in Table S1 along with bond
distances and bond valence sums in Table S2. The refinement of
the U, Al, and O sites was straightforward, while the refinement
of the Cs sites, discussed further in the Supporting Information,
was difficult due to the extreme disorder of the cations in the
channels of the structures. As a result of the extreme disorder in

the Cs cations, diffuse scattering was visible in the diffraction
frames of the single-crystal diffraction data (Figure S1). The final
solution has an R; value of 1.69% and maximum/minimum
electron density peaks of +0.9 and —1, indicating the model of
the Cs disorder matches well with the collected data; however,
the positions and occupancies of the seven partially occupied
cesium sites should be considered approximate. The elements in
the structure solution were confirmed qualitatively by energy-
dispersive spectroscopy (EDS) using a TESCAN Vega-3 SBU
scanning electron microscope equipped with an EDS detector.

Cs,(UO,)AL O crystallizes in the tetragonal space group 14,/
amd with lattice parameters a = 7.3254(2) A and ¢ = 30.9849(7)
A, where all sites lie on special positions. U1, O4, and Cs4 lie on
Wyckoff site 8e with 2mm symmetry and O3 lies on Wyckoff site
16g with .2 symmetry, while all others lie on 16h with .m.
symmetry. The structure of Cs,(UO,)AL Oy consists of parallel
2D [ALO;]*" sheets in the bc plane (Figure 3a) connected by
chains of edge-sharing UO, square bipyramids. The 2D
[AL,O4]*" sheets contain four-membered (vierer) and eight-
membered (achter) rings where vierer rings are linked to form a
layer through corner sharing so that only achter rings are formed
between them. This aluminate sheet topology is similar to that of
the silicate sheets found in K,[(UO,)Si,0], Na,(UO,)-
(814010), KNa3[(U0,),(814040),], and Na4[(U02)2(Sl4010)2]
where the 2D nets are identical; however, the directions in which
the tetrahedra point are different for all three structures.'*”'®
This sheet topology is also observed in several aluminosilicate
and silicate minerals such as paracelsian, feldspars, harmotome,
philipsite, merlinoite, gismondine, garronlte, and apophyllite, in
addition to many other synthetic materials.'” Liebau explicitly
lists the 29 different isomers of this simple topology that differ
only by the direction that the tetrahedra point (up or down), of
which only five have been observed to date. The title compound
is, to our knowledge, the first example of no. 18."” Figure 3b
shows the connection of the aluminate sheets through edge-
sharing on two sides of the equatorial planes of the pentagonal
bipyramids, where the UO; chains alternate between the a and b
directions between each aluminate sheet. The cesium atoms lie
within the channels created by the gaps between parallel UO,
chains.

As part of our interest in nuclear waste forms, first principle
calculations were used to determine whether aqueous Cs* ion
exchange with K" is energetically favorable. From the DFT+U
calculated total energies (full details of these calculations can be
found in the Supporting Information) we determined the
energies for exchanging ion A with ion B (A = Cs*, B=K"), AE,,
using the equation

AE, = Et]?)t Etﬁt + N/"A - NﬂB (1)
where EQ, and E,
ion A and B, respectively, u* and y® are the chemical potential of
the A and B ions, respectively, and N is the total number of ions
being exchanged, in our case 16. For comparison purposes we
used the chemical potential of the ions in vacuum and in water.
The calculated AE,, are negative, —0.531 eV/exchanging ionin a
vacuum and —0.140 eV/exchanging ion in water, indicating a
strong driving force for exchanging Cs" ions with K.

Ion exchange experiments were performed both on single-
crystal and ground crystalline samples by soaking 20 mg samples
in 4 m KCI for 3 days at 90 °C without stirring. A control
experiment was performed by soaking Cs,(UO,)ALO; in water
at 90 °C for 4 days. After the experiments, the single crystals

are the total energy of the system containing
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Figure 3. (a) 2D aluminate sheet constructed of vierer and achter rings. (b) Aluminate sheets connected by edge sharing chains of UO, polyhedra. (c)
Cs,(UO,)AL O shown with all sites. Uranyl polyhedra are yellow, aluminate tetrahedra blue, cesium cations in dark blue, and oxygen atoms in red.

were no longer single crystalline but rather had transformed into
a polycrystalline powder. The control experiment showed no
significant change in the PXRD pattern, indicating the stability
of Cs,(UO,)AL O in water over the short period of 4 days. The
powder ion exchange product was analyzed by EDS and PXRD
methods described previously and support near complete
exchange of Cs for K. A calculated pattern for the K bearing
ion exchange product was obtained by replacing the Cs sites with
K and refining the lattice parameters in Jade 9, which resulted in
lattice parameters a = 7.2165(7) A and ¢ = 30.323(7) A."® The
DFT+U calculations well reproduce the change in lattice
parameter when Cs is completely exchanged by K (see Table
S4). The experimental and calculated patterns are shown in
Figure 4 and demonstrate a good fit. There are unidentified
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Figure 4. Experimental PXRD pattern of the K ion exchange product
(red) and the calculated pattern (black).

peaks at approximately 13° and 26° 26 that were not present in
the PXRD prior to ion exchange and are possibly a result of some
decomposition. Our experimental results support the DFT
calculations that predicted the exchange of Cs* to K' is
energetically favorable.

Optical measurements on Cs,(UO,)AL Oy were performed
using a PerkinElmer Lambda 35 UV—vis spectrometer equipped
with an integrating sphere and a PerkinElmer LSSS
luminescence spectrometer. The UV—vis diffuse-reflectance
data were collected over 200—900 nm and converted internally
using the Kubelka—Munk equation.'” Cs,(UO,)AL,O5 absorbs
broadly from 200 to 530 nm, classifying the title compound as a
semiconductor, with the charge transfer band centered at 354
nm and the UQO,?* transitions at 435 and 446 nm with a shoulder
at 505 nm (Figure Sa). The DFT+U calculations show that the
title compound is specifically a charge-transfer insulator (see
Figure S2), unlike UO, and the previously studied uranyl
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Figure S. (a) Normalized UV—vis spectra and (b) fluorescence
excitation and emission spectra of Cs,(UO,)ALOs.

phosphates,”® with a slightly larger band gap of 423 nm.
Replacing P with the less electronegative element, Al, makes the
Cs,(UO,)ALO; system more ionic, pushing the O states to
higher energies; consequently, the states at the top of the valence
band are exclusively from the O atoms. The maximum
fluorescence emission occurs when exciting at 408 nm, and
the maximum peak of the emission spectrum is at 573 nm with a
smaller peak at 530 nm, which is typical of UO,*" fluorescence
(Figure Sb). While the fluorescence emission spectra is typical of
solid state UO,** species, the UV—vis diffuse reflectance data are
unusual in the fact that the vibronically coupled transitions of the
U0, are significantly narrower than in spectra of other recently
reported solid state UO,>" species.”*' >

In summary, the first uranium material solely containing
aluminum tetrahedra as the secondary building unit was
discovered serendipitously by molten flux methods and
synthesized by combined solid state and flux methods. The
structure was characterized by SXRD, PXRD, EDS, optical
spectroscopy, and modeled by DFT calculations to determine
the feasibility of the exchange of Cs* cations for K" in water. The
ion exchange reaction was shown to be favorable by DFT+U
calculations, which was supported by our analysis of the ion
exchange product that was confirmed to have exchanged
essentially all Cs™ for K™ and to have a similar powder pattern
that can be indexed with unit cell parameters similar to those of
the parent phase. This work demonstrates the ability to form
uranium aluminates by molten flux methods, although the exact
reaction conditions that produced this phase are poorly
understood and should be the subject of future investigations
in order to expand this new class of uranium aluminate materials.
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