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ABSTRACT: Salt-inclusion compounds (SICs) are known
for their structural diversity and their potential applications,
including luminescence and radioactive waste storage forms.
Currently, the majority of salt-inclusion phases are grown
serendipitously and the targeted growth of SICs has met with
only moderate success. We report an enhanced flux growth
method for the targeted growth of SICs. Specifically, the use of
(1) metal halide reagents and (2) reactions with small surface
area to volume ratios are found to favor the growth of salt-
inclusion compounds over pure oxides and thus enable a more
targeted synthetic route for their preparation. The Cs—X—-U—
Si—O (X = F, Cl) pentanary phase space is used as a model
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system to demonstrate the generality of this enhanced flux method approach. Single crystals of four new salt-inclusion uranyl
silicates, [Cs;F][(UO,)(Si4040)], [Cs,CssF][(UO,),(Sis047)], [CsyCs6Cl] [(UO,),(Si6017)5(81,01,)], and [Cs,CssF]-
[(U0,);(8i,0;),], were grown using this enhanced flux growth method. A detailed discussion of the factors that favor salt-
inclusion phases during synthesis and why specifically uranyl silicates make excellent frameworks for salt-inclusion phases is given.

B INTRODUCTION

Exploratory crystal growth is a vital aspect of solid-state
chemistry, where the discovery of new compounds and
structure types leads to new systems that can be optimized
for a desired property and even to the discovery of new,
unexpected properties. For much of its history, exploratory
crystal growth has largely entailed targeting yet unexplored
phase space. However, with the maturation of the field, the
focus of this exploration has shifted toward the development of
new synthesis methods that allow for the targeted growth of
new compounds within already explored phase space. These
new methods can be a brand new technique such as the
modulated elemental reactants method' or can be a
modification of an already used approach, such as the mild
hydrothermal method for inor%anic fluorides,”™* the two-step
synthesis for reduced oxides,”® or the recently developed
hydroflux method.”™”

One class of materials that has garnered increasing attention
is salt-inclusion phases, compounds which consist of a more
covalent metal oxide framework containing voids filled by 0-
D,'*'! 1.D,"*~** or 2-D* simple ionic salt lattices. Although
salt-inclusion minerals have been known since the early
1900s,'®"” during the past ~15 years synthetic salt-inclusion
phases have been recognized as an abundant and structurally
diverse set of compounds.'®'” Furthermore, they have received
attention for their potential applications, such as for
luminescence.'’ Interestingly, in the case of wuranyl salt-
inclusion compounds, these phases exhibit intense lumines-
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cence at room temperature, whereas in uranyl oxides the
luminescence is typically thermally quenched.””*" Similar
behavior has been observed for uranyl oxychlorides”>** and is
likely due to the softening of the vibrational modes by the
halide anion. Besides luminescence, many salt-inclusion phases
are noncentrosymmetric, making them potential second
harmonic generation materials.'”~"* Salt-inclusion compounds
can also form porous materials,®**** can exhibit magnetic
nanostructures,'”>° and can have important applications as new
waste forms for the safe, long-term storage of radioisotopes,
such as Cs, I, Py, and U.”’

While of increasing interest, salt-inclusion compounds have
remained a challenge to synthesize,"”** and most of the salt-
inclusion phases that have been reported were grown
serendipitously during the exploration of oxide systems.'"***’
These phases have predominately been grown from alkali
halide fluxes but have also been grown from other salt
fluxes,®*" such as Na,0—H;BO,, and under hydrothermal
conditions.”** Some effort has been placed on the targeted
growth of salt-inclusion compounds and, via the careful
selection of systems and the use of mixed alkali halide eutectic
fluxes, many new salt-inclusion phases have been prepared,
often by resorting to intercalation of a salt-lattice into a known
structure.”*
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Figure 1. Uranyl silicate products of reactions with varying U:Si ratios using either UO, (top) or UF, (bottom) as the uranium source. Reaction
products were determined by PXRD. All reactions also contained a large amount of AgCl which is not included in the figure.

Uranium silicates have been extensively studied as the
abundance of silicon dioxide in the earth’s crust leads to the
formation of uranyl silicates in uranium deposits,”*
when spent nuclear fuel interacts with the environment.
Silicates have also been investigated as potential waste storage
media.>” Currently, nuclear waste is predominately stored in
glass form;*® however, crystalline materials are being
investigated as future storage media due to their enhanced
water stability when compared to glasses.”” Of particular
interest are materials that can immobilize multiple constituents
of spent nuclear fuel. In particular, cesium containing
compounds are of interest as cesium is one of the most
abundant fission products.*”*' One class of materials that has
been investigated are guest—host materials in which a covalent
host uranyl framework accommodates an electrostatically
bonded guest species, for example an alkali hydrate."* Salt-
inclusion compounds have a similar structural motif making the
investigation of salt-inclusion uranyl silicates of interest.

We have recently reported on the synthesis of two new salt-
inclusion uranyl silicates, [NaKF][(UO,);(Si,0;),] and
[KK(F][(UO,);(Si,0,),].>” In the case of [NaKF]-
[(UO,),(Si,0,),] we found that the surface area to volume,
sa/vol, ratio of the reaction had a strong influence on the
reaction products, with small sa/vol ratios favoring the growth
of salt-inclusion phases over pure oxides.”” In this work, we
discuss this enhancement to the flux growth method along with
introducing a new enhancement, the use of halide as opposed
to oxide precursors. We find that these two enhancements
greatly favor the growth of salt-inclusion phases over pure
oxides.

To articulate these enhancements, we will focus in this paper
on the U(VI)—Si—O—CsCl/CsF phase space, in which to date
we have discovered four new salt-inclusion phases, as well as
our previously reported salt-inclusion compounds.”"”” We find
that while a subset of salt-inclusion phases can be grown using
traditional flux growth techniques, a set which likely includes
most of the serendipitously grown salt-inclusion phases,
numerous other salt-inclusion phases require one or both of
the enhancements discussed herein in order to be synthesized.
To highlight this and to discuss the factors that favor salt-
inclusion phases during synthesis, and why specifically uranium
silicates make excellent frameworks for salt-inclusion phases, we
present the synthesis and structure of the four new salt-
inclusion cesium uranyl silicates, [Cs;F][(UO,)(Si,O40)] (1),
[Cs,CssF][(UO,)5(81,05),] (2), [Cs,CssF][(UO,),(SisO017)]
(3), and [CssCs¢Cl][(UO,),(8ig017)2(Si4012)] (4).
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B EXPERIMENTAL SECTION

Synthesis. U;0; (International Bio-Analytical Industries, powder,
ACS grade), UF, (International Bio-Analytical Industries, powder,
ACS grade), CsF (Alfa Aesar, powder, 99%), and CsCl (Alfa Aesar,
powder, 99%) were used as received. SiO, (Aldrich, fused pieces <4
mm, 99.99%) was ground in a ball mill and passed through a 250 ym
sieve. UO, was prepared by heating U304 at 650 °C for 18 h. under a
flow of 4% H, in N,. Caution! Although the uranium precursors used
contain depleted uranium, standard safety measures for handling
radioactive substances must be followed.

For each reaction, a mixture of UF, or UO, and SiO, was placed in
a silver crucible made from a 5.7 cm tall and 1.2 cm in diameter silver
tube with a bottom welded on using a tungsten inert gas welder and
covered with a mixture of 9 mmol CsF and 11 mmol CsCl. Specific
reaction conditions to grow each compound are detailed in Figure 1.
For reactions with a 1:4 U:Si ratio, 0.5 mmol of UF, or UO, and 2
mmol of SiO, were used. For reactions with a higher U content, the
amount of SiO, was reduced and for reactions with a greater Si
content, the amount of U precursor was reduced. In each case, the
silver tube was loosely covered with a silver lid and placed in a
programmable furnace. The reactions were heated to 800 °C in 1.5 h,
dwelled at this temperature for 12 h, slow cooled to 400 °C at 6 °C/h,
and then quickly cooled to room temperature by shutting off the
furnace. The flux was removed via sonication in water and the reaction
products were isolated via vacuum filtration.

[CssF][(UO,)(Si,04)] (1) was grown using a UF,:SiO, ratio of
1:4. This reaction yielded neon yellow-green rod crystals of
[CsyF][(UO,)(S1,040)] (1), Figure 2, in ~60% yield along with a
large amount of polycrystalline AgCl. A phase pure sample of
[Cs;F][(UO,)(Si4040)] (1) was obtained via crystal picking.

[Cs; F][(Uo,)(suo,(,)]
V4 / \\\\
]\\\\ N\
AN b

[Cs,CssFI[(UO2)x(Si07)]

[Cs,CssF][(UO,)5(Si,0),]

/

[CsoCsCl]
[(UO,)(8i07)x(S1,01,)]
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\ AN -
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Figure 2. Single crystals of [Cs;F][(UO,)(Si,0,0)] (1), [Cs,CssF]-
[(U02)3(Si207)2} (2), [CszcssF][(Uoz)z(Sisow)] (3), and
[CS9C56C1][(U02)7(Si5017)2(5i4012)] (4)
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Table 1. Crystallographic Data for Cesium Halide Salt-Inclusion Uranyl Silicates

compound [Cs;F][(UO,)(81,040)] [Cs,CssF][(UO,)5(S1,0,),] [Cs,CssF][(UO,),(Sig047)] [CssCsCl[(UO,);(Sig017),(S14012)]
space group Imma P2,/n P2.2,2 PT
a (A) 15.4758(4) 7.5564(5) 10.3741(3) 7.3497(2)
b (A) 7.8147(2) 9.8644(7) 19.2795(7) 15.3322(5)
¢ (A) 12.7559(4) 18.5543(13) 7.1800(2) 17.2547(5)
a (deg) 90 90 90 89.2960(10)
B (deg) 90 91.713(2) 90 89.9880(10)
7 (deg) 90 90 90 76.4460(10)
V (A% 1542.68(7) 1382.41(17) 1436.05(8) 1890.08(10)
V4 4 2 2 1
crystal size (mm?) 0.42 X 0.08 X 0.06 0.08 X 0.04 X 0.04 0.06 X 0.04 X 0.04 0.10 X 0.06 X 0.02
temperature (K) 301(2) 299(2) 304(2) 300(2)
density (g cm™) 4.134 5.033 4.463 4.485
0 range (deg) 2.63—36.36 2.88—-36.07 2.88—32.06 2.36—30.03
u (mm™) 17.871 26.860 20.341 22453
Data Collection and Refinement
collected reflections 40412 86130 84627 98100
unique reflections 2043 6677 5246 11075
Ry 0.0471 0.0374 0.0418 0.0377
h -23<h<25 -12<h<12 -15<h<18 -10<h <10
k -13<k<13 -16 <k<16 -29<k<29 -21<k<21
1 -21<1<21 -30<1<30 -10<1<10 -24<1<24
AP (6 A73) 3.527 3.998 3.646 6.632
Appin (e A7) —3.532 —3.163 —5.379 —5.792
GoF 1.126 1217 1.170 1.142
extinction coefficient 0.00259(11) 0.00087(4) n/a n/a
R,(F) for Ey* > 206(F*)" 0.0290 0.0383 0.0485 0.0548
Rw(Foz)b 0.0724 0.0864 0.1305 0.1215

R, = Z|IF| — IE|I/ZIF). *wR, = [Sw(F} — F2)¥/Iw(F)*Y% P = (F + 2F2)/3; w = 1/[6*(F,2) + (0.0300P)> + 24.5990P] for
[Cs;F][(UO,)(Siy040)], w = 1/[6*(Fy) + (0.0134P)* + 32.1169P] for [Cs,CssF][(UO,);(Si,0,),], w = 1/[6*(F,2) + (0.0498P)* + 32.1181P] for
[Cs,CssF][(UO,),(Sig01,)], and w = 1/[6*(F?) + (0.0194P)* + 104.1265] for [CsyCssCl][(UO,),(Sig017),(Si,01,)].

[Cs,CssF][(UO,)5(S1,0),] (2) was grown using a UF,:SiO, ratio of
1:1. This reaction yielded thin yellow needles of [Cs,CssF]-
[(UO,),(8i,0,),] (2), Figure 2, in ~10% yield along with large
yellow crystals of Cs,USi,Og, which have a similar morphology to
[CsyF][(UO,)(Si40,9)] (1), and a large amount of polycrystalline
AgCl. [Cs,CssF][(UO,),(Sic0,,)] (3) was grown using a UO,:SiO,
ratio of 1:8. This reaction yielded small yellow rod crystals of
[Cs,CssF][(UO,),(Sig0,,)] (3), Figure 2, in ~10% yield along with a
large amount of polycrystalline AgCl. [CsyCs4Cl]-
[(UO,),(Si017)2(S1,01,)] (4) was grown using a UF,:SiO, ratio of
1:2. This reaction yielded yellow rods of [Csy,Cs4Cl]-
[(UO,),(Sig017)2(Si,01,)] (4), Figure 2, in ~20% yield along with
large yellow crystals of Cs,USi,Oq and a large amount of polycrystal-
line AgCL

Structure. Single crystal X-ray diffraction, SXRD, data for each
compound were collected on a Bruker D8 QUEST diffractometer
equipped with an Incoatec microfocus Mo Ka source (4 = 0.71073 A)
and a PHOTON 100 CMOS area detector. Diffraction data were
processed using SAINT+* and corrected for absorption effects with a
multiscan absorption correction using SADABS.** ShelXT* was used
to obtain an initial structure solution via direct methods which was
then refined using ShelXL* in the OLEX2*” and WinGX* interfaces.
Crystallographic data for each compound are provided in Table 1.

Structure determination using SXRD data was challenging due to
the strong absorbing nature of both U and Cs and by the low
dimensionality of the crystals of each compound. To obtain the best
quality data possible, a high redundancy of data (redundancy >9 for
most reflections), was collected to improve the multiscan absorption
correction. Structure determination was further complicated by the
presence of disorder in the salt-inclusion of each reported compound
and by the presence of twinning in [Cs,CssF][(UO,),(SisOy7)] (3)
(inversion twin), and [CsyCssCl][(UO,),(Sis0;,),(Si,01,)] (4)

7123

(pseudomerohedral twin). In each case, the model presented here
yielded a physically sensible structure and the best refinement
statistics. The higher R-values and less smooth residual electron
density maps obtained from these refinements (in comparison with
typical SXRD solutions) are a direct result of strongly absorbing,
disordered, nonideal crystals and not the result of incorrect structure
solutions. It is also important to note that in all cases, the largest
residual electron density maxima are less than 10% of the electron
density of the adjacent heavy atoms.

[CsyF][(UO,)(Si,0,0)] (1) crystallizes in the orthorhombic space
group Imma and refined to R, = 0.0290 with a reasonably flat final
difference map. The largest residual electron density peak and hole,
3.527 and —3.532 /A3, are located 0.63 and 0.28 A from Cs(2),
respectively. Disorder was observed on the F site. When only one F
site was modeled, a highly prolate atomic displacement parameter, U,/
U, =485.5, was observed. This disorder was modeled as five F positions
(F1, F(2) x 2, and F(3) X 2) with a total occupancy of 1.
[Cs,CssF][(UO,)5(S1,0,),] (2) crystallizes in the monoclinic space
group P2,/n and refined to R; = 0.0383. The largest residual electron
density peak of 3.998 e”/A? is located 0.90 A from U(1) and hole of
—3.163 e7/A® is located 1.468 A from O(3) and ~1.82 A from the
split Cs(4) sites. Both the F(1) and Cs(4) atoms are split across an
inversion center. When no atom is modeled on either site, two residual
electron density peaks are observed. [Cs,CssF][(UO,),(Sis0;,)] (3)
crystallizes in the orthorhombic space group P2,2,2 and refined to R,
= 0.0485. The largest residual electron density peak of 3.646 e™/A® is
located 1.76 A from Cs(2) and hole of —5.379 /A is located 1.92 A
from Cs(1). Disorder was observed in the Cs(4) site. When only one
site was modeled a very prolate atomic displacement parameter, U;/U,
= 7.5, and a large residual electron density peak, 5.11 e”/A% on one
side of the site were observed. This disorder was modeled as a main
Cs(4a) site with an occupancy of 92.8(5) % and a Cs(4b) site with an
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Figure 3. Structure of [Cs;F][(UO,)(Si,040)] (1) showing the view down the b-direction (left), the view down the a-direction (center), and the
salt-inclusion (right). Silicate polyhedra are shown in blue, uranium polyhedra in yellow, cesium atoms in pink, and fluorine atoms in green, and

oxygen atoms in red.

occupancy of 7.2(5) %. When the atomic displacement parameter for
O(8) was freely anisotropically refined an unreasonably flat ellipsoid
was observed, likely due to its proximity to the disordered Cs(4) sites.
For this reason, the displacement parameters for O(8) were refined
using an ISOR command with o 0.005. [CsyCssCl]-
[(UO,),(Sic017),(Si401,)] (4) crystallizes in the triclinic space
group P1 and refined to R; = 0.0548. The largest residual electron
density peak of 6.637 e”/A> is located 0.73 A from U(2) and hole of
—5.779 e /A3 is located 0.59 A from U(3). A large amount of Cs
disorder was observed in one region of the structure. When no Cs
atoms were modeled in this region, eight residual density peaks were
observed around an inversion center. When modeled as partially
occupied Cs atoms, the occupancies freely refined to a total occupancy
of 3.03. To charge balance, the total occupancy of these eight sites was
constrained to 3 using a SUMP command.

Powder X-ray diffraction, PXRD, data was collected on bulk
portions of each reaction product. Data was collected on a Rigaku
Ultima IV diffractometer with a Cu Ka source (1 = 1.54056 A) and a
D/teX detector. The diffraction patterns, Figure S1, were used to
identify the products of each reaction. PXRD data was also used to
confirm the purity of the picked [Cs;F][(UO,)(Si,010)] (1) sample,
Figure S2. Energy dispersive spectroscopy data on single crystals of
each compound were collected on a TESCAN Vega-3 SBU equipped
with an EDS detector. Qualitatively, elemental analysis using this data
confirmed the presence of Cs, U, Si, O, and the expected halide in each
compound and, within the detection limits of the instrument,
confirmed the absence of Ag and the other halide.

Fluorescence. Fluorescence data for [Cs;F][(UO,)(Si,040)] (1)
were collected on a PerkinElmer LSSS Luminescence Spectrometer.
Excitation data were collected at an emission wavelength of 545 nm
and emission data were collected at an excitation wavelength of 411
nm.

B RESULTS AND DISCUSSION

Synthesis. Alkali halide fluxes, especially mixed alkali
halides, are a versatile flux for the synthesis of oxides, as they
are capable dissolving most metal oxide starting materials.*’ In
some instances, the use of alkali halide fluxes can lead to the
growth of salt-inclusion phases. Historically, such phases were
grown serendipitously, although the growth of salt-inclusion
phases can be made more likely by careful selection of system
and precursors. We have recently reported that decreasing the
surface area to volume, sa/vol, ratio of the reaction can greatly
increase the likelihood of producing a salt-inclusion phase.”’
This is believed to be due to the decreased availability of
atmospheric oxygen to the reaction favoring the inclusion of
other anions in the product. We have observed that some salt-
inclusion phases are highly dependent on the sa/vol ratio while
others readily grow even in reactions with a very high sa/vol
ratio. For example, [NaK(F][(UO,);(Si,0,),] could only be
grown in the tall silver tube based crucible described in the
experimental section, whereas [KK,CI][(UO,);(Si,0,),] read-
ily grows even in a shallowly filled 75 mL silver crucible.
Similarly, [Cs;F][(UO,)(Si,01)] (1) could only be grown
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using the silver tube based crucible. If the same reaction was
carried out in a 14 mL high form or 75 mL conical crucible the
major products were Cs,USi,Og and AgCl, with no [Cs;F]-
[(UO,)(Si4010)] (1). The reaction was also performed in a 24
mL high form Pt crucible and yielded similar products to the 14
mL Ag crucible reaction except without the formation of AgCl,
suggesting that the formation of AgCl does not affect the other
reaction products.

As discussed above, the competition between the growth of
salt-inclusion phases versus pure oxides appears to be very
dependent on the availability of oxide versus halide ions in the
melt. It follows that the use of metal halide reagents instead of
metal oxide reagents may favor the growth of salt-inclusion
phases. Indeed, this is found to be the case for [Cs,F][(UO,)-
(8i4040)] (1), [Cs,CssF][(UO,)5(Si,0,),] (2), and
[CsyCscCl][(UO,),(Sig017),(Si401,)] (4), which can only be
grown when a uranium fluoride, UF, or UF;, is used as the
uranium source. In the case of [Cs;F][(UO,)(Si,0,0)] (1),
when either UO, or U;Oy are used, Cs,USi,Oy is formed
instead. On the other hand, [Cs,CsF][(UO,),(Sis0;,)] (3),
only formed when a uranium oxide precursor was used. This
may be because [Cs;F][(UO,)(Si,010)] (1) readily grows
under the same conditions when a uranium fluoride precursor
is used, kinetically preventing the growth of [Cs,CssF]-
[(U0,),(Sic017)] (3).

We have observed two possible results when a uranium
fluoride is used instead of a uranium oxide. In some cases, such
as the [Cs;F][(UO,)(Si4040)] (1) reaction, a different product
is observed when UF, is used. Similarly, when UF, is
substituted for U;Oq in our reported growth of [NaK(F]-
[(UO0,);(81,0,),],”” a different salt-inclusion phase, Kg(KF)-
UgSigO,,”" is formed. In other cases, the use of UF, instead
leads to the growth of larger crystals of the same product as is
grown using U;Og,. For example, in the targeted growth of
Ks(KF)UgSigOy the use of UF, produced larger crystals than
the same growth with U,0:7"

Structure. All four compounds consist of a uranyl silicate
framework that contains voids in which the salt-inclusion is
located. In each compound, the uranium atoms adopt a typical
uranyl geometry50 with two short axial U—O bonds,
1.777(13)—1.891(12) A and four longer equatorial U—O
bonds, 2.207(14)-2.281(12) A. Likewise, the silicon atoms
adopt the typical tetrahedral silicate geometry”' with bond
distances of 1.570(15)—1.656(12) A. Specific bond distances,
along with bond valence sums,””>* for each compound are
listed in Tables S1—S4. The structural formula [A,B,X]-
[(UO,),(8i,0,),] is used throughout this manuscript, where
[(U0,),(8i,0,)] is the framework consisting of uranyl, UO,*,
units and Si O, units, B,X is the salt-inclusion and A are alkali
cations which are not part of the salt-inclusion.
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Figure 4. Structure of [Cs,CssF][(UO,);(S,05),] (2) showing the view down the a-direction (left), the channel created by the 12-member ring
(center), and the salt-inclusion (right). Silicate polyhedra are shown in blue, uranium polyhedra in yellow, cesium atoms in pink, and fluorine atoms

in green, and oxygen atoms in red.
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Figure 5. Structure of [Cs,CssF][(UO,),(SigO;7)] (3) showing the view down the c-direction (left), the view down the a-direction (center), and the
salt-inclusion (right). Silicate polyhedra are shown in blue, uranium polyhedra in yellow, cesium atoms in pink, and fluorine atoms in green, and

oxygen atoms in red.

[Cs;F][(UO,)(Si4040)] (1), shown in Figure 3, crystallizes
in the orthorhombic space group Imma with lattice parameters
a=154758(4) A, b =7.8147(2) A, and ¢ = 12.7559(4) A. The
asymmetric unit of the structure consists of one U site, one Si
site, two Cs sites, five O sites and three disordered F sites. The
silicate tetrahedra form Si O, columns in the b-direction.
These columns are connected in the a- and c-directions by
isolated UOg polyhedra to form 12 member uranyl silicate rings
(U-Si—Si—U-Si—Si—U-Si—Si—U—Si—Si). The Cs;F salt
inclusion is located in the center of these rings and can be
described as columns of face sharing Cs¢F octahedra, where
significant disorder exists in the position of the fluorine anion
about a 2-fold axes of the Cs¢F octahedron. This disorder was
modeled as a central F(1) surrounded by a F(2) and F(3) on
each side with occupancies 0.30, 0.23, and 0.12, respectively.

[Cs,CssF][(UO,)5(81,07),] (2), shown in Figure 4,
crystallizes in the monoclinic space group P2,/n with lattice
parameters a = 7.5564(5) A, b = 9.8644(7) A, ¢ = 18.5543(13)
A, and = 91.713(2)°. The asymmetric unit consists of two U
sites, two Si sites, three ordered and one disordered Cs site, ten
O sites and one disordered F site. The structure is related to the
structures of the previously reported [ABX][(UO,),(Si,0),]
([ABgX] = [NaRbgF], [NaK¢F], or [KK(Cl]) and [KK,Cs,F]-
[(UO,);(81,0,),], reported as [K;Cs,F][(UO,);(81,0,),],
which crystallize in the space groups Pnnm and Cmc2,
respectively.””** [Cs,CssF][(UO,);(Si,0,),] (2) contains the
same uranyl silicate framework as the [ABX][(UO,);(8i,05),]

compounds, although the framework is slightly monoclinically
distorted, likely due to the large size of the Cs cations
compared to the other alkali cations. This framework, which is
described in more detail elsewhere,””** is made up of isolated
uranium polyhedra that corner share with Si,O, units to form
12 member uranyl silicate rings (U—Si—U—Si—U—-Si—U—Si—
U-Si—U=Si). [Cs,CssF][(UO,);(Si,0,),] (2) differs from the
other [ABX][(UO,);(S1,05),] compounds in the location and
identity of the [A,B,,X] unit. The other compounds all contain
a single small A cation, Na" or K*, which is located in the center
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of a U-S8i—Si—U-Si—Si ring within the uranyl silicate
framework. Cs* is too large to fit into this site and instead
shifts to either side of the ring, doubling the A cation
occupancy. At the same time, the salt-inclusion, which are
isolated B¢X units in the other compounds, rotate to become
corner sharing. Disorder in the F and shared Cs sites lead to the
actual salt-inclusion being isolated CssF units with a sixth
longer Cs—F bond.

[Cs,CssF][(UO,),(SigO0y7)] (3), shown in Figure S and
Figure S3, crystallizes in the orthorhombic space group P2,2,2
with lattice parameters a = 10.3741(3) A, b = 19.2795(7) A,
and ¢ = 7.1800(2) A. The asymmetric unit consists of one U
site, three Si sites, three ordered and one disordered Cs site, 11
O sites and one F site. The silicate tetrahedra corner share to
form SigO, chains. These chains can be viewed as individual 8-
member silicate rings which share two silicate units with each of
the adjacent rings. The four nonshared silicate units within the
8-member ring exist as two pairs, each of which corner shares
one oxygen each with two uranyl polyhedra and two oxygens
with a third uranyl polyhedron, Figure S3. This creates 14
member uranyl silicate rings (U—Si—Si—Si—Si—U—-Si—U—Si—
Si—Si—Si—U—Si) that form channels down the c-direction.
Both the BX salt-inclusion and the A cations are located in
these channels and have an arrangement similar to that found
for the [Cs,CssF] units in [Cs,CssF][(UO,);(S,0,),] (2).
Specifically, the CsF salt-inclusions form pseudo corner-
sharing Cs¢F octahedra, where the shared Cs atoms are shifted
toward one F atom, Cs—F = 3.288 A, to form CsF square
pyramids with a sixth longer Cs—F bond, Cs—F = 3.892 A, and
the two nonsalt-inclusion Cs cations lie between four equatorial
salt-inclusion Cs atoms and are on opposite sides of the salt-
inclusion. Unlike in [Cs,CsF][(UO,);(5i,0,),] (2), in
[Cs,CssF][(UO,),(Sig0;,)] (3) the F and shared Cs atoms
in the salt-inclusion are completely ordered, and instead, two of
the equatorial Cs atoms, both Cs(4) atoms, are disordered
where the Cs(4A) atoms, occupancy = 92.8(5) %, are within
bonding range of the central F atom, Cs—F = 3.166 A, and the
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47.7%

Figure 6. Structure of [CsyCs¢Cl][(UO,),(SiO;7),(S1,01,)] (4) showing, from left to right, the view down the a-axis, the channel created by the
10-member ring, the environment around the disordered Cs sites, the channel created by the 12-member ring, and the channel created by the 9-
member ring. Silicate polyhedra are shown in blue, uranium polyhedra in yellow, cesium atoms in pink, and fluorine atoms in green, and oxygen

atoms in red.

Cs(4B) atoms, occupancy = 7.2(5) %, are outside of the
bonding range, Cs—F = 4.227 A.

[CsyCssCl][(UO,)+(Si017),(S1,01,)] (4), shown in Figure
6, crystallizes in the triclinic space group PI with lattice
parameters a = 7.3497(2) A, b = 15.3322(5) A, ¢ = 17.2547(5)
A, a = 89.2960(10)°, f = 89.9880(10)°, and y = 76.4460(10)°.
The asymmetric unit consists of four U sites, eight Si sites, six
ordered and four disordered Cs sites, twenty-eight ordered and
six disordered O sites and one Cl site. Unlike in the other
reported compounds, the silicate tetrahedra form two types of
silicate motifs, SicO,, chains and Si,O;, squares, within the
structure. This is the second example of a uranyl silicate with
more than one silicate motif, the first being Kg(KsF)USigO0.”"
In [CsyCssCl][(UO,),(Sis017)2(Si4012)] (4), two SicOy,
chains corner share with U(1) polyhedra to form 10 member
rings (U—Si—Si—Si—Si—U—Si—Si—Si—Si) that create channels
in the a direction. Each U(1) polyhedron corner shares with
two silicate units of each silicate chain; however due to the
alignment of the U(1) polyhedra on either side of the channel,
both of these silicate units are from the same 8 member silicate
ring (recall that SicO,, chains are composed of 8 member
silicate rings that share two silicate units with each adjacent
ring) on one side and from two different 8 member silicate
rings on the other. The 10 member rings are connected to each
other in the b-direction by U(4) polyhedra to create
(U(1)0,),(Sig0;7),U(4) 0, slabs in the ab plane. The Si,O,
squares share two corners each with two U(2) polyhedra which
lie on opposite sides of the square. These (U(2)0,),(Si;01,)
units are connected to each other in the a-direction by corner
sharing with two U(3) polyhedra on either side to form
(U(2)0,),(8i,0,,)(U(3)0,), columns. The (U(2)-
0,),(8i,0,,)(U(3)0,), columns corner share with the SisO;,
chains of the (U(1)0,),(Sis0;,),U(4)0, slab to form the 3-D
uranyl silicate framework. This creates 9 member (U—Si—Si—
U—Si—Si—U—Si—Si) and 12 member (U-Si—U-Si—U-Si—
U—Si—U-Si—U—-S8i) uranyl silicate rings which form channels
in the a-direction.

In [CsyCseCl][(UO,)(Sis017)2(Si4012)] (4), the salt-
inclusion, isolated Cs¢Cl octahedra, are located in the channels
created by the 12 member uranyl silicate ring. The other two
channels are both occupied by nonsalt-inclusion Cs atoms.
Finally, the connection of the 10 member rings by U(4)
polyhedra creates (SigO,,),U(4), cages which are occupied by
eight disordered Cs atoms that sum to a total occupancy of
three. Likely due to this disorder, the U(4)O¢ polyhedra are
disordered over an inversion center such that the U(4)Oq4
polyhedra are tilted one direction 50% of the time and tilted the
other direction the remaining time.
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Salt-Inclusions. As has been discussed in prior work,”” salt-
inclusion structures are very suitable for uranyl compounds.
The two short uranyl oxygens have little tendency to bond
further and, when they do, it is typically with low valent
cations.””** In salt-inclusion phases, these special bonding
requirements can be accommodated for in a three-dimensional
structure by having the uranyl oxygens point into the salt-
inclusion. This is the case in all of the reported compounds,
where the uranyl silicate rings are formed by the equatorial UOg
oxygens and where the axial uranyl oxygens point into the salt-
inclusion channels.

Along with salt-inclusion structures being suitable for uranyl
compounds, uranyl silicates appear to be very suitable for salt-
inclusions. Empirically, this can be seen by the large number
and variety of salt-inclusion uranyl silicates.”*”**** There are
two aspects of uranyl silicates which likely make them suitable
for salt-inclusions. First, the bonding environment in uranyl
silicates makes them more suitable to form salt-inclusion phases
than oxyanion phases. The two main types of mixed anion
oxides are the salt-inclusion phases, where the nonoxygen anion
is located in a salt-lattice, and the oxyanion phases, where the
nonoxygen anion is located in a MO,X, polyhedron (M =
multivalent cation). In most uranyl silicates, every oxygen is
either a uranyl, UO,*, oxygen or a silicate oxygen. Each U-Oyl
bond (Oyl = uranyl oxygen) has a bond valence of roughly two,
which cannot be fulfilled by a halide ion. At the same time, the
Si—O bond is very strong, 799(13) kJ/ mol,” making it unlikely
to be replaced by a halide ion and, in fact, crystalline
compounds containing [SiOxFy] species are not yet known.*
For these reasons, uranyl silicate oxyhalides are unlikely to exist,
favoring the formation of salt-inclusion silicates. The enhanced
flux growth technique reported here appears to increase the
likelihood of a mixed anion compound forming. In the uranyl
silicates, this results predominantly in salt-inclusion phases,
whereas is other systems, such as the lanthanide silicates, this
often results in oxyhalides.

Second, uranyl silicates are suitable for salt-inclusions
because of their ability to be charge balanced by salt-inclusions.
In a simplistic view, most oxides can be viewed as an anionic
framework that is charge balanced by low valent cations, often
alkali or alkaline earth cations. In a salt-inclusion phase, part or
all of the charge balancing is accomplished by the presence of
the salt-inclusion. However, a salt-inclusion is much less charge
dense than alkali or alkaline earth cations (Cs* = 24 A%/positive
charge compared to Cs¢F ~ 56 A’/positive charge).”>”" >’
Therefore, for a salt-inclusion phase to exist, the framework
must be able to form a large void that can accommodate the
large salt-inclusion species, while at the same time not being so
highly negatively charged that the salt-inclusion is unable to
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provide charge compensation in the available void space, ie.,
the framework cannot be highly anionic. In a uranyl silicate, the
silicate contributes —4 or less charge per silicon depending on
the extent of the silicate condensation. An isolated SiO,
tetrahedron contributes a charge of —4/Si to the framework
while the silicate units in the reported structures, Si,O, Si,O,,
Sis0,, and Si,O,, contribute charges of —3/Si, —2/Si, —1.66/
Si, and —1/Si, respectively. At the same time the uranyl
contributes a + 2 charge to the framework. This enables the
uranyl silicate framework to create large void spaces to
accommodate the salt-inclusion, while maintaining a sufficiently
low framework charge that the salt-inclusion can charge
compensate. This also explains why [CsyF][(UO,)(Si,0,0)]
(1), with the least charge dense silicate unit, —1/Si, is
completely charge balanced by its salt-inclusion, whereas the
other three reported compounds, with charges of —3/Si,
—1.75/8i, and —1.66/Si, require, in addition to the salt-
inclusion, nonsalt inclusion Cs cations to achieve charge
balance.

Table 2 examines the specific channels within each cesium
halide salt-inclusion uranyl silicate. As an example, [Cs;F]-
[(UO,)(Si4040)] (1) contains one type of channel formed by a
12 member U-Si—Si—U-Si—Si—U—Si—Si—U-Si—Si ring.
This channel is composed of 4 U and 16 Si polyhedra per
unit cell. Each uranyl unit has a charge of +2 and each Si
tetrahedron has a charge of —1 (charge density of Si,0,, = —1/
Si). However, every polyhedron is shared by two channels.
Assuming that the charge is shared equally between the
channels, this means that the uranyl silicate framework has a
charge density of —4/channel-(unit cell). Inside the channel,
which has a volume of 290 A3/unit cell, are located two face
sharing Cs4F polyhedra, ie, Cs;F X2. This salt-inclusion
generates the requisite positive charge, + 4/channel-(unit cell),
required to compensate the negative charge amassed in the
formation of the channel framework. On the basis of the
channel volume and cationic charge of its occupants, the salt-
inclusion has an inverse charge density of 72.5 A%/positive
charge.

As expected, Table 2 shows that the salt-inclusions have a
lower charge density than the nonsalt-inclusion Cs atoms. The
two channels containing only a salt-inclusion have the lowest
charge density whereas the two channels containing only
nonsalt-inclusion Cs atoms have the highest charge density.
Finally, the two channels containing both have an intermediate
charge density. Interestingly, all four salt-inclusion containing
channels have approximately the same volume. This suggests
that any of the observed channel occupants, [Cs;F],,
[Cs,Cs:F], and [Cs4Cl], could fit in each channel and that
the identity of the channel occupants is dictated by the requisite
cationic charge.

Fluorescence. The luminescence of [Cs;F][(UO,)-
(Si4Oy0)] is shown in Figure 7. Similar to our other reported
salt-inclusion uranyl silicates,”"*” [Cs;F][(UO,)(SisO1)]
exhibits intense luminescence at room temperature. The
luminescence has the typical color and peaks of the UO,*"
unit.***® The emission spectrum, excited at 411 nm, has five
distinct peaks at 525, 545, 567, 591, and 619 nm. These
emission peaks are the result of relaxation from the first excited
electronic state coupled with different symmetric stretching
modes of the uranyl.”*
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Figure 7. Luminescence of [Cs;F][(UO,)(Si,0y0)] (1) along with
pictures of the ground sample under artificial and UV-light (bottom).

B CONCLUSION

The competition between the formation of salt-inclusion phases
and regular oxides appears to be highly dependent on the
relative availability of oxygen versus other anions in the
synthetic melt environment. The reduction of the surface area
to volume ratio of the melt, coupled with the use of metal
halide precursors, creates synthetic conditions that strongly
favor the formation of salt-inclusion compounds, SICs, over
regular oxides. For example, the synthesis of [Cs;F][(UO,)-
(8i4040)] (1) can only be achieved by using a uranium fluoride
precursor, UF, or UF;, and by performing the reaction in a tall,
narrow silver tube crucible, which limits the availability of
atmospheric oxygen in the melt.

Salt-inclusion phases have become of increasing interest due
to their structural diversity and potential applications. However,
the vast majority of salt-inclusion phases are still discovered
serendipitously. Our research suggests that these serendip-
itously discovered salt-inclusion phases, which are typically
grown under traditional flux growth conditions, represent only
a subset of SICs, while many other salt-inclusion phases can be
prepared by optimizing the melt reaction environment to favor
SICs. The reported enhanced flux growth technique therefore
represents an exciting new method that offers the potential for
the discovery of numerous new salt-inclusion compounds and
structure types.
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