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ABSTRACT: Five new uranium phosphites, phosphates, and mixed
phosphate—phosphite compounds were hydrothermally synthesized
using H;POj; as an initial reagent. These compounds are Cs,[(UO,)s-
(HPO4)5(HPO3)5]'4H20 (1), CS[UW(PO4) (H1.5PO4)]2 (2), CS4[UIV6'
(PO,)s(HPO,)(HPO3)] (3), Cle[UIVIO(PO4)4(HPO4)14—
(HPO,);]-H,O (4), and Cs;[UY,(PO,);(HPO,);] (5). The first
contains uranium(VI) and the latter four uranium(IV). Of the UY
structures, two have extensive disordering among the cesium cation
positions, one of which also contains disordering at some of the
phosphate—phosphite positions. These intermediate compounds are
bookended by nondisordered phases. The isolation of these transitional
phases occurred at the higher of the pH conditions attempted here.
Both the starting pH and the duration of the reactions have a strong
influence on the products formed. Herein, we explore the second series

of in situ hydrothermal redox reactions of uranyl nitrate with phosphorous acid and cesium carbonate. The isolation of these
disordered crystalline products helps to illuminate the complex reaction pathways that can occur in hydrothermal syntheses.

B INTRODUCTION

Understanding the transportation of actinides through the
environment is vital to our understanding of both natural
deposits and the geological repositories where nuclear waste is,
or could potentially be, stored. The naturally occurring isotopes
of uranium are not as great of a radiation hazard as many of the
other actinides, but uranium does pose problems in terms of
the vast quantities used in the nuclear industry. Phosphate
compounds may help to diminish the transport of some
actinides owing to the generally low solubility of actinide
phosphates, which has led to studies on their use as possible
long-term storage materials.'”

Phosphite, HPO;>", has a tetrahedral geometry, and the
phosphorus center is bound by three oxygen atoms and one
hydrogen atom. Phosphite itself can be used as a precursor to
making phosphonates, and many actinide phosphonates have
been recently synthesized.® In phosphite, the phosphorus is P!
instead of the normal PY, as in phosphate, which provides the
opportunity for redox chemistry to take place. Unlike many
other C;, oxoanions, such as selenite, or tellurite, or iodate,” !
the phosphite anion is a strong reducing agent and helps to
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stabilize lower oxidation states for actinides. Here, the
reduction potential at standard temperature and pressure for
the reaction of H;PO, + 2H" + 2¢~ < H;PO; + H,0 is
—0.276. This reduction step is potentially useful because it
could provide another way to limit the solubility of the
products formed owing to the generally lower solubility of U™
versus U"".

Actinide phosphites, in general, are underexplored, but
several compounds with atypical structures have been prepared
through the application of organic templates."*™'® We have
published on some simple actinide(IV) phosphites that
demonstrated the actinide contraction across the series and
the influence of the starting oxidation state of the actinide used
on product composition.'” Here, the phosphite anion helped to
stabilize the lower oxidation states of other actinides with
multiple stable oxidation states, such as neptunium and
plutonium, with potential waste storage implications. Addition-
ally, we have recently reported on a series of compounds that
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Figure 1. Products that form as a function of time and the ratio of reactants in a cesium carbonate—uranyl nitrate—phosphorous acid system, which
contains a 10:1 ratio of Hy;PO5:UO,*" with varying Cs,CO; concentrations. Time is on the x axis, and the reactant ratios on the y axis are
Cs,CO5:U0,*":H,PO,. Here, the products shown are 0, Cs,[(UO,),(HPO;);]-H,0; 1, Cs,[(UO,)s(HPO,)(HPO;);]-4H,0; 2, Cs[UV(PO,)-
(H;sPO)]y 3, CS4[UIV6(PO4)8(HPO4)(Hpos)]} 4, Cle[UIVIO(PO4)4(HPO4)14(HP03)5]~H20; and 5, Css[UIV4(PO4)3(HPO4)5]- All products
save (0) are new.”® The overlapping colors, boxes, and addition signs indicate mixtures of compounds. Also, reactions were sampled at each point

listed on the x axis.

explored the in situ redox chemistry that plays out in the
uranium—phosphite system.”® Here, we found that the starting
pH and reaction duration were key in the formation of new
products and, more importantly, we were able to isolate two
transitional U™ mixed phosphate—phosphite compounds.

Uranium has two readily accessible oxidation states of +4 and
+6, and whereas both states have extremely rich coordination
chemistry, they also differ greatly in preferred coordination
environments.”! Uranium(IV) is commonly eight- or nine-
coordinate, although its coordination numbers can vary from 6
to 12, and the distribution of ligands in its coordination sphere
is largely isotropic. However, when oxygen is present,
uranium(VI) typically has two closely bonded oxygen atoms,
which gives rise to the uranyl cation unit, UO,**. Here, the
coordination environment is generally limited to tetragonal,
pentagonal, or hexagonal bipyramids, and its geometries are
highly anisotropic because of the short, terminal oxo atoms.
These fundamental differences lead to divergent extended
structures, with U™ usually yielding 3D networks, whereas U"!
is most often found in 2D sheets. Through the use of phosphite
as a reducing ligand, there is also the possibility to make mixed-
valent uranium compounds. Although mixed-valent uranium
materials are known, they are not common.”*?* There are also
several reviews on the structural diversity within uranyl
phosphate chemistry.** !

Herein, we will explore a second cesium carbonate/uranium/
phosphite system. This system differs from the previous system
as the concentration of the phosphite ligand has been lowered,
and a completely new series of products are uncovered. The
major influences on the products formed are the phosphite
concentration, starting pH, and time. Here, we begin with a
uranyl phosphate—phosphite or uranyl phosphite, expand
through two intermediate phases, and then observe the two
final U phosphates. In this work, we are using the term
“intermediate” to refer to the compounds that are forming in
between the nonredox reacted product, U phosphite, and the
completely redox reacted product, U" phosphate, with the
crystalline products observed, presumably, being the transi-
tional compounds with the lowest solubilities. There is no
implication of a solid-to-solid transformation, simply that the
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crystalline products isolated have either not completely reduced
from UY" to U" or not completely oxidized from P™ to P¥. The
five new compounds described here illustrate the inherent
complexity of the system and begin to illuminate the reaction
pathways via the isolation of two intermediate disordered
structures.

B EXPERIMENTAL SECTION

Caution! The UO,(NO;),:6H,0 used in this study contained depleted
uranium; standard precautions for handling radioactive materials, such as
uranyl nitrate, should be followed.

Syntheses. Uranyl nitrate UO,(NO;),-6H,0 (International
Bioanalytical Industries, Inc.), cesium carbonate (Alfa-Aesar, 99.9%),
and phosphorous acid (Alfa-Aesar, 97%) were all used as received. All
hydrothermal reactions were conducted in the same manner, unless
otherwise listed. The reactants were mixed in their appropriate ratios
and loaded into a 23 mL PTFE autoclave liner with 2 mL of distilled
water. The liner was then sealed in a stainless steel autoclave and
placed into a box furnace. The furnace was then ramped up to 200 °C
for the desired number of hours (shown on the x axis of Figure 1) and
then slowly cooled at a rate of 5 °C/h. Reactions were then washed
with cold water, and the products were placed into a dish with ethanol
for easier separation. Only compounds (1) and (2) could be made
cleanly, with only (2) showing no impurities (see the Supporting
Information). The impurity peaks shown in the Supporting
Information in Figure 1.1.3 for (1) indicate another crystalline
product; however, such a product was never visually found in the bulk
sample for SC-XRD analysis. The authors, therefore, assume this to be
a minor impurity. The peaks from the impurity do not easily match
any of the other products or starting materials. The rest of the
products listed below had to be individually picked out of the reaction
mixtures (see the Supporting Information for crystal pictures). The
reaction conditions listed below represent the amounts and reaction
times for the specific crystals obtained for single-crystal diffraction;
however, these compounds can be made at all of the conditions shown
in Figure 1. Additionally, 0 was synthesized in our previous work and
is shown in Figure 1 as it relates to the system.”® Compounds were not
placed back into the reaction vessel at the same reaction conditions,
heated for longer, and again cooled to see if theg would continue to
convert, but has been shown to work previously,™ likely through the
product dissolving and continuing to react with the other reactants.

Cs4[(UO,)s(HPO,)5(HPO;)51-4H,0 (1). Compound (1) was
synthesized by combining 99.5 mg of uranyl nitrate (99 mM), 131.3
mg of Cs,CO; (202 mM), and 167.0 mg of H;PO; (1.019 M) into 2
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Table 1. Crystallographic Data for All Listed Compounds: Cs,[(UO,)s(HPO,);(HPO;);]-4H,0 (1), Cs[UY(PO,)(H, PO,)],
(2), Cs4[UIV6(PO4)8(HPO4)(HPO3)] (3), Cslo[leo(P04)4(HP04)14(HP03)5]'Hzo (4), and Cs3[UIV4(PO4)3(HPO4)5] (8)°

compound 1 2
3629.61 988.85
light yellow, plate
C2/c (No. 15)

mass
color and habit

space group

a (A) 18.5005(7) 29.448(2)
b (A) 10.9710(4) 6.6314(3)
¢ (A) 14.4752(6) 6.9319(3)
a (deg) 90 90

P (deg) 104.513(3) 98.423(3)
7 (deg) 90 90

vV (A%) 2844.2(2) 1339.0(1)
Z 2 4

T (K) 103(2) 100(2)
Peica (g cm™) 4238 4.905
u(Mo Ka) (cmP~'?) 256.10 274.04
R(F) for F,* > 20(FB,*)P* 0.0465 0.0277
R,(FB2)? 0.1010 0.0652
goodness of fit on F? 1.016 1.038

forest green, plate
C2/c (No. 15)

3 4 S

2893.52 5829.71 2110.61
green, plate dark green, plate dark green, plate
Pmmn (No. 59) C2/m (No. 12) C2/c (No. 15)

6.9321(5) 19.2966(4) 18.018(2)
26.935(2) 20.2914(5) 9.2640(9)
10.9137(8) 13.9293(3) 17.516 (2)
90 90 90

90 126.839(1) 104.807(3)
90 90 90
2037.8(3) 4365.0(2) 2826.7(5)
2 2 4

100(2) 100(2) 100(2)
4716 4.435 4.959
277.84 231.43 272.34
0.0377 0.0351 0.0284
0.1003 0.0804 0.0661
1.089 1.054 1.035

“R(F) = YR, = IE|l/XIF,). "R (F.2) = [X[w(F,2 — F2)*]/ Y wF,*]"/2 “The numbered compounds relate to those found in Figure 1.

mL of distilled water. This yields an approximate ratio of reactants of
2Cs,CO5:UL:10H;PO;. The liner was then sealed in a stainless steel
autoclave, placed into a box furnace with the settings listed above, and
heated at 200 °C for 2 h. A few of the light yellow plates were suitable
for crystallographic studies and yielded the structure listed, yet many of
the plates are heavily twinned with multiple domains. The approximate
yields for syntheses of compound 1 range between 60% and 65%;
however, the product likely contains a minor impurity (see the
Supporting Information).

CS[U'V(PO4)(H1'5P04)]2 (2). Compound (2) was synthesized by
loading 99.6 mg of uranyl nitrate (99 mM), 131.2 mg of Cs,CO; (201
mM), and 164.4 mg of H;PO; (1.003 M) into a 23 mL PTFE
autoclave liner with 2 mL of distilled water, which yields an
approximate ratio of reactants of 2Cs,CO5:U":10H;PO;. The liner
was then sealed in a stainless steel autoclave, placed into a box furnace
with the settings listed above, and heated at 200 °C for 24 h. Several of
the light green plates were suitable for crystallographic studies. The
approximate yields for syntheses of compound 1 range between 75%
and 85%; see the Supporting Information for PXRD on the bulk
product.

CS4[U'V6(PO4)3(HPO4)(HP03)] (3). The first of the two UY
compounds containing structural disorder was synthesized by loading
100.6 mg of uranyl nitrate (100 mM), 260.5 mg of Cs,CO5 (400 mM),
and 165.5 mg of H;PO; (1.009 M) into a 23 mL PTFE autoclave liner
with 2 mL of distilled water, which yields an approximate ratio of
reactants of 4Cs,CO;:U":10H,PO;. The liner was then sealed in a
stainless steel autoclave, placed into a box furnace with the settings
listed above, and heated at 200 °C for 72 h. Several of the leaf-shaped
green plates (3) were suitable for crystallographic studies. Here, the Z
was changed from 1 (calculated from checkcif) to 2, to yield the
simplest formula.

Cs10[U"10(PO,)4(HPO,),4(HPO;)s]-H,0 (4). The second of the
two U™ compounds containing structural disorder was synthesized by
loading 100.6 mg of uranyl nitrate (100 mM), 260.5 mg of Cs,CO;
(400 mM), and 165.5 mg of H;PO; (1.009 M) into a 23 mL PTFE
autoclave liner with 2 mL of distilled water. These amounts yield an
approximate ratio of reactants of 4Cs,CO5:U":10H;PO;. The liner
was then sealed in a stainless steel autoclave, placed into a box furnace
with the settings listed above, and heated at 200 °C for 72 h. A few of
the dark green block crystals (4) obtained were suitable for
crystallographic studies. Along with both (3) and (4) forming at
these conditions, there was also a hairlike product that formed with
colors ranging from white to yellow to green. These were too small to
diffract, could not be made pure, and were also not easily separated to

967

get a clean sample for PXRD. Here, the Z was doubled from 1
(calculated from checkcif) to 2, to give the simplest formula.

CS3[U'V4(P04)3(HPO4)5] (5). Compound (5) was synthesized by
loading 101.0 mg of uranyl nitrate (101 mM), 260.1 mg of Cs,CO;
(399 mM), and 164.8 mg of H;PO; (1.005 M) into a 23 mL PTFE
autoclave liner with 2 mL of distilled water, which yields an
approximate ratio of reactants of 4Cs,CO5:U":10H;PO;. The liner
was then sealed in a stainless steel autoclave, placed into a box furnace
with the settings listed above, and heated at 200 °C for 96 h. Many of
the dark green plates were suitable for crystallographic studies.

Crystallographic Studies. Crystals of all compounds 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 IuS X-ray
source and a 30 W microfocused sealed tube (Mo Ka, A = 0.71073 A)
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 an appropriate number of
exposures (frames). Each set had a different ¢ angle for the crystal, and
each exposure covered a range of 0.5° in @. SAINT software was used
for data integration, including Lorentz and polarization corrections.
Semiempirical absorption corrections were applied using the program
SCALE (SADABS).** Crystallographic information for all obtained
phases is summarized in Table 1. Atomic coordinates and additional
structural information are provided in the Supporting Information
(CIF).

Powder diffraction was collected on a Bruker D8 Advance with
Davinci (Cu Ka, 4 = 1.5405 A) using a /20 geometry. The rotating
sample was scanned from 5° to 90° 20 at a 0.02 increment and 13 s
per step. Powder patterns were compared to calculated versions and
can be found in the Supporting Information.

UV—vis-NIR Spectroscopy. UV—vis-NIR data were acquired from
single crystals using a Craic Technologies microspectrophotometer.
Crystals were placed on quartz slides under Krytox oil, and the data
were collected from 200 to 1400 nm. The exposure time was auto-
optimized by the Craic software. The characteristic peaks for the U**
and U* are listed with the acquired spectra (see the Supporting
Information).

SEM/EDS. Scanning electron microscope and energy-dispersive X-
ray (SEM/EDS) analyses were collected on (3) and the unknown
impurity that was found to form with the disordered compounds (3)
and (4) using a LEO EVO S0 with an Oxford INCA energy dispersive
spectrometer (see the Supporting Information). Samples were coated
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with 2 nm of iridium. The energy of the electron beam was 29.02 kV.
All of the data were calibrated with standards.

B RESULTS AND DISCUSSION

In Figure 1, we present the evolution of products in a new
cesium—uranium—phosphite system. This is similar to a
previously presented system, but here, we have lowered the
total phosphite concentration (where the ratio of H;PO5:UQ,**
is 10:1) to explore how less of the reducing ligand will affect the
products that form. The compounds are shown by number and
relate to the products discussed above. Compound (0) is the
only compound that was reported in our aforementioned
work.*® Previously, it was observed that the lower the cesium
carbonate concentration, the more rapid the reduction of U"! to
UY. In this new system with lower phosphite concentrations,
the reduction of uranium appears to be at a similar point for all
cesium carbonate concentrations, but the oxidation of
phosphite to phosphate observed in the crystalline phases is
slowed at higher pHs. At lower cesium carbonate concen-
trations, there are only two products that form, beginning with
an uranyl mixed phosphate—phosphate, which is followed by a
simple U" phosphate. At higher cesium carbonate concen-
trations, we begin with a uranyl phosphite, followed by two
intermediate U compounds with ligand and/or cation
disordering, and concluded with two different U™ phosphate
compounds. Herein, we will describe the system and the
products formed within this new cesium—uranium—phosphite
system.

Beginning at the lower cesium carbonate concentrations, and
lower pH, the first product formed is that of a uranyl mixed
phosphate—phosphite structure. Even with the reaction time
held short, there is partial oxidation of the phosphite to
phosphate while still keeping all of the uranium in its hexavalent
form. Cs,[(UO,)s(HPO,)s(HPO;);]-4H,0 (1) (shown in
Figure 2) is obtained via a general reaction ratio of
2Cs,CO;:U:10H;PO;. This uranyl mixed phosphate—phos-
phite yields an interestin% (and thus far rare) topology observed
only a few times before.”®*° The crystals of this 2D sheet are
yellow plates, and the symmetry of this extended structure is
C2/c (more information can be found in the Supporting
Information). The repeating unit of three pentagonal
bipyramids and one hexagonal bipyramid can be seen in Figure
2, bottom. This unit is surrounded by alternating phosphite and
phosphate ligands, of which there are six of each. There is also
some symmetry disordering associated with one of the
phosphate ligands (P3) that is located on the top pentagonal
bipyramid and the bottom of the hexagonal bipyramid.

Here, the pentagonal bipyramids have average uranyl oxygen
bond lengths of 1.764(11) A and the hexagonal bipyramids are
nearly the same at 1.762(9) A. The average U—O bonds in the
equatorial plane for the pentagonal bipyramids are 2.377(9) A.
The average bond length for the equatorial oxygen atoms in the
hexagonal bipyramids is longer at 2.453(7) A. The bond
valence sum (BVS) calculations for the three crystallo-
graphically unique U sites yield values of 6.016, 6.258, and
6.130, respectively (see the Supporting Information for BVS
calculations). The average P—O bond distance within the
phosphite ligands is 1.496(9) A, and the average P—O distance
for the phosphate ligands is 1.559(10) A. There is lengthening
of the terminal phosphorus—oxygen bond distance for the
protonated oxygen atoms on the phosphate ligands (see the
Supporting Information). Crystals of this compound tend to be
heavily twinned but form readily at lower pHs.
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Figure 2. Top: The Cs,[(UO,)s(HPO,)s(HPO;);]-4H,0 (1) sheet is
shown in the [bc] plane, which crystallizes in the space group C2/c.
Bottom: The building block of the sheet topology is made up of one
hexagonal bipyramid and three pentagonal bipyramids, with
alternating phosphate and phosphite ligand. In both figures, the
uranyl units are yellow, phosphites are shown in purple, phosphates
are shown in light blue, the oxygen atoms are red, and the hydrogen
atoms are white.

If the reaction conditions are kept similar to (1), commonly
2Cs,CO4:U:10 H3;PO;, and the reaction is heated at 200 °C for
at least 24 h, we observe complete reduction of U"' to U" and
oxidation of phosphite to phosphate. The reduced uranium(IV)
phosphate formed is Cs[U"(PO,)(H,sPO,)], (2) (Figure 3).
This is the same structure type and topology as was previously
found when Np"" was hydrothermally reacted with phospho-
rous acid (both are C2/c)."® The neptunium version was
obtained by reacting Cs,CO; with Np"" and HyPO; at a 1:2:10
ratio; with uranium, this product can also be obtained when
using a lower ratio of UY:H;PO; (1:10) and 1-2 equiv of
Cs,CO;. A comparison of the two actinide(IV) phosphates is
shown in Table 2. Here, the unit cell and average bond lengths
for the uranium version are larger than that of the neptunium
compound. Much like the previous neptunium phosphate, the
crystals obtained for (2) are dark green plates, which look like
elongated pentagons. At these low pH conditions, this product
forms directly after compound (1) and is highly reproducible.

When looking at the one crystallographically unique uranium
center, it is eight-coordinate with six corner-sharing and one

edge-sharing phosphate ligand (Figure 3C). Like the Np'
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Figure 3. (A) The 2D sheet topology of Cs[U™(PO,)(H, sPO,)], (2)
as viewed in the [ac] plane; the cesium cations balance the charge
between the sheets and crystallizes in the space group C2/c. (B) Here,
an edge-sharing chain of U" is shown in the [bc] plane. These chains
then link together, via the phosphates, to form the double uranium
layer sheet topology shown in (A). (C) The eight-coordinate U™ is
shown here with five corner-sharing phosphates and one edge-sharing
phosphate. In all, the uranium polyhedra are shown in green,
phosphorus atoms (and phosphate tetrahedra) are in light blue, and
the oxygen atoms are red (shown only in C for clarity).

version, in this cesium U" phosphate, the uranium center has
an approximate local C,, symmetry, which roughly yields a
bicapped trigonal prismatic geometry, as determined by using
the algorithm developed by Raymond and co-workers (see the
Supporting Information).”® The eight-coordinate U" polyhedra
are then linked together via edge sharing and form an infinite

1D chain (Figure 3B). These chains connect together through
phosphate polyhedra to form a double-layered uranium
phosphate sheet (Figure 3A). Cesium cations are charge
balancers in between these sheets. The U™ Oy polyhedra yield
an average U—O bond length of 2.360(4) A, whereas the P—O
bond distances for the phosphate ligands are 1.536(5) A. There
is lengthening for the terminal, partially protonated oxygen
atoms on half of the phosphate ligands (see the Supporting
Information for BVS). Additionally, the BVS calculation for this
U" site gives a slightly high value of 4.388 (see the Supporting
Information).

If the same ratio of uranium to phosphorous acid is used as
above (1:10), but more cesium carbonate is added in an effort
to raise the pH, there is a large shift in the products that form.
At short reaction times when using ratios higher than
2Cs,CO;:U:10H;PO;, the previously made Cs,[(UO,),-
(HPO,),]-H,0 (0) forms.”® However, the crystals are much
smaller than those found when higher phosphorous acid
concentrations were used. When the reaction of
4Cs,C0O;:U:10H;PO; is allowed to react for longer than 24 h
at 200 °C, a few new phases are found in addition to a few
crystals of (0). Two other compounds are formed in reasonable
quantities, and both contain disorder of the cesium cations in
the channels of these 3D networks. Cs,[UY(PO,)s(HPO,)-
(HPO;)] (3) is the first compound that is observed forming.
These leaf-shaped crystals are light-green, are easily separated
for single-crystal X-ray studies, and crystallize in the
orthorhombic space group Pmmn. Figure 4 shows (3) as
viewed in the [bc] plane; the cesium cations Cs3 and Cs4 reside
in channels that run down the a axis. Two of the channels are
roughly hexagonal and contain either two or three disordered
cesium positions within them. The other channel is rectangular
and contains three cesium positions (Cs2 cations). The Csl
cations occupy a position that is close to the U4 and PS sites.
These atoms have 50% site occupancy and alternate within the
statistic disorder.

There are four different U" positions in compound (3),
three of which are seven-coordinate and one that is eight-
coordinate (Figure 4, bottom). The average U“—O bond
length for the first seven-coordinate uranium (U1) is 2.262(12)
A and contains six corner-sharing phosphate ligands and one
corner-sharing phosphite ligand with an approximate mono-
capped trigonal prism geometry. The second seven-coordinate
uranium site (U2) is roughly a pentagonal bipyramid with five
corner-sharing and one edge-sharing phosphate ligand and has
an average U—O bond length of 2.304(9) A. The third seven-
coordinate uranium site (U3) has an average U—O bond length
of 2.309(15) A and six corner-sharing phosphate ligands and
one corner-sharing phosphite. U3 also has a nearly pentagonal
bipyramid geometry when one accounts for the symmetry
disordering at the one phosphite ligand position. U"VOq
polyhedra for U4 has average U—O bond lengths of
2.412(13) A and has six corner-sharing and one edge-sharing
phosphate ligands. U4 has an approximate C,, symmetry and a
bicapped tri§onal prism geometry (see the Supporting
Information).”® Additionally, U2 and U4 form an edge-sharing

Table 2. Comparison of the Two Cs[An"(PO,)(H, ;PO,)], Compounds, where An" is Np' or U

An"-phosphate average An'V-O b c volume
Cs[UY(PO,)(H,PO,)], 2.372(4) 29.4481(14) 6.6314(3) 6.9319(3) 1339.07(11)
Cs[Np™(PO,)(H,sPO,)], 2.355(4) 29.449(4) 6.5800(8) 6.9092(9) 1323.4(3)
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Figure 4. Top: The 3D network of Cs,[U"(PO,)s(HPO,)(HPO;)] (3) is shown down the a axis. This first of the two disordered compounds
crystallizes in the orthorhombic space group Pmmn. Bottom: Here, the four different U" sites are shown in varying shades of green. The olive green
(U4) uranium site is eight-coordinate, whereas the dark green (U3), the green (U2), and the light green (U1) uranium sites are seven-coordinate. In
both top and bottom, the uranium polyhedra are shown in green, the phosphate tetrahedra are light blue, the phosphite tetrahedra are purple, and
the cesium cations are shown in gray (omitted from the bottom for clarity).

chain that runs down the a axis. The BVS values for these U
sites are not ideal at 4.026, 4.336, 4.228, and 3.717, respectively;
however, the UV—vis-NIR of the crystals clearly shows the
presence of only uranium(IV) in the crystal (see the Supporting
Information). In (3), there are mostly phosphate ligands, which
have an average P—O bond length of 1.522(11) A, with some
lengthening for the terminally protonated oxygen atoms. The
one phosphite ligand has a short average P—O bond length of
1.393(3) A.

The second disordered phase that forms along with (3) is
Cs,o[UY,o(PO,),(HPO,),,(HPO;)]-H,O (4). Here, (4)
contains not only cesium disordering but also phosphate—
phosphite disordering at several of the ligand positions. These
blocky crystals are easily picked out as they are drastically
different from (3) and crystallize in the monoclinic space group
C2/m; see the Supporting Information for crystal pictures. The
three-dimensional network can be seen in Figure SA as viewed
in the [bc] plane showing the layers of U™ and in the [ac] plane
(Figure SB) illustrating the channels in the network. There are
three different uranium sites forming trimers (Figure SC) and
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dimers (Figure SD), which are linked together via both
phosphate and phosphite ligands resulting in 2D layers. These
layers are connected by disordered PO, and HPO; groups into
a 3D framework. There are three disordered cesium positions
(Cs2—Cs4) that reside within the complex system of channels.
The Csl position is not disordered. SEM/EDS analysis was
conducted on the disordered compound (3) to make sure there
were no other cations in the crystal; only cesium, uranium, and
phosphorus were found (see the Supporting Information).

In (4), there are three different U'Y centers, two of which are
eight-coordinate and one that is nine-coordinate. The average
U—O bond length for the nine-coordinate uranium (U1) is
2.431(7) A and contains one corner-sharing phosphite, four
corner-sharing phosphates, and two edge-sharing phosphate
ligands, which form an approximate monocapped square
antiprism geometry (Figure SC; dark green polyhedra). The
first of the eight-coordinate uranium centers (U2) has six
corner-sharing and one edge-sharing phosphate ligand and an
estimated D,; symmetry with a trigonal dodecahedron
geometry.”® Here, the average U—O bond length in U2 is
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Figure 5. (A) Here, the second of the two disordered compounds Cs,,[U™,,(PO,),(HPO,) ,(HPO;);]-H,0O (4), which crystallizes in the space
group C2/m, is displayed in the [bc] plane showing the phosphate and phosphite ligands that link the layers of U" together (B) Here, the 3D
network of (4) is shown in the [ac] plane to illustrate the small channels that run down the b axis. The three uranium centers are shown as an edge-
sharing trimer of U1 and U3 (C) and as an edge-sharing dimer of U2 (D) in varying shades of green. Here, the dark green center (U1) is nine-
coordinate and the two lighter green centers (U2 and U3) are eight. The uranium polyhedra are in green, phosphates are in light blue, the phosphites
are in purple, and charge balancing cesium cations are shown in light gray (top only), with the phosphate—phosphite disordering removed for clarity.

2.367(7) A. This U2 site is also edge-sharing with itself to form
a UV dimer (Figure SD). The second eight-coordinate site
(U3) has also has six corner-sharing and one edge-sharing
phosphate ligand with an average U—O bond length of
2.365(7) A but has roughly C,, symmetry, which gives a
bicapped trigonal prism geometry (Figure SC; light green).”®
Combined with U1, two U3 sites help to form a U" trimer with
the U1 site in the middle of the two U3 (Figure SC). The BVS
values for these three sites are 3.840, 4.121, and 4.190, for Ul,
U2, and U3, respectively. The phosphate ligands show an
average P—O bond distance of 1.527(12) A, with some
lengthening for the protonated oxygen atoms on the HPO,>~
units. The average P—O bond length for the phosphite ligands
is very similar at 1.502(19) A. The high error on these bond
lengths is caused by the phosphate—phosphite disordering that
is observed on three of the ligand positions.

In addition to (3) and (4) forming, there is another product
that is found in these reaction products. It is at least one (if not
two or more) microcrystalline powder(s) that have not yet
been successfully structurally determined. Thus far, it has been
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quite difficult to cleanly separate these out for more
characterization techniques as there are several colors in the
hairlike crystals and the crystals of (0), (3), (4), and (5) tend to
be interwoven within this product. SEM/EDS was conducted
on the impurity with cesium, uranium, and phosphorus being
the dominant species (see the Supporting Information). There
was a minor nickel impurity; however, it has a very low
abundance. No nickel was ever used in these syntheses and, as
such, may or may not be an actual impurity. Further attempts
have been made to obtain a pure phase but have thus far been
unsuccessful. This product eventually does stop forming as the
reaction time is extended out further.

Looking back at Figure 1, if the reaction of
4Cs,CO4:U:10H;PO; is allowed to react for 96 h at 200 °C,
a new, nondisordered phase begins to form. The final new
compound in this series forms dark green plates that crystallize
in the monoclinic space group C2/c. Figure 6 (top) shows the
3D phase of Cs;[U™,(PO,);(HPO,);] (5) as viewed down the
b axis. Here, the cesium atoms are balancing the charge in the
channels and there is no disordering of the cations. The
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Figure 6. Top: The final structure in the series is a 3D network of U™
and phosphate shown in the [ac] plane, which yields Cs;[U"Y,(PO,);-
(HPO,)s] (5) and crystallizes in the space group C2/c. Here, the
nondisordered cesium cations balance the charge in the channels,
which run down the b axis. Bottom: There are two different U
centers, and both are eight-coordinate, with the dark green centers
forming an edge-sharing dimer. The uranium polyhedra are in green,
phosphates are in light blue, cesium cations are dark gray (top only),
and oxygen are omitted for clarity.

transition has been made through the disordered cesium and
disordered P>*/P3* intermediates (compounds 3 and 4) to the
more robust U™ phosphate. It is also clear that all the
phosphite has finally reacted away and that there is only the
now oxidized phosphate to react with the reduced U".

There are two unique U'" sites, one that forms an edge-
sharing dimer and the other is coordinated to just phosphate
ligands (Figure 6, bottom). The latter site (U2) is eight-
coordinate and has six corner-sharing phosphates and one edge-
sharing phosphate. U2 has an average U—O bond length of
2.373(4) A and exhibits a nearly D,; symmetry and a square
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antiprism geometry.”® The other uranium site (U1) is also
eight-coordinate and forms a U" edge-sharing dimer. The
average U—O bond length for U1 is 2.372(4) A, and like U2, it
also has six corner-sharing and an edge-sharing phosphate
ligand. However, the Ul is a lower a 6proximate symmetry at
D, yielding a trigonal dodecahedron.”™ The BVS value for Ul
is 4.061 and is 4.095 for U2, a much better fit than the values
that were calculated for the two disordered structures. Here, the
average phosphate P—O bond distance is 1.537(5) A and the
average bond length for the protonated P—O units is longer at
1.588(6) A. In an attempt to purify the synthesis of (), the
reaction time was extended out to 7 days; however, compound
(2) began to form in addition instead. Thus far, these two are
the final products that have been obtained for these longer
reactions.

B CONCLUSION

Through utilization of hydrothermal syntheses involving in situ
redox reactions, we were able to elucidate the complex
chemistry of this new system. Like in our previous work,?°
the evolution of products in this cesium—uranium—phosphite
series appears to be strongly dependent on time and on the
cesium carbonate concentration, which affects the starting pH
of the reaction mixture. The redox chemistry is slowed with
increasing cesium carbonate concentrations. However, instead
of mixed-valent uranium compounds as intermediates, the
transitional structures above, (3) and (4), contained substantial
amounts of cation disordering, the latter of which also contains
disordered phosphate—phosphite ligands. With a ratio of
reactants of 4Cs,CO5:U0,**:10H;PO; (Figure 1), the system
begins with a simple uranyl phosphite, transitions through two
disordered intermediate structures, and ends with two UY
phosphate compounds. Presumably, the disordered crystalline
products observed are the redox intermediate phases with the
lowest solubilities. Therefore, while the title compounds help to
illuminate the complexities of these hydrothermal redox
reactions, they also serve as a route to producing new stable
and insoluble extended networks of uranium(IV) phosphate.
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