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The Crystal Chemistry of Plutonium(IV) Borophosphate
Ginger E. Sigmon,? Nicole A. DiBlasi,™ and Amy E. Hixon*?

In this work, we report the synthesis and characterization of a plutonium(IV) borophosphate, Pu(H,0);[B,(OH)(H,0)(PO,)s]
(1). The basic building unit of 1 has a B:P ratio of 2:3 with an equal number of BO, and PO, groups that assemble into 12-
membered rings and take on a sheet topology due to presence of hydroxyl groups or a water molecule on one vertex of
each BO, tetrahedron. This unique borophosphate anion topology is not observed in other members of the borophosphate
family; it is the plutonium(lV) metal centers, rather than borate or phosphate groups, that link the sheets to form an
extended framework. The presence of boron in 1 was confirmed using single crystal X-ray diffraction, electron microprobe
analysis, and infrared spectroscopy. Peaks corresponding to the tetrahedral BO,> and tetrahedral PO,*> anions were all
identified in the fingerprint region (500-1500 cm) of the infrared spectrum. Additionally, peaks in the higher wavenumber
region corresponded to crystalline water and B-OH vibrations, providing further evidence for the water molecules
surrounding plutonium in the structure and the protonation of the BO, tetrahedron, respectively. This compound represents
the first Pu(lV) borophosphate structure and a novel borophosphate anion topology. Furthermore, the long time-frame
required for crystallization of 1 and the suspected leaching of boron from the borosilicate vial used during synthesis indicate
that 1 could serve as a model for the crystalline materials that are expected to form during the corrosion of vitrified nuclear

waste.

Introduction

Borophosphate materials are compounds containing complex
anionic structures built from BOs; or BO, groups, PO, groups,
and their partially protonated species.'”31 The term
borophosphate describes materials in which the borate and the
phosphate groups are directly linked through shared vertices,
whereas compounds with isolated borate and phosphate
groups are denoted as borate-phosphates. Borophosphate
compounds are divided into structures containing tetrahedral
or mixed coordinated (tetrahedral and trigonal planar) partial
structures, making the coordination number of the borate
group important.[2l Borophosphate structures can further be
described by their partial dimensionality (D) as isolated species
or clusters (D = 0), infinite chains (D = 1), layers or sheets (D =
2), and frameworks (D = 3). Compounds containing mixed
borophosphates tend to have limited
dimensionality, yielding only oligomers and chains.[?
Borophosphate materials are of interest due to their
potential applications in optical devices,¥ for biomedical
applications,®! and as a best practice for nuclear waste
management.l®l The latter application involves vitrification of
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high-level nuclear wastes (e.g., liquid effluents from the
reprocessing of used nuclear fuel) in a borophosphate or
borosilicate matrix and subsequent emplacement in a geologic
repository. Phosphate and borophosphate glasses are proposed
for wastes that are rich in chromium, strontium, molybdenum,
and the actinide elements!®! and, thus, have a complex
composition due to the further addition of salts and glass
additives. Questions arise regarding the long-term durability of
these amorphous nuclear waste glasses, as eventual corrosion
and degradation may lead to the formation of partially
crystalline materials and uncertain retention of radionuclide
components.

Although actinide phosphatel’12l and actinide boratelt3-18
compounds have been thoroughly studied, actinide
borophosphate compounds are rare; only five that contain
uranium(VI) have been reported in the literature (see Table
1).19201  There are currently no reported plutonium
borophosphate materials, though Pu(lll) phosphates,21 Pu(lll)
borates,[227251 py(V) borates,[2¢! and Pu(VI) borates!'327] have
been described. While the tetravalent actinide compounds
Th,(BO4)(PO4) and U,(BO4)(PO,4) have borate and phosphate
groups,[28291 they are considered to be borate-phosphate
compounds as opposed to borophosphate compounds because
the BO4 and PO, polyhedra are isolated from each other.

Herein, we report the synthesis and characterization of the
first plutonium borophosphate, Pu'V(H,0)3[B,(OH)(H,0)(PO4)s]
(1), and compare its crystal chemistry to related compounds.



DPalton Transactions

Table 1. Members of the actinide borophosphate family.

Notation Chemical Formula D B:P in Building Unit Reference
AgNBPU-1 Ag>(NH,)3[(UO,),{B;0(PO,)4(PO,H),}]H,0 2 1:2 Wu et al.l1%
AgNPBU-2 Ag(2,9(NH,)5[(UO,)2{B2PsOz0.9(OH),} 3 2:5 Wu et al.[29]

(x =1.26)
AGNBPU-3 A8(2:9(NHa)3[(UO,)2{B2P(s.)AS,0(20.9(OH) 1] 3 2:5 Wu et al.[29]
(x=1.43,y=2.24)
KUPB1 Ks(UO,),[B,P301,(0OH)],(OH)(H,0), 3 2:3 Hao et al.20!
KUPB2 K2(UO,)15[B(H2PO,4)a](PO,)s(OH)(H,0)s 3 1:4 Hao et al.l20!
1 Pu(H,0)s[B,(OH)(H,0)(P0y,)s] 2 2:3 This work

Experimental Methods

CAUTION: Plutonium is radioactive and should only be handled
by trained workers in approved facilities! These experiments
were conducted in a laboratory licensed by the U.S. Nuclear
Regulatory Commission and the University of Notre Dame
Radiation Control Committee. The laboratory is equipped with
HEPA-filtered hoods and gloveboxes that are dedicated to
transuranic work. The synthesis and characterization described
below were carried out in these hoods or gloveboxes and were
only transferred to approved instruments once secured in
Infineum™ oil.

Synthesis

A plutonium(VI) working solution was prepared from a stock of
weapons-grade Pu(lV) in 2 M HCI. An aliquot of this solution was
evaporated to near dryness and allowed to cool for 20 minutes.
Once cool, 5 mL of concentrated nitric acid and 1 mL of
concentrated perchloric acid were added before heating to
dryness. After allowing to cool for 20 minutes, 5 mL of
concentrated nitric acid was added and evaporated to dryness.
This nitric acid evaporation was repeated four times. The final
dry plutonium was dissolved in 1 mL concentrated nitric acid to
make a 50 mM solution of Pu(VI). The oxidation state of this
working solution was confirmed using UV-vis-NIR spectroscopy.

An aliquot of the Pu(VI) working solution (25 pL) was
combined with 25 pL of 30% hydrogen peroxide, 5 pL of 2.4 M
potassium hydroxide, and 50 pL of 0.5 M potassium
pyrophosphate in a borosilicate glass vial to yield a solution with
pH = 11. The vial was covered in paraffin film with holes poked
in it and checked regularly for three months. A significant
volume of the solution evaporated, but no crystals formed, so
the vial was capped and moved to storage. Crystals of
Pu(H,0)3[B,(OH)(H,0)(P0O,)s] (1) were identified after one year
when vials in the storage area were being collected for
plutonium recovery. At this point, single crystals were collected
by hand for X-ray diffraction analysis and other analytical
characterization. We are unable to accurately determine the
yield of this synthesis due to the drying, isolation, and weighing
that is required, which pose additional risks to workers as well
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as difficulties in manipulating the small quantities of material
used in the reaction.

Single crystal X-ray diffraction (XRD)

Single crystal X-ray diffraction analysis was conducted using a
Bruker Apex Il Quazar diffractometer equipped with a Mo Ka X-
ray source at 200 K. The unit-cell parameters were refined by
least-squares techniques using the Bruker APEX Il software.
Data were integrated with the Bruker APEX IIl software and
corrected for Lorentz, polarization, and absorption effects, with
the latter done using a semi-empirical method in which SADABS
was applied. The structure was solved using the Bruker APEX IlI
software. CSD 2190098 contains the supplementary
crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif, by
emailing data_request@ccdc.cam.ac.uk, or by contacting the
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 IEZ, UK (fax: +44 1223 336033).

Electron microprobe (EMP)

A Cameca XS-50 electron microprobe with a four-crystal system
(ODPB, TAP, PET, LIF) was used to qualitatively confirm the
presence of boron in the structure of 1. Analyses were
performed at an accelerating voltage of 7 kV with a beam
current of 100 nA. Boron Ka-line measurements were taken of
the crystal for 10 seconds and compared to 2-second
measurements of a boron metal standard.

Infrared (ATR-FTIR) and absorption (solid-state UV-vis-NIR)
spectroscopies

A Bruker Lumos FTIR microscope was used to collect an IR
spectrum of a crystal of 1 in Infineum™ oil from 600—4000 cm™
at 25 °C under ambient atmosphere. A CRAIC QDI 2010 UV-vis-
NIR microspectrophotometer was used to collect an absorption
spectrum from 400-900 nm at 25 °C under ambient
atmosphere. Single crystals of 1 were placed on a glass slide in
Infineum™ oil and topped with a glass coverslip. Spectra were
collected in transmission mode using a 75 W xenon power
supply.

This journal is © The Royal Society of Chemistry 20xx
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Results and Discussion
Crystal Structure

Pu(H,0)3[B,(OH)(H,0)(P0O,)s] (1) obtained by
evaporation of a solution containing Pu(VI), nitric acid,
hydrogen peroxide, potassium hydroxide, and potassium
pyrophosphate in a borosilicate glass vial. After many months,
pink crystals of 1 formed and crystallized in space group P3. The
crystal structure of 1 has a heteropolyhedral framework formed
by a complex borophosphate sheet topology linked together by
PuOg(H,0)3 polyhedra (Figure 1). Plutonium occupies a triply-
capped trigonal prism (<Pu-O> = 2.42 A), where the basic prism
is formed by oxygen atoms from phosphate tetrahedra and the
additional vertices are water molecules (Figure 1 inset). Each
PO, group is bonded to two Pu atoms, one BO3(OH)
tetrahedron, and one BO;3(OH,) tetrahedron resulting in P-O
bond lengths ranging from 1.49 A to 1.57 A.

The basic building unit of the borophosphate sheet topology
is composed of two borate tetrahedra and three phosphate
tetrahedra (Figure 2B). Bond valence sum analyses (Table S5)
show that one borate tetrahedron is protonated to form
BO3(OH) and the other is terminated by water to form
BO3(OH,); the hydroxyl and water molecules are also needed to
make the structure charge neutral. Borate and phosphate
tetrahedra are linked in an alternating manner (e.g., BO4-PO;-
BO,4-PO,) to form an unbranched 12-membered ring. The rings
are then further linked through phosphate tetrahedra to form
the complex borophosphate sheet topology shown in Figure 2A.

An extended network of 12-membered rings is a typical
building unit for compounds with borophosphate framework
topologies. For example, the M[BPzOs]3" 3D anionic framework
has been observed in KMBP,0g (M = Sr, Ba),3%1 RbPbBP,Og, 31l
and RbBaBP,0g.1321 The borophosphate tetrameric building
units within these compounds contain only BO, tetrahedra; the
BO, oxygen atoms are shared with PO, tetrahedra in order to
connect the 12-membered rings into a framework. In contrast,
the 12-membered rings found in 1 take on a sheet topology
because there is a hydroxyl group or water molecule on one
vertex of each BO, tetrahedron.

The borophosphate sheet topology in 1 is not observed in
other members of the actinide borophosphate family. Rather,
boron and phosphate polyhedra are known to form finite

was slow

90°
rotation

Figure 1. Polyhedral representation of Pu(H,0)3[B,(OH)(H,0)(PO,)s] (1) and ball-
and-stick model showing the local coordination environment of plutonium.
Colors: purple = plutonium polyhedra, pink = phosphorus polyhedra, green =
boron polyhedra, red = oxygen atoms, and blue = oxygen atoms from water.
Oxygen atoms are of arbitrary size to emphasize the coordination environments
of Pu, P, and B.

This journal is © The Royal Society of Chemistry 20xx

Dalton Transactions

>
“ow

Figure 2. The borophosphate sheet topology is composed of a 12-membered ring
(highlighted in (A)) that is formed from three basic building units (highlighted in (B)).
Colors: pink = phosphorus tetrahedra, green = boron tetrahedra, and red = oxygen
atoms. Oxygen atoms are of arbitrary size to emphasize the coordination environments
of Pand B.

clusters, chains, or wide bands and coordinate with the actinide
metal center to form layered structures or frameworks of
different topological types.[1920] The B:P ratios within the
repeating building unit of these compounds dictate the
structure type that is formed (Figure 3). For example, the
isolated anionic group within KBPU-2 can be represented as an
open-branched pentameric group (B:P = 1:4 in Figure 3),120]
while a finite polyborophosphate group (B:P = 1:2 in Figure 3) is
present in AgNBPU-1;!19) KBPU-1 is composed of a loop-
branched single chain (B:P = 2:3 in Figure 3); AgNBPu-2 and
AgNBPU-3 are made up of connected open-branched
heptamers (B:P = 2:5 in Figure 3).

The B:P building unit ratio is also an important criterion
when it comes to classifying borophosphate compounds, as it
has a strong influence on the dimensionality of the anions
(Figure 4). For example, the uranyl-based borophosphate
compounds discussed above contain only tetrahedral borate,
have B:P building unit ratios ranging from 1:4 to 2:3, and have
partial
topology of a crystal structure—that represent isolated clusters
(D = 0) or infinite chains (D = 1). In contrast, 1 contains a B:P
building unit ratio of 2:3 yet forms a sheet topology (D = 2).
Compound 1 is the first reported 2D borophosphate material
with B:P = 2:3.

dimensionalities (D)—used to describe the anion

Characterization

Solid-state  UV-vis-NIR
calculations were used to confirm the oxidation state of
plutonium in 1 (see Figure S1 and Table S5, respectively). The
characteristic locations and shapes of the absorption peaks are
consistent with the Pu(lV)-aquo spectrum,33! though relative
intensities are different than would be expected because the
analysis was conducted on a crystal of 1. Specifically, the intense
peak at 469 nm along with its shoulder at 486 nm and the wide
peak with two centers at 652 and 679 nm are characteristic for
the absorption of the Pu(lV) aquo ion. The bond valence sum on
Pu is 4.18 v.u., consistent with assignment of plutonium as
Pu(lV). Reduction of Pu(VI) to Pu(lV) was expected due to the
presence of hydrogen peroxide in the synthesis.[34

The presence of boron
investigated by electron microprobe analysis. Although present

spectroscopy and bond valence

in the structure was further

in small percentages, boron was confirmed in the structure via

J. Name., 2013, 00, 1-3 | 3
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Figure 3. Anion topologies observed within the actinide borophosphate family as a function of B:P building unit ratio. Topologies correspond to the following structures reported in

the literature—1:4 = KBPU-2

(K2(UO2)12[B(H2PO4)al (PO4)s(OH) (H,0)g),2  2:5

= AgNBPU-2  (Ago74(NHy)s[(UO,),{B;Ps01574(OH)156}]1),*  1:2 =  AgNBPU-1

(Ag2(NH4)3[(UO,)2{B30(P0O4)4(PO4H),1H,0),1297 2:3 = KBPU-1 (K5(UO,),[B,P301,(0H)]12(OH)(H,0),),2% 2:3 = 1 (Pu(H,0)3[B,(OH)(H,0)(PO,)s]; this work). Colors: pink = phosphorus
polyhedra, green = boron atoms or polyhedra, and red = oxygen atoms. Oxygen atoms are of arbitrary size to emphasize the coordination environments of P and B.

comparison with a boron metal standard (Figure S2). The
incorporation of boron into 1 was not expected, as no boron
was present in the aqueous solution from which 1 crystalized.
Instead, we hypothesize that boron leached from the
borosilicate vial used during the synthesis. Ongoing
experiments are exploring the intentional addition of boron in
the synthesis of 1. It is also possible that the plutonium
precursor used in the synthesis contained a boron impurity, as
its provenance is unknown.

Attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR) was used to further confirm the
presence of boron and phosphate within the structure of 1. The
higher wavenumber region of the FTIR spectrum (Figure 5)
shows diatomic interactions. The broad peak from ~3000 to
~3650 cm™ corresponds to molecular water within the lattice
and the peak centered at 1618 cm corresponds to the §(HOH)
bending of water.[35-3%1 The sharp peak at 3502 cm™! represents
B-OH vibrations while the weak peak at 3355 cm™! likely results
from the vibration of crystalline water bonded to plutonium in

Do |
pos [ ]
*
_ |
T
B |
b0 A,
| | | | | | | | |
6:1 51 4:1 31 2:1 1:1 1:2 1:3 1:4

B:P Ratio

. Tetrahedral borates 2 Mixed coordination borates

Figure 4. Borophosphate partial structure dimensionality (D) as a function of B:P building
unit ratio, as established by Ewald et al.2! and Hasegawa and Yamane.[*" The structure
of Pu(H,0);[B,(OH)(H,0)(P0,)s] (1) is denoted by a star.
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our structure.38 This crystal was analyzed using Infineum™ oil,
which is also IR active. The three distinct peaks from ~2800 to
~3000 cm™ correspond to the valence vibrations of CH3 and
(CH,)n-chains in the oil.*1 A fourth peak attributed to the
bending vibration of (CH,),-chains in the oil is observed at 1463
cm L. Finally, the CH, rocking deformations in the oil is
present in the lower wavenumber region at 1369 cm™.141 The
weak broad peak centered at 2343 cm™ has been identified as
a v(CO,) stretch.[*2l This contribution is attributed to
atmospheric CO, and is an artifact of the ATR-FTIR analysis.

The fingerprint region of the ATR-FTIR spectrum (500-1500
cm) corresponds to vibrational stretching and bending of
polyatomic molecules, and thus provides more information
regarding the structure of 1. Because both borate and
phosphate anions are strongly IR active within this region,
deconvolution and definitive peak identification for this mixed-
anion structure is challenging. BO,> tetrahedral anions exhibit
two IR-active vibrational modes: the stretching mode (vs) and
the bending mode (v4). These have been identified as the peaks
at 856 and 611 cm, respectively.[35:37.3843] The peaks at 1272
and 692 cm™ also correspond to a borate vibrational mode and
are attributed to in-plane and out-of-plane bending of B-O-H,
respectively.[3537.38441  For the PO,3> tetrahedra, the v;
symmetric stretching mode and the vs antisymmetric stretching
mode have been assigned to the peaks at 978 and 1036 cm-?,
respectively.[363945-47] Since our structure contains tetrahedral
BO,> and PO,3 anions, it is difficult to differentiate between
these within the fingerprint region and determine a single
identity for the peaks at 763 and 996 cm™1.

Conclusions

We report the crystallization of Pu(H,0)3[B,(OH)(H,0)(PO4)s] (1)
from a complex solution in a borosilicate glass vial after one

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. Labelled ATR-FTIR spectrum of Pu(H,0)s3[B,(OH)(H,0)(PO,)s] (1) in
Infineum™ oil.

year. Single crystal X-ray diffraction was used to resolve the
crystal structure of 1 and compare the borophosphate anion
topology to other members of the actinide borophosphate
family. Whereas uranyl-based borophosphates have B:P
building unit ratios of 1:4 to 2:3 and O0- or 1-D partial
dimensionalities, representing isolated clusters and infinite
chains, respectively, 1 had a B:P building unit ratio of 2:3 and a
2-D partial dimensionality. The latter takes the form of a 12-
membered ring that forms sheets instead of frameworks due to
presence of hydroxyl groups or water molecules on one vertex
of each BO, tetrahedron. This anion topology is unique across
the entire family of borophosphate structures.

A combination of electron microprobe analysis and infrared
spectroscopy was used to confirm the presence of boron in the
structure of 1 and further characterize additional functional
groups, such as phosphate. Peaks corresponding to the
tetrahedral BO,> and tetrahedral PO,3* anions were all
identified in the fingerprint region (500-1500 cm) of the ATR-
FTIR spectrum. While it is challenging to deconvolute borate
and phosphate anion signals in FTIR, both structural anions
must be present to assign each peak in the spectrum.
Additionally, peaks in the higher wavenumber region
correspond to crystalline water and B-OH vibrations, providing
further evidence for the water molecules surrounding
plutonium in the structure and the protonation of the BO,
tetrahedra, respectively.

In conclusion, 1 represents not only the first Pu(lV)
borophosphate, but a unique anion topology across the family
of borophosphate compounds. It might serve as a model for
describing the crystalline aspects of vitrified nuclear waste, but
further studies are required to understand its mechanism of
formation and solubility, which would control the release of
plutonium from vitrified material under field conditions.
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