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ABSTRACT: U(VI), Np(VI), and Pu(VI) borates with the formula AnO,[BgO;,(OH),] (An = U, 4
Np, Pu) have been prepared via the reactions of U(VI) nitrate, Np(VI) perchlorate, or Pu(IV) or
Pu(VI) nitrate with molten boric acid. These compounds are all isotypic and consist of a linear ¥
actinyl(VI) cation, AnO,>", surrounded by BOj; triangles and BO, tetrahedra to create an AnOg
hexagonal bipyramidal environment. The actinyl bond lengths are consistent with actinide contraction
across this series. The borate anions bridge between actinyl units to create sheets. Additional BO; £
triangles and BO, tetrahedra extend from the polyborate layers and connect these sheets together to
form a three-dimensional chiral framework structure. UV—vis—NIR absorption and fluorescence

spectroscopy confirms the hexavalent oxidation state in all three compounds. Bond-valence parameters are developed for Np(VI).

B INTRODUCTION

The terrestrial abundance of boron, and therefore borates, is
quite low at 10 ppm." However, borate deposits occur as the
result of the evaporation of ancient oceans and seas. One such
deposit is the Salado formation near Carlsbad, New Mexico
where the concentration of borate, predominately in the form of
H,BO;, B(OH), , and B,O,”~, reaches concentrations as high
as 166 ppm in intergranular brines.” Located within this deposit
is the United States’ only repository for nuclear defense waste
known as the Waste Isolation Pilot Plant (WIPP). Much like
boron, uranium has a relatively low terrestrial abundance at 2.7
ppm.3 However, a variety of processes concentrate uranium in
the Earth’s crust, and large deposits of uranium are found
throughout the world. Despite the fact that vast quantities of
uranium are dissolved in oceans and seas, there are no known
naturally occurring uranium borate minerals that form as the
result of evaporation of ancient bodies of water.* WIPP presents
a unique environment whereby large quantities of not only
uranium, but also lesser amounts of the transuranium elements
neptunium, plutonium, americium, curium, will eventually be
able to react with the brines, potentially leading to the formation
of actinide borate compounds. The presence of the decaying
nuclear waste will lead to heating beyond the ambient conditions
in the deposit, and therefore the reaction of actinides with borates
at moderate temperatures (ca. 150 °C) are important reactions to
study to predict the fate of actinides in the repository.

The structural chemistry of both borates and actinides is very
rich. Borate occurs as both BOj; triangles and BO, tetrahedra, and
these units fuse in limitless combinations to create clusters,
chains, sheets, and three-dimensional frameworks of remarkable
complexity. Likewise, the coordination chemistry of actinides is
exceedingly rich with tri- and tetravalent actinide cations being
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found with coordination numbers ranging from 6 to 15,6 and
penta- and hexavalent actinide cations forming the ubiquitous
linear actinyl units, AnO,"" (An =1, Np, Pu, Am; n =1 or 2),
that are further ligated by four to six donor groups to create
tetragonal, pentagonal, and hexagonal bipyramids.” The combi-
nation of the structural flexibility of actinides with borates should
lead to countless novel materials, some of which will have rele-
vance to the disposition and fate of nuclear waste. Despite these
motivations, the first uranyl borate for which a crystal struc-
ure is known was not reported until 1985, when Behm disclosed
the remarkable structure of Kg[UO,{B50,4(OH)s}]+12H,0,
an extraordinarily complex cluster com}é)osed of a cyclic BO; and
BO, units with a central uranyl core.” This work was quickly
followed by that of Gasperin, who utilized high-temperature
B,0; melts to prepare seven different uranyl borates, one of
which contains an early example of uranyl cations using oxo
atoms to coordinate one another, a so-called cation—cation
interaction.”” ' For 20 years the field lay dormant until the use
of boric acid flux reactions was introduced 2provicling access to
thorium,'®"” uranium,'®”>' neptunium,”*”** and plutonium®*
borates with both unprecedented structural richness and com-
plex electronic structures.

One of the challenges in working with these elements is to find
synthetic methods that allow for isolation of single oxidation states
across a series of neighboring actinides (e.g, U(VI), Np(VI),
Pu(VI)).2® This can be difficult to achieve because the redox
potentials for uranium, neptunium, and plutonium are very different,
and plutonium is well-known to equilibrate as many as four different
oxidation states in solution at the same time.”® Concentration,”’”
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temperature,”® counterions,” radiolysis,*® and hydrolysis* can all
significantly alter the course of reactions involving actinides. If proper
conditions can be created for preparing a series of actinide com-
pounds with the same formula and oxidation state, systematic
comparisons of these compounds can be made.

We have recently discovered that molten boric acid is a unique
medium for preparing crystalline actinide borates. We have re-
ported a large family of U(VI) borates, many of which adopt
noncentrosymmetric structures." ' In a boric acid flux Np(V)
partially disproportionates to Np(IV) and Np(VI) allowing for
the isolation of neptunium borates, such as K,(NpO,)s73B20036-
(OH), and K,[(NpO,);B100,6(OH),(NO3),], that simulta-
neously contain three different oxidation states.”””> Lowering
the reaction temperature and changing the flux to methyl boronic
acid allows for the isolation of a neptunium borate, NpO,[B30,4-
(OH),], that only contains Np(V).** When Pu(VI) is reacted
with molten boric acid the hexavalent oxidation state is main-
tained, and we have briefly communicated the synthesis and
structure of PuO,[BgO;,(OH),].**

In this work we will show how anions present in the reactions
influence the formation of neptunium and plutonium borates.
We demonstrate that by judicious choice of counterions and
careful control of reaction conditions that a series of uranium,
neptunium, and plutonium borates can be synthesized that all
contain actinides in the hexavalent oxidation state allowing for
the development of periodic trends.

B EXPERIMENTAL SECTION

Syntheses. UO,(NOs),-6H,0 (98%, International Bio-Analyti-
cal Industries), H3BO;3 (99.99%, Alfa-Aesar), Pb(NO3), (99%, Alfa-
Aesar), and KBO, (Alfa-Aesar) were used as received. Reactions were
run in PTFE-lined Parr 4749 autoclaves with a 23 mL internal volume
for uranium, and with 10 mL internal volume autoclaves for neptunium
and plutonium. Distilled and Millipore filtered water was used in all
reactions. Standard precautions were performed for handling radioactive
materials during work with thorium and uranium.

Caution! *’Np (t,/, = 2.14 x 10° y) represents a serious health risk
owing to its O and 'y emission, and especially because of its decay to the short-
lived isotope ***Pa (t,,, = 27.0 d), which is a potent 8 and y emitter. >**Pu
(t1, = 3.76 X 10° y) represents a serious health risk owing to its 0 and y
emission. All studies with neptunium and plutonium were conducted in a
laboratory dedicated to studies on transuranium elements. This laboratory is
located in a nuclear science facility and is equipped with a HEPA filtered
hoods and negative pressure gloveboxes that are ported directly into the
hoods. A series of counters continually monitor radiation levels in the
laboratory. The laboratory is licensed by the Nuclear Regulatory Commis-
sion. All experiments were carried out with approved safety operating
procedures. All free-flowing solids are worked with in gloveboxes, and
products are only examined when coated with either water or Krytox oil
and water. There are significant limitations in accurately determining yield
with neptunium and plutonium compounds because this requires drying,
isolating, and weighing a solid, which poses certain risks, as well as
manipulation difficulties given the small quantities employed in the reactions.

A stock solution of **’Np(VI) perchlorate was prepare by first
digesting NpO, in 8 M HNO; for 3 days at 200 °C (in an autoclave).
The solution was reduced to a moist residue and redissolved in water
forming a Np(VI) nitrate solution. A large excess of NaNO, followed by
an excess of NH,OH were added to this solution resulting in the
precipitation of Np(V) hydroxide. The precipitate was then filtered and
dried in 120 °C for about 30 min. Np(V) hydroxide was then dissolved
in a dilute HCIO, solution. This solution was then ozonated with an
Ozonology ozone generator for approximately 1 h to ensure complete

oxidation of the neptunium to 46. UV—vis—NIR spectroscopy indi-
cated that only Np(VI) was present.

A stock solution of ***Pu(VI) nitrate was prepare by first digesting
PuO, in 8 M HNO; for 3 days at 200 °C (in an autoclave). The solution
was reduced to a moist residue and redissolved in water. This solution
was then ozonated for approximately S h to ensure complete oxidation of
the plutonium to +6. UV—vis—NIR spectroscopy indicated that only
Pu(VI) was present. A stock solution of >**Pu(IV) nitrate was made by
treating ***Pu(VI) nitrate stock solution with small excess of H,0,
followed by mild heating.

UO,[Bg0;1(OH) 4. UO,(NO3),-6H,0 (0.5000 g, 1 mmol), boric
acid (1.3596 g, 22 mmol), Pb(NO3), (0.3317 g, 1 mmol), and water (50
L) were loaded into a 23 mL autoclave. The autoclave was sealed and
heated to 220 °C in a box furnace for 500 h. The autoclave was then
cooled down to room temperature at a rate of 5 °C/h. The products
were washed with boiling water to remove excess boric acid, followed by
rinsing with methanol. Crystals in the form of tablets with light yellow-
green coloration were collected for UO,[BgO,;(OH),] as a minor
phase. B—UO,B,0,, (UBO-1) was also found as the main product.’

NpO,[BgO;:(OH)4]. A stock solution of Np(VI) perchlorate contain-
ing 20 mg of Np(VI) perchlorate was loaded into a 10 mL autoclave and
dried in the oven at 120 °C until the whole solution appeared to be a
drop (about 20 4L in volume). Boric acid (0.094 g, 1.5 mmol) and KBO,
(0.0154 g, 0.18 mmol) were then added to the autoclave. The autoclave
was sealed and heated to 220 °C in a box furnace for 3 days. The
autoclave was then cooled down to room temperature at a rate of 9 °C/h.
The products were washed with boiling water to remove excess boric
acid, followed by rinsing with methanol. Crystals in the form of tablets
with light peach-pink coloration were collected for NpO,[BgO;-
(OH),] as the only product.

PuO,[BgO;;(OH)4]. A stock solution of Pu(VI) nitrate containing 10
mg of Pu(VI) nitrate was loaded into a 10 mL autoclave and dried in the
oven at 120 °C until the whole solution appeared to be a drop (about 20
UL in volume). Boric acid (0.0472 g, 0.7 mmol) was then added to the
autoclave. The autoclave was sealed and heated to 220 °C in a box
furnace for 3 days. The autoclave was then cooled down to room
temperature at a rate of 9 °C/h. The products were washed with boiling
water to remove excess boric acid, followed by rinsing with methanol.
Crystals in the form of tablets with peach-pink coloration were collected
for PuO,[BgO,;(OH),] as a pure product.

Crystallographic Studies. Single crystals of all three UO,-
[B8011(OH)4L NPOZ[Bsoll(OH)4]z and Puoz[Bsoll(OH)4]
phases were mounted on cryoloops with viscous Krytox and optically
aligned on a Bruker APEXII CCD X-ray diffractometer or a Bruker
APEXII Quazar X-ray diffractometer using a digital camera. Initial
intensity measurements were either performed using a IuS X-ray
source, a 30 W microfocused sealed tube (MoKa, A = 0.71073 A)
with high-brilliance and high-performance focusing Quazar multi-
layer optics, or a standard sealed tube with a monocapillary collima-
tor. Standard APEXII software was used for determination of the unit
cells and data collection control. The intensities of reflections of a
sphere were collected by a combination of four sets of exposures
(frames). Each set had a different ¢ angle for the crystal, and each
exposure covered a range of 0.5° in w. A total of 1464 frames were
collected with an exposure time per frame of 10 to 30 s, depending on
the crystal. The SAINT software was used for data integration
including Lorentz and polarization corrections. Semiempirical ab-
sorption corrections were applied using the program SADABS.*

UV—vis—NIR and Fluorescence Spectroscopy. UV—vis—
NIR data were acquired from single crystals of all phases using a Craic
Technologies microspectrophotometer. Crystals were placed on quartz
slides under Krytox oil, and the data was collected from 400 to 1400 nm.
Fluorescence data were obtained using 365 nm light for excitation (see
Supporting Information).
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Figure 1. Depiction of the noncentrosymmetric, three-dimensional
network structure found for AnO,[BgO,;(OH),] (An = U, Np. Pu).
AnOg hexagonal bipyramids are shown in yellow, BO; triangles in red,
and BO, tetrahedra in green.

B RESULTS AND DISCUSSION

Controlling the Oxidation States of Neptunium and Plu-
tonium Borates. In our previous report, we described the
syntheses of K4(NpO,)s.73[B20036(OH),] and Bay(NpO, ) so-
[B2003s(OH),] - H,O, which contain Np(IV), Np(V), and Np-
(VI).** These compounds are synthesized by the reactions of
Np(VI) nitrate with molten boric acid. When chloride is the only
counterion in the reaction (NpO,),[(NpO,)e73B20036(OH), ]
forms.”” This demonstrates that Np(VI) is first reduced to
Np(V) followed by disproportionation. We noted, however, that
when Np(VI) perchlorate is heated in water at 200 °C that
initially Np(V) grows into the reaction, but that after prolonged
heating the neptunium is predominately in the +6 oxidation
state. Perchlorate is in fact a strong oxidant; it simply has a large
kinetic barrier for reacting. Presumably these high temperatures
are overcoming that barrier. Likewise, when Np(VI) perchlorate
is reacted with molten boric acid, the first Np(VI) borate,
NpO,[BgO,;(OH),] is isolated.

The reaction chemistry of plutonium in boric acid is much
more straightforward than with neptunium. Both Pu(IV) and
Pu(VI) nitrate react with boric acid to yield PuO,[BgO;;-
(OH),4]. Unlike uranyl and neptunyl borates, additional cations
are not readily incorporated into the structure. PuO,[BgO;;-
(OH),] also crystallizes in the presence of Ba*" and K. The
isolation of a Pu(VI) borate from a Pu(IV) source is surprising in
light of the fact that Pu(IV) comg)ounds are generally far less
soluble than Pu(VI) compounds.”

The isolation of an uranium analogue of the aforementioned
Np(VI) and Pu(VI) compounds, UO,[BsO,,(OH),], requires
the use of higher temperatures than we have typically employed
in uranyl borate syntheses. At 190 °C an entirely different set of
compounds forms that possess very different polyborate
networks.'®”>! However, by increasing the reaction temperature
to 220 °C, UO,[BgO;;(OH),] can be isolated.

Structure and Topology Description. Single crystal X-ray
diffraction studies of UO,[BgO,;(OH),], NpO,[BsO,;(OH),],
and PuO,[BgO;,(OH),4] show that AnO,[BgO;;(OH),] crystal
structures are all isotypic and crystallize in the noncentrosymmetric

Figure 2. View along the b axis of the actinyl borate sheets in AnO,-
[BsO1:(OH)4] (An = U, Np, Pu). AnOg hexagonal bipyramids are
shown in yellow, BO; triangles in red, and BO, tetrahedra in green.

T r LI

Figure 3. Skeletal view of the actinyl borate sheets in AnO,[BgO;,-
(OH),4] (An = U, Np, Pu). Solid-line tetrahedra directed “up”, dashed-
line “down”.

monoclinic space group Cc. A view of the overall structure is shown
in Figure 1. There is one crystallographically unique actinyl cation,
AnO,”", that resides in a hexagonal hole within the polyborate sheets
to create a hexagonal bipyramidal environment, AnOg. This coordi-
nation environment dominates the entire family of actinyl borates
derived from molten boric acid, and is a consequence of having small
chelating anions. Similar environments can be found with other small
chelating anions such as nitrate and carbonate.”® This coordination
environment is actually quite rare in extended structures when
compared with the prevalence of AnO, gentagonal bipyramids that
are found in 85% of actinyl compounds.”

Each AnOg unit is surrounded by nine borate groups in the
[ac] plane to form an actinyl borate sheet as shown in Figure 2.
Among these nine borate groups, there are two BOj; triangles and
seven BO, tetrahedra. The terminal oxygen of five BO, tetra-
hedra are directed “up”/”down” corresponding to the sheet plane
and other two are directed in the opposite “down”/”up” direc-
tion. This is the same number of surrounding BOj; triangles and
BO, tetrahedra we found in C/D and E types of uranyl borate
sheets which were observed in Tl-uranyl borates.'® However, the
topology of the layers in the new U, Np, and Pu borates is
different, and has not been seen in any other actinide borate that
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Table 1. Crystallographic Data for UO,[BgO,;(OH),], NpO,[B3O,;(OH),], and PuO,[BgO,,(OH),]

UO,[Bs0;;(OH),] NpO,[BsO,;(OH),] PuO,[Bs0,;(OH),]
mass 596.51 595.48 600.48
color and habit light yellow-green, tablet pale pink, tablet peach-pink, tablet
space group Cc Ce Ce
a(A) 6.4476(15) 6.4426(8) 6.4391(8)
b (A) 16.741(4) 16.705(2) 16.714(2)
c(A) 10.964(3) 10.9843(13) 10.9648(13)
B (deg) 90.675(2) 90.766 (1) 90.744(1)
V (A3) 1183.4(5) 1182.1(2) 1180.0(3)
z 4 4 4
T (K) 100(2) 100(2) 100(2)
A (A) 0.71073 0.71073 0.71073
maximum 26 (deg) 28.53 27.58 28.79
p caled (g em™3) 3.348 3.346 3.38
u (Mo Kat) 13827 89.02 56.97
R(F) for F,* > 20(F )" 0.0300 0.0247 0.0205
Rw(F,?) 0.0612 0.0531 0.0473
“R(E) = YIFo| = [EI/Y Il
Table 2. Selected Bond Distances for AnO,[BgO;,(OH),] (An = U, Np, Pu)
distance (A)
An=U An = Np An = Pu An=U An = Np An = Pu
An(1)—0(3) 1.733(5) 1.737(5) 1.720(4) B(1)—0(5) 1.470(11) 1.462(10) 1.459(9)
An(1)—0(10) 1.767(5) 1.746(5) 1.733(4) B(1)—0(6) 1.472(12) 1.471(11) 1.464(10)
An(1)—0(7) 2.405(7) 2.399(13) 2.399(11) B(1)—O(11) 1.472(12) 1.474(15) 1.505(10)
An(1)—0(6) 2.436(8) 2.440(9) 2.438(7) B(1)—0(7) 1.478(12) 1.479(11) 1.479(13)
An(1)—0(2) 2.468(6) 2.468(5) 2.454(4) B(2)—0(2) 1.348(12) 1.352(10) 1.352(9)
An(1)—0(8) 2.529(7) 2.527(13) 2.527(10) B(2)—0(1) 1.368(11) 1.371(10) 1.347(9)
An(1)—0(5) 2.532(7) 2.544(8) 2.527(6) B(2)—0(6) 1.382(12) 1.363(11) 1.385(10)
An(1)—0(1) 2.622(6) 2.639(5) 2.634(4) B(3)—0(8) 1.424(11) 1.457(14) 1.452(13)
B(3)—0(7) 1.428(11) 1.444(14) 1.437(11)
B(3)—0(2) 1.490(10) 1.470(9) 1.466(8)
B(3)—0(12) 1.533(11) 1.510(10) 1.526(8)
B(4)—0(8) 1.409(11) 1.397(12) 1.409(10)
B(4)—0(8) 1.422(11) 1.379(16) 1.403(13)
B(4)—0(1) 1.454(10) 1.411(10) 1.456(9)
B(4)—0(4) 1.583(13) 1.755(15) 1.601(11)
B(5)—0(15) 1.425(13) 1.523(14) 1.444(12)
B(5)—0(9) 1.454(13) 1.389(13) 1.424(11)
B(5)—0(4) 1.498(13) 1.473(16) 1.535(13)
B(5)—0(12) 1.515(13) 1.538(14) 1.516(11)
B(6)—0(11) 1.329(12) 1.307(14) 1.320(11)
B(6)—0(9) 1.357(12) 1.334(13) 1.342(10)
B(6)—0(13) 1.408(12) 1.439(15) 1.430(11)
B(7)—0(15) 1.323(15) 1.329(15) 1.301(12)
B(7)—0(13) 1.388(14) 1.391(13) 1.387(11)
B(7)—0(14) 1.398(15) 1.340(15) 1.415(12)
B(8)—0(14) 1.341(18) 125(2) 1.388(14)
B(8)—0(17) 1.411(19) 1.52(2) 1.428(16)
B(8)—0(16) 1.417(19) 1.40(2) 1.333(17)

we have observed.''~'” The basic fragment of the borate sheets is
shown in Figure 3. It consists of two symmetrical parts I and II re-
lated via a mirror reflecting in the sheet plane. Such configuration

2530

makes layers in these new phases nonpolar, and we call this sheet
type as H-type (relatively to sheets classifications of uranyl
borates)."®”
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Table 3. Results from the Calculation of Bond-Valence
Parameters

compound CN S ICSD
Cs>(Np0,(S04),) 599 5150137
(NpO,)(CrO4)(CO(NH,),)> 5.94 93940°7°
NH,(NpO,)(NO); 606  95921°
K(NpO,)(NO,)s 612 95922
(NpO,)1(TcO4)4(H,0)3 615  98417°7¢

6.06

((CH3)4N)4(NpO,(CO3)3)(H,0)s 5.97 110324°7

K(NpO,)(PO,)(H,0), 602 157297%F
Na(NpO,)(PO,)(H,0)5 606  157298%F
Rb(NpO,)(PO,)(H,0); 579 157299
NH,(NpO,)(PO,)(H,0)5 591 157300°7"
Na,4(Nay(NpO,),(GeWy034),) (H,0)s5; 576 173174778
NpO,(CH;PO;) 602 173370°™
(Np0O,)(S0,),(H,S0,)(H,0), 594 201192%"
Rb(NpO,)(NO;); 608  201232%7

623 25016477
6.22

Ky(NpO,),(CrO4)3(H,0),4

(Np0,)(103),(H,0) 590 281463
(Np0,)(10;),(H,0) 592 281464
K(NpO,)(10;)3(H,0)1 5 610  413240°™
(Np0O,)(105),(KCl)o 5(H,0)3.25 6.16 413331%'™"
NpO,(C,HsPO5) 5.80

[c-TES R BN B B e oR N B I B e N e e N 2 B B che cH BN |

NpO,(BsO,;(OH),) 5.86 this work

There are additional BOj triangles and BO, tetrahedra con-
necting these actinyl borate sheets together, and the sheets stack
along the b axis to form a three-dimensional framework structure.
On the basis of the classification of actinyl borates these
structures can be described as F-2-2 compounds.”’ It should
be noted that this is the only actinyl borate structure type from
boric acid reactions where BO, tetrahedra are located between
the sheets."® ** As indicated by the space group Cc, the structure
is noncentrosymmetric, and this can be understood by the helical
nature of the polyborate chains between the actinyl borate sheets.
The twisting of the interlayer borate groups with respect to one
another reduces the interlayer space, and yields a less open,
denser structure.

The actinide contraction in this series of compounds can be
demonstrated with a variety of metrics. The unit cell parameters
given in Table 1 and the bond distances provided in Table 2 all
provide evidence of this.

The unit cell volumes for UO,[BgO;,(OH),], NgOz BgO,;-
(OH)4] and Pqu[BSOH(OH)4] are 1183.4(5) A°, 1182.1(2)
A% and 1180.0(3) A%, respectively. More 1mportantly the actinyl
AnEO bond distances shrink by 0.02 A on average from uranium
to plutonium. The Np=O bond distances are within normal
range and compare well with the neptunyl bond distance found
in the [NpO,(NO3);]~, which also contain neptunium in an
hexagonal bipyramidal environment.*® There are very few plu-
tonyl crystal structures; far too few to make broad comparisons.
However, the average Pu=O bond length in PuO,[BgO,;-
(OH),] is within 30 of the plutonyl bonds in PuO,-
(103),-H,03* 1t is important to note that actinyl bond
distances are close enough to each other across the uranium,
neptunium, and plutonium series that the actinide contraction is
difficult to detect between different types of compounds (i.e., the

Absorbance
5

.I T
400 600 800 1000 1200 140C
Wavelength (nm)

Figure 4. UV—vis—NIR absorption spectra of the Np(VI) compounds,
NpO,[BgO,;(OH),] (black), NpO,(NO3), - 6H,0 (blue), and NpO,-
(105),(H,0) (red).

errors in the bond lengths produce overlap if one uses 30 on the
calculated errors). The actinide contraction is only detectable if
the errors are small, the residuals are low, and the compounds are
isostructural.®

Bond-Valence Parameters for Neptunium(VI). The bond
valence parameters for Np were derlved before the 1970s;>
however, as more and more structures of Np® " have been reported
it is important to improve on the original garameters using the 23
structures in total found in ICSD (Table 3)*” and synthesized by us.
To derive the values of Ry and b at the same time for Np®* neptunyl
polyhedra, it is critical to establish the ideal bond distance of the
neptunyl ions which corresponds to 2.0 v.u. (valence units). Burns
and co—workers have derived the bond valence parameters for U*
and Np** using this method.””*® Here, taking only well refined
anhydrous structures into c0n51deration, the bond strengths of the
neptunyl bonds were calculated by subtracting the bond valence of
other bonds to a given neptunyl O ion using the published
parameters>’ from the formal valence of 2.0 for O, and then plotted
as a function of the bond length. The intercept of the linear fit for
these points corresponding to the ideal distance is 1.717 A (R* =
0.9948). Thus, the relationship between R, and b follows the
equation below:

2.0 = exp[(Ry — 1.717) / b]

With this constraint, the values of Ry = 2.025 and b = 0.444 are
obtained by optimizing the values to give the bond valence sum of
6.0 v.u. for 23 compounds. The results are shown in Table 3. This
set of parameters works very well for most compounds giving an
average bond valence sum of 6.00 v.1., and the standard deviation is
0.13 v.u., while the previous reported parameters of Ry = 2.07 and
b = 0.35 give the completely unreasonable average bond-valence
sum of 7.12 v.u. and the standard deviation 0.21 v.u.

UV—vis—NIR Absorption Spectroscopy. The 5f' electron
configuration typically yields a single somewhat broad Laporte-
forbidden f-f transition in addition to higher energy charge-
transfer bands.** For U(V) the f-f transition is in the visible
region of the spectrum.*’ For isoelectronic Np(VI), this transi-
tion occurs in the NIR near 1200 nm. The UV—vis—NIR spectra
of NpO,[BgO,;(OH),] acquired from a single crystal is shown
in Figure 4. We have found that this peak can be shifted from
where it typically occurs in solution when compared to solid
samples. For example, data acquired from single crystals of
NpO,(NO;),6H,0 shows this peak is located at 1100 nm.
NpO,[BgO;;(OH),] shows a transition at 1140 nm. In contrast,
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Figure 5. UV—vis—NIR absorption spectrum of PuO,[BgO;;(OH),]

from a single crystal aligned along the b axis in the same direction as the
plutonyl units.

in single crystals of NpO,(103),(H,0) the transition is at 1230
nm, which is similar to where it is found in perchlorate and nitrate
solutions.*" An partial explanation for the differences in the
energy of this transition is found in the coordination environ-
ments. In NpO,[BgO;;(OH),] and NpO,(NO3),-6H,O the
neptunium center is in a hexagonal bipyramidal environment;
whereas in NpO,(103),(H,0) and solutions of neptunyl per-
chlorate the neptunium is in a pentagonal bipyramidal geo-
metry.”® It appears that the addition of a larger number of donor
atoms in the equatorial plane, and presumably more electron
density at the neptunium center, shifts the f-f transition to higher
energy. The reverse effect is observed in the shift of the main
transition at 980 nm in Np(V) compounds. Upon the formation
of cation—cation interactions, the f-f transition shifts to longer
wavelengths.42

Pu(VI) yields a spectrum that is far more complex than
Np(VI) because of its Sf* electron configuration. Superficially
the spectrum is similar to isoelectronic Np(V) with a single strong
t-f transition at approximately 830 nm. A series of much weaker
transitions also occur. The UV—vis—NIR spectrum of single
crystals of PuO,[BgO,;(OH),] is shown in Figure S. This
spectrum was acquired from a single crystal where the plutonyl
axis is aligned in the excitation direction. The main f-f transition is
at 800 nm.* However if the crystal is rotated by 90° so that
excitation is perpendicular to the plutonyl axis then the intensity
of this transition is significantly diminished with respect to all of
the other transitions. This pleochroism can be significant in other
transuranium compounds, such as K,[(NpO,);B100:(OH),-
(NOs),],%* and is visible to the naked eye without polarized light.
Crystals of both PuO,[BgO;,(OH),] and PuO,(103), - H,O are
dichroic being pink when viewed in one direction and peach in
the other two directions.

Bl CONCLUSIONS

In summary, we have successfully synthesized the first Np(VI)
borate in molten boric acid by using Np(VI) perchlorate as the
starting material. This compound has uranium and plutonium
analogues that are accessible by carefully controlling the reaction
conditions. The actinide contraction can be detected in this
system because of the high quality of the X-ray diffraction data
even though all of the crystals are pseudomerohedrally twinned.

Bond-valence parameters for Np(VI) have been developed that
when used in conjunction with Np(IV)*® and Np(V)”*** para-
meters derived by us and others can be used to rapidly and
accurately determine the oxidation state(s) of neptunium from
the crystal structure alone. UV—vis—NIR data acquired from
single crystals demonstrates that there can be substantial shifts in
the f-f transitions when solids with one coordination environ-
ment are compared with solutions containing actinides in a
different coordination environment. Taken together these data
provide a series of general tools that illuminate differences
between solution and the solid state for actinide compounds.

Il ASSOCIATED CONTENT

© Ssupporting Information.  Fluorescence spectra for UO,-
[BsO,,(OH),); X-ray files (CIF) for UO,[BgO,;(OH),],
NpOz [Bgol 1 (OH)4], and PuOZ[Bgou(OH)‘J. This material
is available free of charge via the Internet at http://pubs.acs.org.
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