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ABSTRACT: A new neptunium(V) borate, K[(NpO2)-
B10O14(OH)4], was synthesized using boric acid as a
reactive flux. The compound possesses a layered structure
in which NpV resides in triangular holes, creating a
hexagonal-bipyramidal environment around neptunium.
This compound is unusual in that it exhibits the
Alexandrite effect, a property that is typically restricted
to neptunium(IV) compounds.

Neptunium and plutonium possess extraordinarily compli-
cated and rich redox chemistry with oxidation states

ranging from 3+ to 7+.1 The chemistry of neptunium is
dominated by NpV in both solution and the solid state.
However, the disproportionation of NpV into NpIV and NpVI

occurs under a variety of conditions.2 This process is known to
be significantly affected by numerous factors that include
concentration, temperature, counterions, radiolysis, pH, and
hydrolysis.2 As a consequence of the compromise between the
disproportionation of NpV and comproportionation of NpIV

and NpVI, neptunium in multiple oxidation states can be
trapped in some compounds, and examples of mixed-valent
NpIV/NpV and NpV/NpVI solids are known.3

We have recently undertaken the study of the preparation,
structure elucidation, and physicochemical property measure-
ments of actinide borates with the aim of developing periodic
trends that may be relevant to nuclear waste disposal.4−6 We
have demonstrated that the chemistry of actinides in molten
boric acid is substantially different from that observed in
aqueous media or high-temperature melts. In particular, we
have provided evidence of neptunium borates that simulta-
neously contain NpVI, NpV, and NpVI using a combination of
single-crystal X-ray diffraction, bond-valence-sum calculations,
magnetism, and UV−vis−near-IR (NIR) spectroscopy.6a We
also prepared a highly unusual mixed/intermediate-valent
neptunium borate, K2[(NpO2)3B10O16(OH)2(NO3)2], in
which the structure shows the existence of NpV and NpVI,
while UV−vis−NIR spectroscopy indicates the potential
presence of trace amounts of NpIV as well.6b To explain these
observations, we propose three possibilities: one is that this
compound is mixed-valent with NpIV partially occupying NpV

sites; the other is that all Np sites are actually intermediate-
valent; finally absorption spectroscopy of NpV may simply not
be useful for the oxidation state assignment in these
compounds.

Polyborate networks are structurally flexible enough to
coordinate with neptunium in all possible oxidation states
stable under standard conditions. The building units of borates,
BO3 triangles and BO4 tetrahedra, tend to polymerize under a
variety of conditions to form countless types of polyborates that
provide numerous bonding modes to coordinate the metal
centers with different geometric preferences. Moreover, borate
itself is a non-redox-active ligand. This provides us an
opportunity of controlling and predicting the oxidation states
of actinides in desired products by controlling the initial
oxidation states of the actinides. For example, when the strong
oxidant ClO4

− is used as the counteranion, neptunium(VI)
borate can be isolated; mixed/intermediate-valent neptunium
borates can only be synthesized when NO3

− or chloride is
present in the boric acid flux reactions.6a,b In this report, we
describe the crystal structure and absorption spectra of two new
neptunium(V) borates, K[(NpO2)B10O14(OH)4] (1) and
K2[(NpO2)2B16O25(OH)2] (2), which are prepared in boric
acid flux reactions with Cl− present as a counteranion.
1 was prepared via the molten boric acid flux reaction of

neptunium(V) chloride with KCl at 220 °C.7 Crystals with a
tablet habit were isolated for 1, which appear to be light-yellow-
green when illuminated by standard room fluorescence lighting;
while under microscope lighting with a halogen lamp, the
crystals show a coloration of dark brown (Figure 1). This
phenomenon is referred to as the Alexandrite effect and is
named so after the ability of the gemstone to change from
green to red depending on the lighting. This effect is very
common in neptunium(IV) compounds, but we have never
observed it for neptunium(V). As a result, these crystals were
originally thought to be a neptunium(IV) compound. Another
similar neptunium borate phase, 2, that is present as crystals
with exactly the same habit as 1 was also isolated in the
products. However, all crystals of 2 are severely twinned, and
final refinement of the structural model is less than satisfactory.
We only provide the unit cell parameters and discuss some
general bonding aspects of 2.8

The structure of 1 contains neptunium borate sheets that
extend in the [ab] plane (Figure 2b), with K+ cations residing
between the neighboring sheets. There are significant numbers
of BO3 triangles that extend out perpendicularly on both sides
of the sheets that form B2O5

4− units on one side and B3O6
3−

units on the other side (Figure 2a). The combination of linear
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dimeric and cyclic trimeric groups has been observed for the
first time in actinide borates.4−6

There is one crystallographically unique neptunium site
existing in a NpO2

+ unit with NpO bond distances of
1.802(6) and 1.811(7) Å, which are close to the average Np
O distance of 1.83 Å found by surveying known neptunium(V)
compounds.9 It should be noted that these crystallographic data
contrast sharply with the Alexandrite effect that is observed for
the crystals of 1, where no NpIV site is found. Also, no cation−
cation interactions (CCIs) occur. The bond valence sum for
neptunium is consistent with NpV.9

The most important feature of the structure of 1 is the
neptunium borate sheet topology. As observed in a typical
uranyl borate,5 within the sheets, each NpO2

+ hexagonal
bipyramid is surrounded by nine nearest-neighbor borate units
(Figure 3). Four of them are BO3 triangles, and five of them are

BO4 tetrahedra. This ratio of BO3 triangles versus BO4
tetrahedra within the sheet has not been observed in uranyl
borates. There is a second unusual feature: a μ3-O atom shared
by three BO4 tetrahedra. These new features result in a new
sheet topology (M type) for actinide borates.5,6 However, it
should be noted that significant numbers of trivalent lanthanide
borates also adopt this sheet topology.6,10 Large differences
exist between NpV and AnIII/LnIII in relation to their respective
coordination numbers and environments. However, this work
shows that both the highly anisotropic actinyl cation
coordination and the more isotropic RE3+ environments reside
in the same type of polyborate sheet. Therefore, the
supposition that NpIV might substitute onto NpV sites is not
as outlandish as it first appears because AnIII and AnIV possess
similar coordination chemistry.
The structure of 2 is based upon the same types of 2D borate

sheets and has a certain similarity to 1. The sheets are linked
into a 3D framework by the B2O5 and [(B3O6)(BO(OH)2]
groups.
The UV−vis−NIR absorption spectrum of 1 is shown as the

black curve in Figure 4. These data were acquired from the
same single crystal that was used for the structure
determination using a microspectrophotometer. The crystals
were oriented along [010] for data collection; i.e., the light is
orthogonal to the polyborate layers. They are too small to
obtain data in different orientations. The spectrum of 2 is
essentially the same as that of 1. It is well-known that the main
transition for a typical neptunium(V) compound appears as a
sharp feature at 980 nm (blue curve, Figure 4). When NpV units
are involved in CCIs, this feature is red-shifted to the higher
wavelength region around 1010 nm (green curve, Figure 4).
For NpIV, the most important transitions that can be used for
distinguishing it from NpV are those at 730 and 960 nm (pink
curve, Figure 4). There are two important features in the
spectrum of 1. First, the main transition that is used to
characterize NpV is blue-shifted to 947 nm and significantly
broadened. Second, the transition at 736 nm is attributed to
NpIV. Thus, there is a conflict between crystallographic and
op t i c a l d a t a t ha t wa s p rev iou s l y obse r ved in
K2[(NpO2)3B10O16(OH)2(NO3)2].

6b However, there is a
difference between the spectrum of 1 and that of
K2[(NpO2)3B10O16(OH)2(NO3)2] in that the main transition

Figure 1. Photographs of crystals of 1 and 2 illuminated by standard
room fluorescent lighting (left) and under microscope lighting (right)
with a halogen lamp showing the Alexandrite effect.

Figure 2. Views of part of the layered structure of 1 in the ac (a) and
bc (b) planes. Np polyhedra are shown in orange, BO3 triangles in dark
green, BO4 tetrahedra in light green, and K atoms in purple.

Figure 3. Views of the sheet topology (M type) in 1 and 2.

Inorganic Chemistry Communication

dx.doi.org/10.1021/ic201682s | Inorg. Chem. 2012, 51, 7−98



of NpV is split into two peaks at both 960 and 980 nm (red
curve, Figure 4), which belong to NpIV and NpV, respectively,
while in 1, this transition is extensively shifted to the region that
is even below that of NpIV. It is therefore possible that NpIV is
also disordered within 1.
In conclusion, 1 provides a further example of the complexity

of the mixed/intermediate valency that is found in several
neptunium compounds. This is represented by β-Ag-
NpO2(SeO3), where low-temperature electron spin resonance
data also indicate the presence of NpIV in crystals even though
the structure only appears to contain NpV.12 Much like 1,
crystals of β-AgNpO2(SeO3) are brown instead of the unusual
blue-green coloration of neptunium(V) compounds. The large
differences in the coordination environments within poly-
borates that were thought to differentiate between NpIV and
NpV are based on the hypothesis that the linear dioxoneptunyl-
(IV) unit would not occupy the same kinds of sites as lower
oxidation states of neptunium. However, with observation of
this unit in the structures of K4[(NpO2)6.73B20O36(OH)2] and
Ba2[(NpO2)6.59B20O36(OH)2]

6a and the fact that RE3+ cations
can reside in the same sites as actinyl cations, it now appears
that disordering of NpIV at NpV sites is at least plausible. NpV

disproportionation leads to NpIV trapped within the crystals of
β - A g N p O 2 ( S e O 3 ) , a n d p o t e n t i a l l y i n
K2[(NpO2)3B10O16(OH)2(NO3)2], and 1.
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F i g u r e 4 . UV− v i s−N I R s p e c t r a o f 1 ( b l a c k ) ,
K 4 [ ( N p O 2 ) 6 . 7 3 B 2 0 O 3 6 ( O H ) 2 ] ( b l u e ) ,
K2[(NpO2)3B10O16(OH)2(NO3)2] (red), NpO2(IO3) (green), and
Np[C6H4(PO3H)2]2·2H2O (pink).
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