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ABSTRACT: A Np(V) compound containing three-center
cation�cation interations, K(NpO2)3(H2O)Cl4, has been
prepared by reacting Np(V) with KCl in molten boric acid.
This compound forms a three-dimensional channel struc-
ture that is constructed from both two- and three-center
cation�cation interactions. Three new bonding modes for
cation�cation interactions are added to the summary of all
known Np(V) compounds.

Cation�cation interactions (CCIs) in actinide compounds
describe the scenario where the oxo atom of an actinyl unit

can further bond to another actinide center in its equatorial plane.
More generally, these would be called bridging oxo atoms. CCIs
between UO2

2þ and NpO2
þ were first observed in solution studies

by Sullivan et al. in 1961 and have subsequently been detected
using a variety of techniques including absorption, vibrational,
andMossbauer spectroscopy as well as X-ray scattering.1 CCIs in
the solid state were first described from the crystal structure of
Na(NpO2)2(C12O12)(H2O)8, which contains a slipped dimer of
NpO2

þ connected through CCIs.2 It is now known that 53% of
Np(V) compounds contain these interactions in the solid state.3

This bonding motif also exists in other An(V) compounds such
as U(V),4 Pu(V),5 and Am(V).6 This linkage plays an important
role both in the disproportionation of An(V)7 and in the magnetic
ordering in some Np(V) compounds.8 Although it is very rare,
CCIs can also be found in U(VI) compounds.9

The most common CCI bonds involve two actinide centers,
where the oxo atoms of an actinyl unit bond to only one secondary
actinide atom. This is called a two-center CCI. However, CCI
bonds can also involve three actinide centers, where the oxo atoms
of an actinyl unit coordinate to two adjacent actinide centers, i.e.,
a μ3-oxo. Although CCIs are rare in U(VI) compounds, a three-
center CCI was first reported in a uranium(VI) hydroxide com-
pound, Sr5(UO2)20(UO6)2O16(OH)6(H2O)6, in which only one
oxo atom is involved in the three-centerCCI, and the corresponding
UtOdistance is very long at 1.967(9) Å compared to the normal
lengthof 1.79(3) Å for anoxo atomnot involved in further bonding.10

Three-center CCIs were further detected in the structures of
(K,Na)Na3[(UO2)5O6(SO4)]

11 and Li4[(UO2)10O10(Mo2O8)].
12

These four compounds are the only examples of U(VI) com-
pounds that contain three-center CCIs. Despite the fact that CCIs
are much more common in Np(V) compounds than in U(VI)
materials, there is only one example of the three-center CCIs for

Np(V) in the solid state, and these are found in the structure of
Np2O5.

13 These interactions in Np2O5 result in a relatively com-
plex magnetic structure at low temperatures.13 Herein, we report
the crystal structure and the optical spectrum of the second
example of Np(V) compounds containing three-center CCIs:
K(NpO2)3(H2O)Cl4.

K(NpO2)3(H2O)Cl4 was synthesized by reacting neptunium-
(V) chloride in a molten boric acid flux with an excess of KCl at
220 �C.14 The product was washed by boiling water, and acicular
crystals with bright-green coloration were isolated. Surprisingly,
K(NpO2)3(H2O)Cl4 is not soluble in water.15

Single-crystal X-ray diffraction studies16 revealed thatK(NpO2)3-
(H2O)Cl4 crystallizes in the polar orthorhombic space groupPna21.
The structure of K(NpO2)3(H2O)Cl4 contains three crystallogra-
phically unique Np(V) sites. All of these Np(V) sites are found to
have a pentagonal-bipyramidal coordination environment con-
taining Cl� in their equatorial planes. One of the Np(V) sites is
also bound by an additional water molecule in the equatorial plane.
These Np(V) pentagonal bipyramids are connected through
CCIs and bridging chloride to form a remarkable three-dimen-
sional channel structure with potassium cations in the channels,
as shown in Figure 1.

The Np1O2
þ and Np2O2

þ sites are very similar, with average
neptunyl bond distances of 1.836(7) and 1.834(7) Å and bond
angles of 177.3(3)� and 178.0(3)�, respectively. All of the oxygen
atoms on their neptunyl units are further bonded to another
Np(V) site to form two-center CCIs. The Np1O2

þ sites have
two neptunyl oxo atoms donating to the Np2O2

þ and Np3O2
þ

sites, while the Np2O2
þ sites donate two CCIs to the Np1O2

þ

and Np3O2
þ sites, respectively. The only difference between the

Np1O2
þ and Np2O2

þ sites is that the Np1O2
þ sites are bound

by two chlorine atoms and one water molecule besides the oxo
atoms from CCIs in the equatorial planes, while the Np2O2

þ

sites have three Cl atoms in the equatorial planes (Figure 2).
The most remarkable aspect of the structure of K(NpO2)3-

(H2O)Cl4 lies at the Np3O2
þ sites. The Np3O2

þ sites contain
quite asymmetric neptunyl units with neptunyl bond distances
of 1.908(7) (O4) and 1.819(7) (O2) Å and a bond angle of
175.9(3)�. One of the neptunyl oxo atoms, O4, which has the
longer NptO distance, is further bonded to two other Np(V)
sites simultaneously to form a three-center CCI. The bond-valence
sumwas calculated at 1.93 for O4.3 The other neptuyl oxygen atom,
O2, forms a two-center CCI to another adjacent Np3O2

þ site.
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The Np3O2
þ sites also accept three CCI bonds in the equatorial

planes from aNp1O2
þ site, a Np2O2

þ site, and another Np3O2
þ

site, respectively. As a result, all oxo atoms coordinating to Np3
are involved in the CCIs. With two other chlorine atoms, a pen-
tagonal-bipyramidal geometry is formed for the Np3O2

þ sites, as
shown in Figure 2.

Grigorev et al. summarized all of the bonding modes of CCIs
that existed in the all known neptunium compounds as of 2004.17

However, this review needs to be amended in light of the dis-
covery of the new three-center CCIs. For example, the bonding
modeof theNp3O2

þ sites in the title compound canbe described as
the new type listed in Figure 3, case k. Both of the Np1O2

þ and
Np2O2

þ sites still adopt the known CCI bonding type listed as
case h. Moreover, in the structure of Np2O5, two of the three Np
sites adopt the new type listed as case i, while the third Np site
containing the three-center CCI neptunyl has the type of case
j.13 The two mixed/intermediate-valent neptunium borates,
K4(NpIVO2)0.73(NpVO2)2(NpVIO2)4B20O36(OH)2 and Ba2-
(NpIVO2)0.59(Np

VO2)2(Np
VIO2)4B20O36(OH)2 3H2O, contain

neptunium tetragonal-bipyramidal sites that are surrounded
only by CCIs.23 As a result, these neptunium sites also adopt a
new CCI bonding type listed as case i.

CCIs result in changes in the f�f transitions for neptunium-
(V). The UV�vis�near-IR spectrum acquired from single crystals
of K(NpO2)3(H2O)Cl4 is shown in Figure 4. The existence of
CCIs in a compound shift the primary transition at 980 nm to
longer wavelengths, typically around 1010 nm.17�19 This transi-
tion is, in fact, found at 1010 nm for K(NpO2)3(H2O)Cl4.
However, the peak is broader than normal, most likely because
K(NpO2)3(H2O)Cl4 contains both two- and three-center CCIs,
and there are multiple overlapping transitions. The intensities of
Np(V) transitions have been carefully examined by several groups.20

Krot and co-workers concluded that when the intensity of the ca.
980 nm transition is relatively higher, a pentagonal bipyramidal
environment is typically observed.21 Absorption studies on single
crystals are complicated by the potential for an orientational de-
pendence on which transitions are allowed. The acicular nature
of the crystals of K(NpO2)3(H2O)Cl4 is not amenable to a detailed
study of pleiochroism. However, the spectrum taken from a single

Figure 1. View of part of the three-dimensional structure of K(NpO2)3-
(H2O)Cl4 showing the channels extending along the c axis. Np poly-
hedra are shown in red-brown, chlorine in green, oxygen in red, and
potassium in purple.

Figure 2. Depiction of the coordination environments of the three
neptunium sites and the CCIs in K(NpO2)3(H2O)Cl4.

Figure 3. New summary of the CCI bonding modes for all known
neptunium compounds. The dashed lines represent the CCI bonds.

Figure 4. UV�vis�near-IR spectrum of K(NpO2)3(H2O)Cl4 ob-
tained from a single crystal. The primary f�f transition for Np(V) is
at 1010 nm.
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crystal, as shown in Figure 4, reveals some important observa-
tions. First, the transitions near 616 and 980 nm have been found
to obey Beer�Lambert behavior in solution and can be used to
calculate the concentration of Np(V). The transitions between
616 and 980 nm are typically too weak to utilize; the same is true
for the transitions after 980 nm.

For K(NpO2)3(H2O)Cl4, we find that these typically ne-
glected transitions are of nearly equal intensity to that of the
1010 nm transition, which should be as much as 400� more in-
tense owing to the mixing of 5f φ and 6d δ orbitals, which relaxes
the selection rules for this transition (f�f transitions are Laporte-
forbidden).22 Given the prevalence of mixed-valent neptunium
compounds that result from Np(V) disproportionation,23 it is
becoming increasingly clear that these compounds require very
detailed characterization to be confident about oxidation-state
assignments. Bond-valence-sum calculations are particularly use-
ful in this regard, and for K(NpO2)3(H2O)Cl4, all of the Np(V)
compounds yield sums consistent with Np(V) only.

In conclusion, we have provided an example of a Np(V) com-
pound containing a new type of three-center CCI. The channel
structure is built from both two- and three-center CCIs. With the
discovery of the three-center CCIs in Np(V) compounds, three
new CCI bonding modes can now be added to the summary of
known interactions.17 Moreover, as observed in the actinide borate
system,23,24 the chemistry of actinides inmolten boric acid is proving
to be substantially different from that observed in aqueous media or
high-temperature fluxes. This rare example of a neptunium(V)
chloride compound containing three-center CCIs has thus far
only been prepared in the molten boric acid.
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