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Two neptunyl(VI) iodates, NpO,(I03)2(H20) (1) and NpO,(103),:H,0 (2), have been prepared from the aqueous
reactions of Np(V) in HCI with KIO, or HslOs at 180 °C and have been characterized by single crystal X-ray
diffraction and Raman spectroscopy. Both compounds consist of two-dimensional arrangements of pentagonal
bipyramidal [NpO7] polyhedra with axial neptunyl, NpO,?*, dioxocations. In 1, the neptunium centers are bound in
the equatorial plane by four bridging iodate anions and one terminal water molecule. The iodate anions link the
[NpO7] units into corrugated sheets that interact with one another through intermolecular 10;~+++105~ interactions
as also observed in UO,(103),(H.0). Compound 2 is isostructural with the recently reported PuO,(103),-H,0, where
oxygen atoms from bridging iodate anions occupy the five equatorial sites around the neptunyl moieties. The
iodate anions occur as both u,- and wus-units and link the neptunyl polyhedra into sheets. Both types of iodate
anions have their stereochemically active lone-pair of electrons aligned on one side of each layer creating a polar
structure. Raman spectra of 1, UO,(I03),(H,0), and PuO,(10s),°H,0 show a sequential shift of the v1(An0,**)
stretch to lower wavenumber as the atomic number of the actinide is increased. Crystallographic data: 1, orthorhombic,
space group Pcan, a = 7.684(2) A, b = 8.450(2) A, ¢ = 12.493(3) A, Z = 4; 2, orthorhombic, space group Pna2;,
a=73141) A b =11631Q2) A, c = 9.4492) A, Z = 4.

Introduction forms, i.e., IQ~ and I, and studies on the nature Bfl in
nuclear waste suggested the existence of iodatg, 30

Although the potential importance of low-soluble trans-
uranium iodates for lanthanide/actinide separation was
recognized about 50 years ago, we still lack a thorough
understanding of their structural and spectroscopic properties.
Few Np(V) and Np(VI) iodates, such as NgO3:0.5KIOs¢

The solid state chemistry of transuranium compounds has
received considerably less attention than that of their uranium
analogues owing to decreased availability and the highly
specialized facilities needed to safely study long-lived
a-emitters. However, understanding the behavior of the early

transuranium elements is critical for assessing their envi-
ronmental impact as long-term contributors to the radioactive 2H20 and [Co(NH)el[(NpO2)x(10s)7]-7H20, have been
dose in nuclear waste repositori€sOf particular interest ~ reported; however, these compounds were characterized only
is how these elements might react with fission-product PY €lémental analyses and IR spectroscgpg. brownish-
radionuclides, such a9, or their derivative$ In fact, yellow dense crystalline compound, stated as being
iodine can exist in solution in both oxidized and reduced NPOI03)»2H;0, was reported to form upon evaporaton.

In the past, the constitution of plutonium iodates was even
*To whom correspondence should be addressed. E-mail: Runde@ more ambiguous with solubility data reported for a suggested
'a”TI'Eg‘S" Alamos National Laboratory. Pu(I0;)4” More recent efforts lead to the synthesis and

* Auburn University. structural characterization of Pu@D3)*H,08
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The structural differences of reported binary U(VI) and Table 1. Crystallographic Data for NpflO3)2(H20) (1) and
Pu(VI) iodates raises the question of which structure type NPC(103)22H:0 (2)

Np(VI) would prefer to adopt. Herein we report the single NpOx(103)2(H20) (1)  NpOy(103)2:H20 (2)
crystal structures and Raman spectra of two hydrothermally formula mass (amu) 636.82 636.82
synthesized neptunium(VI) iodates, Ngfl®s),(H-0) (1) and space group Pcan Pna,
NypOZ(IO )oH o @) Ccsm)arisons vafﬁ bgé)zgn;dg (v3ith the 20 7.684(2) 7314(1)
3)2rh2 . par ) - b (A) 8.450(2) 11.631(2)
structure and spectroscopic properties of the chemical c(A) 12.493(3) 9.4490(16)
analogues, U@l0s)2(H,0) (3)° and Pu@(103)*H,0 (4). \Z/(A3) 211-2(4) ‘?03-8(2)
Experimental Section T(°C) —70 —70
2 A 0.71073 0.71073
SynthesesKIO, (99.9%, Fisher) and 0 (98%, Alfa-Aesar) pealca (g cNT3) 5.214 5.262
were used as received. &Np(V) stock solution (0.1 M) was #(Mo Koy gcm’l) 204.40 206.29
prepared by dissolution dB’NpQ; in 3 M HCI, followed by a R(':Z)Of(oFr 2':)‘; g 0.0297 0.0289
subsequent precipitation witl M NaOH and dissolution of the Rw(Foz)g 0.0700 0.0604

washed precipitate in 0.5 M HCI. Distilled and Millipore filtered
water with a resistance of 17.2®was used in all reactions. The

Raman spectra were collected on a Nicolet Magna 560 FT-IR/ o
Raman spectrometer. Approximately 5 mg crystalline samples in because the geometry of this instrument prevents complete face-

doubly contained NMR tubes were used for Raman spectroscopy "deXing:° The program suite SHELXTL was used for space group
studies. Crystals of and2 appeared to be produced in high yield determination (XPREP), structure solution (XS), and refinement

(estimated 90% by neptunium) from evidence of a clear solution (XL).1 The final refinement included anisotropic displacement
over pure product. parameters for all atoms, excluding O(3) 2Zn and a secondary

NPO(103)x(H,0) (1). KIO, (82.7 mg, 0.36 mmol) and 8Qa_ extinction para_lr_neter. Some crystallographic (_:ietails are Iiste(_:i in
of water were loaded in a 10-mL PTFE-lined autoclave followed 1@Plé 1; additional details can be found in the Supporting
by the addition of 30@L of 2™Np(V) stock solution. The autoclave  nformation.
was sealed, doubly contained in two heat-sealed Teflon bags, an - .
placed in a box furnace previously heated to 280 After 24 h, dResuItS and Discussion
the furnace was cooled at 28/h to 25°C. The product consisted SynthesesThe reactions of KI@ or HslOg with Np(V)
of a clear solution of pH 45 over large green multifaceted single at 180°C for 24 h in agueous media produce either dark
crystals ofl. The crystals were placed in a small vial where the green crystals of Np&@IO3),(H20) (1) or brown blocks of
majority of the mother liquor was removed to enable clear viewing NpO,(103)2-H:0 (2), respectively. As expected, the meta-
under a microscope. Raman (cii v1(NpO,*") 872 (s);»(1-0) periodate anion B° (10,7/1057) = 1.65 V)2 oxidizes
789 (s), 760 (s), 750 (w, sh), 727 (s). Np(V) in acid completely to thet6 oxidation state E°

NpO,(103)2°H20 (2). HslOg (63.1 mg, 0.30 mmol) and 5Qa_ . (NpO;T/NpO2+) = 1.16 V)12 The reduction of the I(VII)

of water were loaded in a 10-mL PTFE-lined autoclave followe 0 10V | b idizi i der hvdroth |
by the addition of 20@L of 23’Np(V) solution. The autoclave was 0 (V) can also occur by oxidizing water under hydrotherma

tightened, doubly contained in two heat-sealed Teflon bags, and conditions, which has been noted in the preparation of both

placed in a box furace preheated to 80 After 24 h, the furnace ~ Uranyl and lanthanide iodat&%*'" Although other iodate

was cooled at 13C/h to 25°C. The product consisted of a clear ~ Starting materials, such as Ki@r 1,0s, precipitate Np(V)

acidic solution over brown blocks & The crystals were placed  instantly, only microcrystalline or powdered materials were

in a small vial where the majority of the mother liquor was removed obtained.

to enable clear viewing under a microscope. Structures. NpO,(103)2(H20) (1). CompoundLl is iso-
Crystallographic Studies. Crystals ofl and2 were mounted in  stryctural with its two-dimensional uranyl iodate analogue,

glasts ((j:ap_ltl:?n?as after_lcoalt_lnr? with ?EO(;()? The (;aplll:f:n_es we;e_:_t;]en UO,(103)2(H20) (3).° The layers are built up by pentagonal-

coated with clear nail polish as a third form of containment. The .. . . .

crystals were placed on a Bruker P4/CCD/PC X-ray diffractometer gﬁéﬁ%gaflig\lsph%]vfnoli)r/1hle:?gr3;ewg.lclrr11 ?Li“&?%%r}[elgi’

and cooled to 203 K using a Bruker LT-2 low-temperature device. i tuni i dinated by t wiah
The data were collected using a sealed, graphite monochromatic € neptunium atoms are coordinated by two amahs

Mo Ka X-ray source. A hemisphere of data was collected using a

AR(F) = 31IFol — IFcll/3|Fol. ® R(Fe?) = [S[W(Fo® — F?)/ Zw(Fo]"2

(11) Sheldrick, G. MSHELXTL PC, Version 5.0, An Integrated System

Combingtion ofp andw scans, with 30-s fr.ame exposures and’_0~3 for Sobing, Refinng, and Displaying Crystal Structures from Diffrac-
frame widths. Data collection and initial indexing and cell refine- tion Data; Siemens Analytical X-ray Instruments, Inc.: Madison, WI,
ment were handled using SMART softwdPel-rame integration 1994.

. . : : (12) Greenwood, N. N.; Earnshaw, 8hemistry of the Element8ergamon
and final cell parameter calculations were carried out using SAINT Press Ltd.: Oxford, 1984.

softwarel® The data were corrected for absorption using SADABS  (13) Lemire, R. J.; Fuger, J.; Nitsche, H.; Potter, P.; Rand, M. H.; Rydberg,
J.; Spahiu, K.; Sullivan, J. C.; Ullman, W. J.; Vitorge, P.; Wanner, H.

(7) O’'Connor, P. R. Data quoted in USAEC Report CN-1764, 1944. Chemical Thermodynamics of Neptunium and Plutonitsevier
(8) Runde, W. H.; Bean, A. C.; Albrecht-Schmitt, T. E.; Scott, BChem. Science: Amsterdam, The Netherlands, 2001; Vol. 4.
Commun2003 478. (14) Hector, A. L.; Henderson, S. J.; Levason, W.; WebsterZMAnorg.
(9) Bean, A. C.; Peper, S. M.; Albrecht-Schmitt, T.Ghem. Mater2001, Allg. Chem.2002 628 198.
13, 1266. (15) Bean, A. C.; Albrecht-Schmitt, T. B. Solid State Chen2001, 161,
(10) Smart: Software for the CCD Detector SysteBnuker Analytical 416.
X-ray Systems, Inc.: Madison, WI, 199Baint: Software for the CCD (16) Bean, A. C.; Campana, C. F.; Kwon, O.; Albrecht-Schmitt, TIE.
Detector Systemversion 4.05; Bruker Analytical X-ray Systems, Am. Chem. So001, 123 8806.
Inc.: Madison, WI, 1997SADABSSiemens Area Detector Absorption  (17) Bean, A. C.; Ruf, M.; Albrecht-Schmitt, T. Enorg. Chem.2001,
Correction Program Version 1; 1996. 40, 3959.
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Figure 1. Pentagonal bipyramidal coordination environment of the neptunium atoms in(NRR(H20) (1) and NpQ(103)2-H20 (2), respectively. 50%

displacement ellipsoids are shown.

Figure 2. Depiction of thei[NpOz(I03)2(HZO)] layers in NpQ(IO3),-
(H20) (1) that formed from the coordination of Np& cations by bridging
iodate anions and water molecules.

Figure 3. Distorted zigzag layers2[NpO(I0s)2(H20)], in the (010)
plane of NpQ(I03)2(H20) (1).

Table 2. Selected Bond Distances (A) for Comparison of
NpO,(103)2(H20) (1), NpOy(103)2:H20 (2), UO2(103)2(H20) (3), and
PUQ(|O3)2'H20 (4)

1 2 3 4
An—O. O(1)x21.760(7) O(1) 1.73(1) 1.782(4)2 1.75(1)
0(2) 1.77(1) 1.757(9)
An—Ogq O(3)x22.332(7) O(6) 2.341(7) 2.330(42 2.332(7)
O(5)x2 2.375(8) O(7) 2.360(7) 2.376(42 2.360(7)
0(2) 2.48(1) 0(5) 2.394(7) 2.458(5)  2.397(7)
0(3) 2.404(8) 2.404(7)
0(4) 2.431(8) 2.418(8)

-0y  O(5)1.802(7)  I(1}O(5) 1.811(7) 1.792(4)  1.807(6)
0(3)1.821(7)  I(1}O(4) 1.844(8) 1.815(3)  1.844(7)
I—Or  O(4)1.821(8)  I(1}O(8) 1.81(1) 1.816(4)  1.808(8)

I(u3)—O 1(2)—0(6) 1.790(9) 1.810(7)
1(2)—0(7) 1.807(8) 1.810(7)
1(2)—0(3) 1.812(9) 1.815(8)

with bond distances of 2.332(7) A for NfD(3), 2.375(8)
A for Np—O(5), and 2.48(1) A for NpO(2). The longest
Np—O distance of 2.48(1) A belongs to the terminal water
group. These distances are very similar to those observed in
3. The -0 bond distances are within the expected range
between 1.802(7) and 1.821(8) A. Selected bond lengths for
1 are given in Table 2. There are close® contacts between
iodate anions in parallel layers of 2.816(6) A. These
interactions are thought to stitch low-dimensional features
in iodate structures together in much the same way as
hydrogen bonds.

NpO2(103),*H,0 (2). Compound?2 is isostructural with
the previously reported plutonyl(VI) iodate, Py({@3),-H,O
(4)8 As in compoundil, the layered structure of is
characterized by pentagonal bipyramidal [Np@olyhedra
that are connected by bridging [{{Qpyramids. However, in
contrast tol, all five equatorial oxygen atoms in the

oxygen atoms that are perpendicular to four bridging iodate equatorial plane of the Np atom derive from five iodate
anions and one terminal water molecule in the equatorial ligands. In this structure type, the water molecules do not
plane (Figure 1). Each of the four iodate ligands is linked coordinate with the neptunium center directly and are rather

to another [Np@ polyhedron, thus forming corrugated
fo[NpOZ(Iog)z(HZO)] layers, which lie parallel to (010), as
displayed in Figure 3.

The neptunyl &Np=O moiety is nearly linear
(178.3(5%), and the Np=O distances of 1.760(7) A are
slightly shorter than the ©U=0 distances (1.782(4) A) in

aligned between the layers (Figure 1). The neptunyl poly-
hedra are linked by iodate anions forming neutral
2INpO,(105);] layers that lie parallel to theab plane
(Figure 4). The occluded water molecules located between
layers complete the structures as depicted in Figure 5.
The Np=0O distances of 1.73(1) and 1.77(1) A in the

3. The four iodate ligands are bound in the equatorial plane [NpO7] polyhedra compare well with the B«D bond lengths
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Figure 4. lllustration of the2[NpO(103),] sheets found in NpglOs)

H,0 (2) that are formed from the coordination of NgfO cations by both
doubly and triply bridging iodate anions. These sheets are polar owing to
the alignment of the stereochemically active lone-pair of electrons on the
1(V) centers along the-axis.

Figure 5. View of the stacking arrangement of tAENpO,(103);] layers
in NpO(103)2:H20 (2).

of 1.75(1) and 1.757(9) A found i Thetrans-dioxo cations
for both 2 and4 are also nearly linear with bond angles of
178.1(4y and 178.9(4), respectively. The NpOgq bonds
are close to the PtOgq (2.332(7)-2.418(8) A) bond lengths
and range from 2.341(7) to 2.431(8) A.

Two crystallographically distinct iodate anions connect the
[NpOy] polyhedra. The-[1(1)O3] pyramids show substantial
variations in their I(1)-O bond lengths involving bridging
or terminal oxygen. The-+O(8) distance for the terminal
oxygen is 1.81(1) A, while the oxygen atoms involved in
ligation to the Np(VI) center are 1.811(7) and 1.844(8) A.
The iodate anions containing 1(2) utilize all three oxygen
atoms to coordinate three neptunium polyhedra. The-(®)
distances show only small variations and occur from
1.790(9) to 1.812(9) A. Selected bond lengthsZare given
in Table 2. When viewed down ttab plane (Figure 4), both
types of iodate anions id have their stereochemically active

Figure 6. Comparison of the actinyl (8An=0) and iodate &O)
stretching frequencies found in Y@03)2(H20) (3), NpO,(103)2(H20) (1),
and PuQ(103)2-H20 (4).

and 727 cm? for 1 and at 785, 754, and 727 cinfor 3.

The different coordination of iodate anions4ns reflected

in its Raman spectrum. The plutonyl(M-symmetric stretch

is again well isolated from the iodate stretching modes and
is found at 856 cm!, which follows a trend of increased
weakening of the AwO bond across the U/Np/Pu series.
The -0 stretching mode region fef contains an intense
vi-symmetric band at 785 crh surrounded by weaker
vz-antisymmetric modes at 803 and 746 ¢m

Conclusion

Expanding the structural knowledge and spectroscopic
characterization of uranium and transuranic compounds is a
challenging task due to the difficult nature of handling highly
radioactive material. The majority of synthetic studies of
transuranium compounds resulted in the formation of rather
amorphous or microcrystalline materials. Utilizing mild

lone-pairs of electrons aligned on one side of the layers andhydrothermal conditions enables us to approach the formation

induce polarity to the compound.

Raman Spectroscopy.Vibrational data for UQ(IO3)-
(H20) (3), NpO(103)2(H20) (1), and Pu®(103)2H0 (4)
are shown in Figure 6. Efforts to collect the Raman data for
NpO,(103).-H20 (2) were unsuccessful owing to its decom-
position upon the intense laser irradiation. The spectta of
and 1 compare very well indicating similar coordination
modes of the iodate ligands. The neptunyl and urany!

of crystalline materials and to unravel the largely unknown
coordination chemistry of inorganic neptunium and pluto-
nium materials. With the synthesis of Ng@3),(H20) (1)
and NpQ(IO03)*H,O (2), we were able to illustrate the
structural diversity and complexity that may occur within
the light actinide elements, U, Np, and Pu. The binary
plutonyl(VI) iodate is unique in its structure and displays
previously unknown actinytiodate coordination. Although

symmetric stretching frequencies are found at 872 and 879neptunium can also adopt this structure type, the U-analogue
cm?, respectively, and are clearly separated from the iodate structure type with one coordinated water molecule in the
stretching modes. The presence of a single crystallographi-equatorial neptunyl plane is thermodynamically favored. This
cally unique iodate anion simplifies the interpretation of the is the first example of analogous compounds within this
iodate stretching modes and singlesymmetric and two  series where neptunium can adopt two different structure
vz-antisymmetric +O frequencies were observed at 789, 760, types exhibited by its element neighbors.
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