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Crystal Structures and Magnetic Properties of
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Interactions in a Neptunyl Sulfate Framework
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Two novel neptunium(V) sulfates, NatNpO,)4(SOy)4(H20), and NaNpGSOH,0, have been prepared
by hydrothermal methods. The structure of each has been determined by single-crystal X-ray diffraction
using Mo Ko radiation and a charge-coupled device area detector. Both structures are monoclinic with
space groupC2/c. NaKs(NpO,)4(SOy)4(H20). (R = 0.0351) has unit cell parameteas= 18.0998(12),
b = 5.7030(4),c = 23.1988(16)8 = 104.6330(10), V = 2317.0(3) &, andZ = 16. NaNpQSQ;H,0
(R, = 0.036) has unit cell parametesis= 18.3638(13)p = 5.6424(4),c = 23.5512(17) = 103.366-
(2)°, V = 2374.2(3) R, andZ = 16. Both structures contain chains of Np(\)@entagonal bipyramids
linked into a framework structure through the sulfate tetrahedra. The neptunyl polyhedra are involved in
multiple catiorr-cation interactions. Magnetic susceptibility data, together with field-dependent studies,
indicate the presence of ferromagnetic ordering at 6.5(5) K for di0,)4(SOy)4(H20), and 7.4(1) K
for NaNpQ,SOH,0.

Introduction Both uranium and neptunium are redox-sensitive radio-
nuclides, which makes their chemical behavior qualitatively
similar>® Uranium occurs in nature in both the tetravalent
and the hexavalent states; however, only the hexavalent state
is significantly soluble, and it forms the dioxo (U®"
cation? In contrast, neptunium has four common oxidation
states, I, IV, V, and VI, with pentavalent neptunium, present
as a linear dioxo cation, ©Np=0]", the most stable moiety
in solution!®

Actinide (VI) compounds such as uranium almost invari-

23'Np (t12 = 2.14 x 1P years) is a man-made element
that is considered to be one of the most problematic radio-
nuclides for nuclear-waste storage in a long-term geologic
repository? Initially 2°’Np is produced as a byproduct in
nuclear reactors, but because of radioactive deca&§tafn
(t12 = 432.7 years) the concentration BfNp increases in
spent fuel through the first several thousand years. It is
expected to be a major dose contributor in a geologic repos-

itory such as Yucca MountainUnderstanding the basics of ably contain approximately linear (Ani3* dioxide cations

the structural chemistry of neptunium is vital for addressing . ) -
. . . : that are further coordinated by four, five, or six ligands,
its geochemical behavior and risk assessment of nuclear

waste disposat.® Unfortunately there are very few published giving square, pentaggnal,'or hexagonal. b|pyrarﬁTd%ln
, S . the case of the (Angy’" cation, the bonding requirements
crystal structures that contain neptunium in its most envi-

. , S 5 of the O atoms are nearly met by the bond to th&"Azation
ronmentally important predominant oxidation state,>Np .
As 2¥Np is not a naturally occurring element, there are a!one, and these O gtoms_ selt_jom bond to other cations of
no geoloaical natural analogues for develo in, an under_hlgher valencé.Relatively little is known about the crystal
geolog 9 ping . chemistry of actinide (V) compounds, but of the structures
standing of the crystal structures and chemical behavior of reported, a significant fraction contain a linear (ANO
Np®t. As a result of the scarcity of structural data for P ' g

. o . . dioxide cation similar in geometry to those found for the
neptunium compounds, it is tempting to proclaim that the .
: o or hexavalent state. However, the lower charge of thé"An
structural chemistry of N will mirror that of US*.

: . : ation in (AnQ)* results in somewhat weaker bonds to the
Substantial progress has been made in advancing understanc% . o . . :
atoms in the dioxide cation, relative to the bonds in

ing of the crystal chemistry of ¥, and the structures are o o
known for approximately 370 inorganic structures that (AnG;)*" cations. In other words, the O atoms of the (AfO

contain essential uranyl, of which 89 are minefals.
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ion will tend to form bonds with other cations somewhat Table 1. Crystal Data and Structure Refinement for KS22 and

stronger than those in (And3*. Thus, the crystal chemistries NaS2-2
of pentavalent and hexavalent actinides may diverge to meet KS2-2 Nas2-2
the bonding requirements of the O atoms of the (A0 ?tructllﬂe fO_rrEltJla 33%5(2202)4(504)4(%0)2 Niglg%SQHzO
. . ormula wel . .
cation. We hypothesize that (Np(VI}3" can be expected temperamrg(K) 203(2) 203(2)
to largely follow the structural trends of (U(VIYF" but wavelength (A) 0.710 73 0.71073
that (Np(V)Q)* will crystallize with new structure types that 2”&;‘9 group fg’gég& 112?) Clzéc?fgsoé &53))
are able to accommodate the bonding requirements of the O p (z) 5.7030(4) 5.6424(4)
atoms. c(A) 23.1988(16) 23.5512(17)
; ; d 104.633(1 103.366(2

The bondlng requirements of the O atoms of _the gcflui?g ) 2317_0(3() ) 2374_2(3§ )
(Np(V)O,)* cation may be met through interactions with  z 16 16
other (Np(V)Q)* cations. Specifically, an O atom of one de(ﬂfr']:Xl()g’”ﬁ) ‘1‘563&236 ‘;fg‘il
linear [O=Np=0]* ion can also coordinate as the equatorial /é(oom 2864 2848
ligand of a neighboring (Np(V)®" polyhedron. First postu- crystal size (mm) 0-&%300-08% 0-0550100-050x
lated from solution studi€’é,the direct linkage of two actinyl thetarange for data  2.33-34.56 29834 50
ions through the bonding of an oxo ion from one (ANO ! f:plle;tl(?n (deg) Se<h =28 28 <1< 28

. . . . — < < —_— < <

moiety as the equatorial ligand on an adjacent (4riGon imiiing indices Co<k<e 25k <
has been designated as a catigation interaction. Such et locted! 22 g7396/:8'4; 36 " ;85/28'1;36
interactions are relatively common in the reported structures ¢ Sﬁi('gés cotecte [Ru = 0.0700] [Rit = 0.0416]

that contain Np" 1! but are much more unusual in the case
of US".13 Linkage of uranyl bipyramids with other poly-

refinement method

full-matrix least-
squares oifr2

full-matrix least-
squares oifr2

data/restraints/ 4842/2/180 4817/4/197
hedra is almost invariably through the equatorial vertexes  parameters
. - 140 . . Lo goodness-of-fit o2~ 1.073 0.967
of the bipyramids? The potential for catiorrcation interac- final Rindices R1= 0.0351, R1=0.0363,
tions in NP* structures suggests significant divergence from  [I > 20(1)] wR2=0.0717 wR2= 0.0596
US*crystal chemistry and structural connectivities. Rindices (all data) — RE 00408, 6 R s 67

We are undertaking a detailed study of MNpcrystal

largest diff. peak

4.248 and-2.777

2.155 ang-2.228

chemistry, focusing on compounds with environmentally 2" " &

relalant chemical gompositions, to _develop b_etter insight _into pH was adjusted from 0.79 to 1.95 by addition of 82 of 5 M

Np>* crystal chemistry and t‘? provide a ba_S|s for furtherlng KOH. The mixture was heated for 1 week at 13D in a gravity

the fundamental understanding of Npsolution chemistry.  convection oven and was allowed to cool slowly in the oven. Dark
Here we report the structures of two isostructural®Np  green platy crystals600.m in length were obtained. The structure
sulfates that possess a novel framework of polyhedra thatdetermination indicated the presence of a Na cation in the KS2-2
includes catior-cation interactions. We also report the structure, and this was verified by energy dispersive spectrometry
magnetic properties of these compounds and comment onusing a LEO EVO-50XVP variable pressure/high humidity scanning
their unusual behavior with respect to their structural €lectron microscope. The Na was an impurity in the Np stock

connectivity. solution.
Na(NpQ)(SOy)(H20) (NaS2-2) was synthesized by hydrothermal

reaction of 0.0817 g of N&Oy(H,0),0 with 0.64 mL of 0.078 M
) _ o Np®* stock solution (11.83 mg Np) and 0.36 mL of ultrapure water
Crystal Synthesis.The reagents SO, (Fisher Scientific lotno. (final concentration of Np was 0.05 M). The pH was adjusted from
783390), NaSQ,(HO)1o (Baker lot no. 28106), NaOH (Fisher (.48 to 2.01 by addition of 64L of a 5 M NaOH solution. The
876491) were used as received. ANptock solution was prepared  gjlowed to cool slowly to room temperature in the oven. Dark green
in a 1 M HCl solution.Caution: 23"Np represents a serious health crystals~600 um in length formed during the reaction.
risk due to the em_ission of al_pha and gamma radiation. All st_udies Single-Crystal X-ray Diffraction. A suitable single crystal of
were conducte_d in the actlnld_e faC|I|t|_es of Argonne National each compound was selected and mounted on a glass fiber for the
Laboratory, which has appropriate equipment and personnel for x_ray study. Single-crystal X-ray diffraction data were collected
handling such materialsAll reactions took place in 7 mL Teflon using a Bruker PLATFORM three-circle X-ray diffractometer
cups with screw-top lids. After Ic_>ading the reactaqts, the tightl_y equipped wih a 4 K APEX charge-coupled device detector. A
closed Teflon cups were placed in 125 mL Teflon lined Parr acid gphere of three-dimensional data was collected for KS2-2 at room
reaction vessels. Fifty milliliters of ultrapure water (18<M temperature using monochromatic Makadiation, frame widths
resistance) was added to each vessel to provide counterpressurgs 9.2 in w, and 30 s spent counting per frame. A hemisphere of
during heating. _ data was collected for NaS2-2 using frame widths of @3» and
NaKs(NpO2)4(SO)a(Hz0). (KS2-2) was synthesized by the 3 count time of 120 s per frame. Unit cell parameters were refined
hydrothermal reaction of 0.0441 g of,80; with 0.45 mL of a by least-squares techniques using the Bruker SMART softiare.
0.109 M Np* solution (11.26 mg of Np) and 0.55 mL of ultrapure  selected data collection parameters and crystallographic data are
water (final concentration of Np in solution was 0.050 M). The provided in Table 1.
Data for each crystal were integrated and corrected for Lorentz,

(11) Krot, N. N.; Grigoriev, M. SRuss. Chem. Re2004 73, 89-100. polarization, and background effects using the Bruker program

(12) Sullivan, J. C.; Hindman, J. C.; Zielen, A.JJ.Am. Chem. Sod961,
83, 3373-3378.

(13) Sullens, T. A.; Jensen, R. A.; Shvareva, T. Y.; Albrecht-Schmitt, T. (14) SHELXTL Programsversion 5.01; Bruker Analytical X-ray Sys-
E.J. Am. Chem. SoQ004 126, 2676-2677. tems: Madison, WI, 1998.
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Table 2. Selected Bond Lengths [A] for KS2-2 Table 3. Bond Lengths [A] for NaS2-2
Np(1)—O(7} 1.827(4) Na(1)}0(11) 2.409(4) Np(1)—O(7) 1.819(4) Na(2y-O(7)! 2.482(5)
Np(1)-0(9) 1.856(4) Na(B-O(11y 2.410(4) Np(1)—0(9) 1.845(4) Na(2}0(7) 2.482(5)
Np(1)—O(2F 2.404(4) Na(1}0(7) 2.493(4) Np(1)—O(6) 2.454(4) Na(2yO(1)r 2.556(5)
Np(1)—O(6) 2.453(4) Na(1)}-O(7)p 2.493(4) Np(1)—0(8) 2.460(5) Na(2yO(1)f 2.556(5)
Np(1)-0(3) 2.469(4) Na(tyO(1) 2.550(4) Np(1)-0(3) 2.474(4) Na(2}0(3) 2.850(5)
Np(1)-0(1) 2.487(4) Na(L)yO(1) 2.551(4) Np(1)-O(2) 2.472(4) Na(2)-0(3y 2.851(5)
Np(1)-0(8) 2.494(4) NNe(a%igggg 22.23311((2)) Np(1)-0(1) 2.479(4) Na(3)-0(14) 220406

a . a .
Np(2)-0(6) 1.828(4) Np(2)-0(6) 1.838(4) Na(3)0(13y 2.306(6)
Np(2)—0(10) 1.852(4) S(H0O(13) 1.458(4) Np(2)—0(10) 1.851(4) Na(3y0(13) 2.340(6)
NesT T
p£)— . . p(2)— . al .
Nbo oy zaealy o0 MO NboL oWy 2dse(s o RO
p(2)— . pl2)— :
Np(2)-0(5) 2.535(4) Ss(é)zigggg 1.238% Np(2)—0(5) 2.522(5) Ss({lggg)?é) 112175:((45))
K(1)—O(2y 2.658(4) S(2y0(1) 1.473(4) Na(1-0(12) 2.389(5) S(BHO(8) 1.480(5)
ﬁg;—gg)z ; 22.%32((2)) S(2y0(11) 1.484(4) mag)):gg)zcy g.igggg S(1yO(12p 1.478(5)

- . al .

K(1)—0(12) 2.723(4) Na(1)-0(2) 2.466(4) S(2)0(3y 1.466(4)
K(1)—0(8) 2.832(4) Na(1-0(8) 2.871(5) S(2r0(1) 1.470(4)
K(1)—O(8y 2.832(4) Na(1)-O(8y 2.871(5) S(2y-0(4) 1.482(5)
K(1)—O(9F 3.227(4) S(2)-0(11) 1.487(4)
K(1)—0(9) 3.227(4) Na(2-0(11y 2.411(5)

Na(2)-0(11) 2.411(5)
K(2)—0(12) 2.756(5) B . .

_ a-iSymmetry transformations used to generate equivalent atoms: (a)
ﬁg;_gg;y 22%?_55((54)) =X, Yy, =z + 1/2; (b) —x + 1/2,y + 1/2, =z + 1/2; (c) —x — 1/2,
K(2)—O(4F 2'942(4) -y + 32, -z (d)yx — 12,y + 12,z (e) —x + 12,y — 1/2, =z +
K(2)-0(8) 2.981(4) 12, Oxy+1,z@xy— 1,z M) x+12y— 127z —x —y+
K(2)—O(5) 2.992(5) 1L-z
K(2)—0O(3 3.008(4
afjs) ( )t ¢ ¢ t'( ) di ‘ valent at ] fields, as low as 20 G, over the range of 20 K to examine

y+1 ZY%TE)Ey;i?zS )(/) Ti/;) n_szu_"s_el/z(? (%(;rlira_eyefulwi;n(d? STX_’ @ evidence for long-range magnetic ordering. Variable-field hysteresis
12,—y + 32,7 (€)X — 112,y + 112,z (f) x — 112,y — 1/2.Z (g) —X, measurements were also done over this temperature range to fields
y,—z+ 12,z (h)x,y—1,z @) —xy—1,—z+ 1/2; () x+ 1/12,y — as high as 25000 G. Empty Al sample holders were measured
172,z separately under identical conditions, and their magnetic response

was subtracted directly from the raw data. The diamagnetic response

1 - - . . . _
SAINT.* Semi-empirical corrections for absorption were applied of the sample was calculated and removed from the data in each

by modeling the crystals as ellipsoids using the Bruker program

XPREP, which loweredRyt from 0.127 to 0.070 for KS2-2 and case.

from 0.054 to 0.027 for NaS2#2.KS2-2 and NaS2-2 are iso- Results

structural and systematic absences of reflections indicated by space ) )

groupsCc or C2/c. In both case€2/c was verified by successful Single-Crystal X-ray Diffraction. The structures of

solution and refinement of the structure using the SHELXTL, KS2-2 and NaS2-2 are isostructural frameworks of linked
version 5, programs. Np, K, and Na positions were determined using neptunyl and sulfate polyhedra. Each structure contains two
direct methods, and S and O positions were located in difference symmetrically independent Np cations, each of which
Fourier maps calculated following subsequent refinement cycles. js strongly bonded to two atoms ofyg) forming approxi-
Possible H atom positions consistent with estimated bond lengths mately linear (Np@)™ neptunyl ions. The [Q=Np=0n,]|*
were located in the difference Fourier maps, and H positions were |44 lengths range from 1.814 to 1.856 A, consistent with
refined using the soft constraints that-€ bonds be~0.96 A. pentavalent oxidation state of Np. Each of the neptunyl
The structures were successfully refined by least-squares methods . . . o .

ions is coordinated by five additional O or,® ligands

on the basis of? for all unique data and including anisotropic d h ial f | bi
displacement parameters for all atoms. Refinements for KS2-2 ang@fanged at the equatorial vertexes of pentagonal bipyra-

NaS2-2 converged and gaW values of 0.035 for 4842 unique ~ MidS that are capped by dioxaligands. The structures
reflections F, = 40) and 0.036 for 3376 unique reflectionS(= each also contain two symmetrically distinct sulfate tetra-

40), respectively. The atomic positional parameters and anisotropic hedra, with average-80 bond lengths ranging from 1.458
displacement parameters are given in the Supporting Information. to 1.488 A.
Tables 2 and 3 contain selected interatomic distances for KS2-2  The neptunyl pentagonal bipyramids and sulfate tetrahedra
and NaS2-2, respectively. o are linked into a complex framework by sharing vertexes.
Magnetic Measurements.Magnetization measurements were  However, the structural connectivity is dominated by ribbons
conducted using polycrystalline samples of NaS2-2 and KS2-2, of polyhedra that extend along the [010] direction (Figure
using a superconducting quantum interference devicg (SQUID) 1). Neptuny! bipyramids form the backbone of the ribbon,
magnetometer, over the temperature rang820 K. The radiologi- which is four Np wide and contains both Np(1) and Np(2).

cal hazards associated wifiNp necessitated double encapsulation . .
of the samples in sealed aluminum holders that contributed The Np(2) bipyramids are located toward the center of the

significantly (approximately 80%) to the measured signals in the fibbon. Each Np(2) polyhedron is linked to two Np(2) and
worst case. Susceptibility data were obtained from 6.8 mg of Nas2-2 two Np(1) bipyramids by sharing vertexes. The Np(1)
and 1.6 mg of KS2-2 under an applied field of 2000 G. Additional polyhedra, which truncate the ribbons on either side, are each
temperature-dependent measurements were conducted at variousnly linked to two Np(2) polyhedra.
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Figure 1. Ribbons of neptunyl pentagonal bipyramids and sulfate tetrahedra NaS2-2
(a) that extend along the [010] direction (b) in the structures of JU&80,)4- Figure 2. Polymerization of the neptunyl bipyramid ribbons through
(SOy)4(H20), and NaNpQSOH,0. S(1) and S(2) tetrahedra to create the framework structure observed in

NaK3(NpO»)4(SOs)4(H20). (a) and NaNpGBEOsH20 (b). Interstitial voids
The linkages between the Np polyhedra warrant special €0M@in monovalent cations and®i groups.

consideration, as several catiegcation interactions exist.
Both of the Q;, atoms bonded to the Np(2) form cation
cation interactions, one with another Np(2) and the other
with an adjacent Np(1). Thus, each Np(2) polyhedron
includes two equatorial vertexes that argpCtoms of
adjacent polyhedra. Np(1) forms one catiaration interac-
tion between the ) atom in the Np(1) polyhedron and the

equatorial vertex of Np(2). One equatorial vertex of Np(1) vertexes in the structure of KS2-2 or NaS2-2, except via

is also the @, of the adjacent Np(2) polyhedron. cation—cation interactions. Additional linkages within the
The ribbon of neptunyl pentagonal bipyramids is decorated framework are through the sulfate tetrahedra. Equatorial
with two types of sulfate tetrahedra, each of which shares yertexes of the neptunyl polyhedra in adjacent ribbons are
vertexes with the neptunyl polyhedra, as shown in Figure |inked through SQtetrahedra and by bonds to low-valence
1b. In all cases where the linkage of a tetrahedron and cations (Figure 2).
bipyramid exists, the shared ligand is located in an equatorial  Three types of interstitial voids exist between the neptunyl
position of the bipyramid. Each S(2) tetrahedron is attached sy|fate ribbons with three symmetrically independent K or
on the interior of the ribbon, where it shares two vertexes Na cations located within these voids (Figure 2). One cation
with Np(2) polyhedra and one with a Np(1) polyhedron. The s |ocated between the S(2) tetrahedra, and another is located
fourth vertex on the S(2) tetrahedron is bonded to the jn the void delineated by the S(1) tetrahedra. As a result of
equatorial oxygen of Np(1) of the adjacent chain, providing framework linkage, a third, larger void is created that contains
a Iinkage into a framework. Each S(l) tetrahedron SharESthe additional cation and water groups.
one vertex with the equatorial oxygen of a Np(1) polyhedron  The two independent K cations in KS2-2 are located
and one with a Np(1) polyhedron of an adjacent chain.  petween the two S(1) tetrahedra and in the larger void created
All equatorial oxygen atoms of the Np(1) bipyramid are by linkage into the framework. The K(1) and K(2) cations
linked to other polyhedra involving higher-valent cations: are bonded to eight and seven oxygen atoms, respectively,

four oxygen atoms are shared with sulfate tetrahedra, and
the fifth is involved in a catiorcation interaction with a
Np(2) polyhedron. Two of the equatorial oxygen atoms of
the Np(2) polyhedron are involved in cationation interac-
tions, two vertexes are shared with sulfate tetrahedra, and
one is a HO group.

Remarkably, neptunyl bipyramids do not share equatorial
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Figure 3. Magnetic susceptibility data obtained from a 6.8 mg sample of
NaS2-2 under an applied field of 2000 G. The line through the data

represents the best fit for the parameters listed in Table 4. The inset shows

the same data plotted §3* vs T*, where T* = T — 6 and represents the
temperature corrected for the experimentally determined Weiss constant.
The slope of the data confirms the relatively large magnitude of the
temperature-independent contribution to the susceptibility.

with bond lengths ranging from 2.658(4) to 3.227(4) A. The
Na cation is located between the S(2) polyhedra and is
coordinated by eight oxygen atoms with an average bond
length of 2.571 A.

In NaS2-2, the Na(1) and Na(3) cations are octahedrally
coordinated with bond lengths ranging from 2.294(6) to
2.934(6) A. The anisotropic displacement parameters for
Na(1) are large, consistent with disorder or a split site.
Fourier maps of the electron density around Na(1) exhibit
elongation along [001] but no splitting of the site. The
Na(2) cation is coordinated by eight oxygen atoms with an

Chem. Mater., Vol. 18, No. 6, 2004647

Table 4. Fitted Parameters from Magnetic Susceptibility Data As
Discussed in the Tex@

0

C

ATIP Ueit Te  usat
(molK) (K) (emu/mol) (us) (K) (us)
NaS2-2 1.50(1) 11.6(5) 0.0044(1) 3.47(10) 7.4(1) 2.1(2)
KS2-2 1.7(2)  9.9(5) 0.0075(1) 3.65(20) 6.5(5) 2.4(2)
Np°* freeion 1.6 3.58 3.2

a2 The results are reported per mole of Np and are compared with the
free ion moment, assuming Russeflaunders coupling of & Eonfiguration.

20 T
19

10

1 (emu/moleNp)

Temperature (K)

Figure 4. Low-field susceptibility of NaS2-2 measured under an applied
field of 20 G. The sharp rise in magnetic response at low temperature is
interpreted as the onset of long range ordering of the Np moments, with a
T of 7.4(1) K.

with k as the Boltzmann constam,as Avogadro’s number,
andug as the units of Bohr magnetons, equal to 0.927

average bond length of 2.574 A. A water group is also 10 2°erg/Gauss. The best fits to the data are listed in Table
located within the void bounded by S(2) tetrahedra, where 4. The effective moments, calculated from the Curie con-
it is held in place by H bonds only. The H bonds in this stants, are within 5% of the free-ion effective moment of
H.O group [O(14)] extend to oxygen acceptors on the S(1) uerr = 3.58us expected for af? system using the Russell
tetrahedra [O(12)] and an equatorial vertex of the Np(1) Saunders coupling scheme. The rather large values of the
polyhedra [O(7)]. The oxygen acceptor lengths are 1.89 A TIP contributions, confirmed by a plot ¢fT versusT as

for H(1)—0(12) and 2.03 A for H(3)O(7).

Both structures also contain a®lligand at one equatorial
vertex of the Np(2) polyhedron. For NaS2-2, the H bonds the range expected for a molecular crystal in which the major
from O(5) extend to the oxygen acceptors on the S(1) contribution would arise from second-order crystal-field
tetrahedron O(12) and to the O(14) interstitiglOHgroup.
The acceptor lengths are 1.78 A for HZP(7) and 1.98 A
for H(4)—0(12). For KS2-2, the H bonds from O(5) extend
to oxygen acceptors on the S(1) tetrahedra [O(12) and O(13)] The low-temperature susceptibility, obtained from the
with bond lengths of 1.93 A and 1.88 A, respectively.

Magnetic Properties. The magnetic susceptibility data

shown in the inset of Figure 3, are consistent with those
previously observed in other actinide oxi¢feand within

effects (vanVleck paramagnetism). The Weiss constant is
small and positive, indicating either ferromagnetic spin
interactions and/or crystal-field effec(s.

same NaS2-2 sample in an applied field of 20 G, is shown
in Figure 4. The data indicate a spontaneous magnetic

collected for the NaS2-2 sample, measured under an appliedordering of the Np moments at 7.4(1) K. The field response
field of 2000 G over the temperature range-B20 K, are of the magnetization at 5 K, shown in Figure 5, exhibits
shown in Figure 3. The data are fit to a modified Curie law: saturation behavior at low field, consistent with a ferromag-
netic coupling of the moments. The saturation value of the
magnetizationusar, representing the high field limit of the
magnetization, is related to the electronic ground state

. . . . s according to
in which 6, the Weiss constant, is an indication of the

interaction energy between local spins, expressed as a
temperature, angrpp is the temperature-independent para-

magnetism (TIP)C is the Curie constant and is related to \here J represents the total angular momentum in the
the effective magnetic moment by

_ [ 3kC\2
Hett (N,LlBZ)

C
Xexp— m + XTp

Usat = —0dug

(15) Bickel, M.; Kanellakopulos, Bl. Solid State Cheni993 107, 273~
284.

(16) Ziman, J. MPrinciples of the Theory of Solidg€ambridge University
Press: Cambridge, 1979; p 435.
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Figure 5. Field dependence of the NaS2-2 magnetization at 5 K, below
the ordering temperature. An extrapolation of these data to high field is

used to determine the Np saturation moment.

Russelt-Saunders formalism. The experimentally determined
magnetization extrapolates to 2.1(@&)for NaS2-2 and 2.4-
(2) for KS2-2, which are significantly less than the 32
expected for a full-momerif system. Crystal-field splitting
could reduce the moment observed Rétébecause the
strong axial symmetry felt by the Np ion in the neptunyl
unit reduces the free-ion spherical symmetry. This effect
requires the replacement dfstates with wave functions,
that include the appropriate mixing ¢fyCstates. Crystal-
field effects have been previously shown to account for
similar reductions in the Pt saturation moments in oxide
systems. Pr, which also has arf? configuration, has
reported saturation moments ranging from negligible to about
2 ug or larger*®191t should be noted that the attribution of

a single saturation moment for Np based upon magnetization
data from a powder sample may be problematic in this case

because there are two crystallographically inequivalent
neptunyl moieties in the structure, with their principal axes
aligned in perpendicular directions. Although such a geom-

Forbes et al.

2.44(3), and 2.36(3) A for &, Np**, and N§*, respec-
tively.>2% In solution N§* tends to have shorter bonds than
Np°*, and the same trend is also present in the solid state.
In CsNp(VI)O2(SQy),, the bond lengths for Ny are 1.75-

(1) A for the neptunyl ion and 2.37(19) A for equatorial
coordinatior?! The average bond lengths for the reported
Np°* sulfates are 1.83(1) A for the dioxo ion and 2.48(6) A
for the equatorial distancés.?> KS2-2 and NaS2-2 display
average bond lengths of 1.84(1) A for the neptunyl ion and
2.46(1) A for the equatorial ligands, which is consistent with
the pentavalent state of neptunium.

In the structure of KS2-2, one Na cation is found in the
interstitial void between the two S(2) tetrahedra. Sodium was
not added to the synthesis but is thought to be a contaminant
introduced during the purification of the (Np® stock
solution. After passing a (Np{" solution through an ion-
exchange column, a concentrated NaOH solution is used to
precipitate a Np" hydroxide. The solid is washed several
times with water and then redissolved in the appropriate
amount & 1 M HCI to create the 0.100 M (Npf' stock
solution. Excess NaOH causes a sodium neptunyl hydroxide
solid to precipitate, and sodium can become a contaminant
in the stock solution.

Fifteen uranyl sulfate minerals have been described from
nature, and their structures are dominated by polymerization
of uranyl polyhedra and sulfate tetrahedra to form chains
and sheet®?” In minerals, the linkages between sulfate
tetrahedra and uranyl polyhedra are limited to vertex sharing,
and no catiorcation interactions are present. In contrast,
the neptunyl sulfates KS2-2 and NaS2-2 are frameworks of
polyhedra, and the only direct linkages between neptunyl
polyhedra are through catieftation interactions, as dem-
onstrated in Figures 1 and 2.

The structure of GNpO,(SOy)2(H,0), has infinite chains

etry could affect the averaging of crystal-field states, the ease®f €dge-sharing neptunyl pentagonal bipyramids and does

of saturation exhibited in the field-dependent magnetization

not have catiorcation interaction$® Several neptunyl

curve suggests that orientation effects do not play a dominantSulfates with composition (Np®SOy(H:0)« have been

role in the moment reduction. An alternate but related
explanation for the reduced saturation could arise if the
ordering involves a canted-spin orientation that partially

reported, and the structures of (NPESO;H,0 and (NpQ).-
SOy(H,0), have been describéd?4?® The structure of
(NpG,).SOH,0 consists of a framework of neptunyl pen-

cancels the observed moment. Further single-crystal studied@donal bipyramids, distorted neptunyl hexagonal bipyramids,

are required to sort out these ambiguities.

Discussion

US", Np°*, and N in solutions and the solid state form
dioxo cations surrounded by oxygen atoms @OHjroups.
In solution the uranyl(VI), neptunyl(VI), and neptunyl(V)
ions have Ar=O bond lengths of 1.77(1), 1.73(2), and 1.80-
(2) A, respectively? The dioxo cations are equatorially
coordinated by KO groups with bond lengths of 2.41(8),

(17) Wybourne, B. G.Spectroscopic Properties of Rare Earthater-
science: New York, 1965; p 236.

(18) Staub, U.; Soderholm, L. IHandbook on the Physics and Chemistry
of Rare Earths Schneidner, K. J., Eyring, L., Maple, M. B., Eds.;
Elsevier Science: New York, 2000; Vol. 30, pp 49845.
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1381-1405.

(20) Moll, H.; Reich, T.; Hennig, C.; Rossberg, A.; Szabo, Z.; Grenthe, I.
Radiochim. Act200Q 88, 559-566.

and sulfate tetrahedra. Each Njation is involved in four
cation—cation interactions, with eachypalso acting as the
equatorial oxygen of the neighboring polyheéftaThe

(21) Fedosseev, A. M.; Budantseva, N. A.; Grigoriev, M. S.; Bessonov,
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pentagonal bipyramids is curved in the third dimension to
accommodate these linkages (Figure 6b). The catiation
interactions result in distinctive ribbons of neptunyl poly-
hedra.

Despite the relative rarity of ferromagnetic ordering in
molecular, nonconducting systems, the apparent ferromag-
netism observed for both NaS2-2 and KS2-2 is not without
precedent. For example, ferromagnetism is observed in
NpO,(O,CH)(H,0) below 12.3 K! and in3-AgNpO,SeQ??
below about 8 K. (Np@z(OzC)2C6H4(H20)3H20 exhibits
complex behavior consistent with a ferromagneticNp
sublattice below 4.5 K and a metamagnetic®Npublattice
at higher fields®® Evidence of magnetic ordering is also
present in NgNpO,).C12015(H20)s at 10 K although the
- ‘“'6 ca o interactions found in (NoB(NOHLOL. Part nature of the ordering is unclear. In addition to magnetic
OO i Ordering at temperatures of about 10 K, these compounds
neptunyl polyhedra ribbo#:25The ribbon found in KS2-2 and NaS2-2 () ~ Share a common structural feature: They all exhibit cation
has two types of neptunyl polyhedra with Np(1) involved in two cation  cation interaction8.The result is a Np-Np distance of about
cation interactions and Np(2) involved in four catiecation interactions. 4.1 A, connected via a bridging oxygen. This metal linkage
can result in chains or planar networks of closely associated
Np ions. Such linkages provide superexchange pathways that
may serve to enhance magnetic interactions and thus affect
magnetic ordering. The diversity seen in Np(V) structures
exhibiting cation-cation interactions may serve as a tool to
study superexchange pathways and their influences on
magnetic ordering of-ion spins.

structure of (NpQ)>SOy(H,0), has two symmetrically in-
dependent neptunyl pentagonal bipyramids, and the neptuny!l
ions participate in four cationcation interactions that lead
to the formation of an infinite sheet of neptunyl polyhe#fra.
The ribbons of neptunyl polyhedra in KS2-2 and NaS2-2
may be compared to those in the structures of pGIO;-
(H20)s and (NpQ)2(NOjs)2(H20)s. NpOClO4(H:0)s has
neptunyl polyhedra linked by catiertation interactions into
a zigzag chain with the linear neptunyl ion oriented ap-

proxmqtely pe.'rpe.ndlcula.r o t.he adjacent neptunyl%. Institute at the University of Notre Dame (EAR02-21966). The
The cationr-cation interactions in (Npg»(NOs)2(H20)s give work at Argonne National Laboratory was supported by the U.S.

ribbonlike chains of neptunyl polyhedra, and the neptunyl poE—BES, Chemical Sciences, under Contract No. W-31-109-
ions are each involved in three catiocation interactions  gEnG-38.

as shown in Figure 8.0 This structure has both neptunyl

pentagonal bipyramids and hexagonal bipyramids. They are  sypporting Information Available: X-ray crystallographic

linked, creating chains extending in the [010] direction, and information files (CIF), atomic coordinates, and equivalent iso-

the nearly linear ribbons of neptunyl pentagonal bipyramids tropic displacement parameters (PDF) for KS2-2 and NaS2-2.

are two Np polyhedra wide, as shown in Figure 6a. This material is available free of charge via the Internet at
The structures of KS2-2 and NaS2-2 exhibit ribbons that http://pubs.acs.org.

are four neptunyl polyhedra wide and include a different

number of catior-cation interactions for the two independent CM0523687

neptunyl ions. Np(1) forms two catiefcation interactions

whereas Np(2) forms four by linking to two Np(1) polyhedra (31) Nakamoto, T.; Nakada, M.; Nakamura, A.; Haga, H.; OnukiS¥lid

i i i State Communl999 109, 77—-81.
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State Commur004 132, 337-342.
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