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The structures of the aqueous nitrate complexes of Pu(lV) have been studied by extended X-ray absorption fine-
structure (EXAFS) at nitric acid concentrations of 3, 8, and 13 M. Systematic changes in the EXAFS spectra
demonstrate the trends of increasing nitrate ligation and decreasing water ligation as a function of increasing
nitric acid concentration. The coordination numbers of the nitrogens and noncoordinating oxygens are consistent
with previous studies in which the principal species were found to be the di-, tetra-, and hexanitrato complexes
in these solutions. The Pu(lV) nitrato complexes in nitric acid appear to have similar actiiicee structures

as seen in the solid state structures of analogous thorium and neptunium nitrate compounds in which the nitrate
ligands are planar and bidentate, and the central actinide atom is in the plane of the nitrates. The nitrates are
distorted with respect to free nitrate in that the nitrogerygen bond length of the noncoordinating oxygen is
significantly shorter than the nitrogefxygen bond lengths of the coordinated oxygens. The plutonium in these
complexes is highly coordinated with coordination numbers efIiZLfor the first shell of oxygen nearest neighbors.

The average plutoniumoxygen (nitrate) bond length is 2.49 A, and the average plutorioxggen (water)

bond length is estimated to be 2.38 A.

Introduction concentrations of £13 M, the extent of nitrate coordination
. . increases as the nitric acid concentration increases. X-ray
Aqueous plutonium nitrate complexes are fundamental to the analysis has shown that the solid compounds ANEE(NO)s
separation techniques presently employed to process nUCIea'(NH4)2Th(NO3)5 and (NH):Pu(NQy)s are isomorphou%.Thé
materials. In the Purex process, an extractant composed of 300/?:rystal structuré of (Nk)2Ce(NQ)s has been determined, and
the hexanitratocerate anion was found to have six nitrate ligands
Rach in bidentate coordination to the central ceriumtioihe
visible absorption spectrum of Pu(lV) in 13 M nitric acid is
essentially identical to the visible absorption spectra of both
[(C2H5)aN]2PUu(NGs)s and the tetrabutylammonium salt of Pu-
d (IV) dissolved in various noncomplexing organic solvetits.
hus, the principal Pu species in 13 M nitric acid is the
exanitrato anion with all of the nitrates complexed in bidentate
geometry.

TBP (tri-n-butyl phosphate) dissolved in a hydrocarbon diluent
(dodecane or kerosene) is used to extract a Pu(IV) nitrate specie
from a complex mixture of fission products dissolved in
concentrated nitric acitl. In anion exchange processes, a Pu-
(IV) nitrate complex is sorbed fra 8 M nitric acid onto an
anion exchange resin and washed off gsBiM nitric acid.
Understanding the speciation of the Pu(lV) ion in nitric aci
solutions is fundamental to understanding these processes an
may lead to more efficient means of processing of nuclear
materials. Increased processing efficiencies are important not o i . o i
only to reducing the volume of waste produced in ongoing At nitric aC|d_ concentrations of 3 M, thg principal species
separation processes, but also in separation processes that wiftas been identified as Pu(Ng**, extrapolating from detailed

be part of environmental remediation efforts. Despite their €quilibrium data obtained from visible absorption spectros-
relevance to plutonium separation technologies and to the curreniCOPY-> Using stability constants g8, = 3.9 andfs, = 11.9,
multibillion dollar environmental restoration industry, the (he relative concentration of the mononitrate complex to the
structures of plutonium nitrate complexes in solution have not dinitrato complex is calculated to be 10%.The speciation in
been characterized. 8 M nitric acid is more complex and has been shown by
absorption spectroscopy to contain at least one additional species
along with the di- and hexanitrato complexXésThe determi-
nation of this unknown species is important because the intensity

The coordination chemistry of Pu (IV) nitrate complexes in
solution has been studied extensiv&ly? For nitric acid
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Table 1. Selected Bond Lengths and Angles for Actinide Nitrate Compkexes
bond lengths (A) angles (deg)
compound a b rn ra rs 1 2 3 ref
Th(NO3)4(HZO)3-2H20 16a
NOs (1) 2.50 2.62 1.27 1.28 1.21 124.0 121.5 114.5
NO; (2) 2.58 2.59 1.27 1.27 1.24 123.1 120.4 116.5
Th(NO3)4(H20)s:2H,0 16b
NO; (1) 2.53 2.62 1.27 1.25 1.20 123.2 121.7 115.2
NOs (2) 2.55 2.57 1.28 1.27 1.21 123.0 122.5 114.5
[(HO)(Ia)] Th(NOs)q] 17
NO; (1,4) 2.55 2.56 1.30 1.28 1.21 123.9 121.5 114.6
NOs (2,5) 2.55 2.57 1.26 1.27 1.22 122.7 120.8 116.4
NO; (3,6) 2.58 2.59 1.27 1.28 1.20 123.5 121.8 114.6
(4,4-H18bpy)(NOs)[Th(NOs)e] 18
O3 (1) 2.58 2.58 1.26 1.27 1.23 121.6 121.2 117.0
NO; (2) 2.59 2.59 1.26 1.28 121 122.9 122.1 115.0
NO; (3) 2.52 2.56 1.29 1.27 121 1211 122.4 116.4
NO; (4) 2.57 2.58 1.26 1.29 1.23 122.8 121.3 115.8
NO; (5) 2.58 2.60 1.26 1.28 1.23 123.4 119.8 116.8
NOs (6) 2.56 2.58 1.26 1.26 1.22 1211 121.3 117.6
(2,2-H2bpy)(NO3)2[Np(NO3)¢] - 2H0 19
NO; (1,4) 2.48 2.53 1.25 1.28 1.20 123.6 121.9 114.5
NO; (2,5) 2.50 251 1.27 1.27 121 122.8 122.5 114.8
NOs (3,6) 2.48 2.53 1.27 1.28 1.20 122.3 123.1 114.6
(2,2-H2bpy)[Np(NGs)e] - 2H,0 20
NOs (1) 2.46 2.50 1.30 1.26 1.20 122.0 125.0 113.4
NO; (2) 2.50 2.53 1.26 1.29 121 123.4 1216 115.0
NOs (3) 2.48 2.49 1.28 1.26 1.21 122.0 122.6 115.4
NO; (4) 251 2.54 1.28 1.27 121 120.8 123.3 116.0
NO; (5) 251 2.54 1.27 1.27 1.22 122.9 121.0 116.0
NO; (6) 2.49 2.53 1.29 1.25 1.22 121.0 122.7 116.3
[PU(NGs)6]>~ 2.45 2.56 1.25 1.25 1.19 123.6 123.6 112.8

a], =(dicyclohexano-18-crown-6 isomer A)bpy = bipyridyl.

of its visible absorption peak follows the sorption of Pu(IV)

onto anion exchange resin, and as a result it may represent the

complex involved in the sorption process. On the basis of NMR
investigations from analogous Th complexeg &M species
has been tentatively assigned as PugN® In the range of
3—13 M nitric acid concentrations, the tri- and pentanitrato Pu-
(IV) complexes have not yet been identified.

No complete structural determinations of single crystals
containing the plutonium hexanitrato anion have been made to
date, even though X-ray diffraction data have been reported for
plutonium hexanitrato and tetranitrato saf4> In contrast,
several analogous thorium and neptunium nitrate compounds
containing a central tetranitrato or hexanitrato cluster have been
structurally characterized in the solid st&e?° Table 1 lists
crystallographically determined structural parameters for all of

% Th, Np, Pu
® N
O o
Figure 1. Diagram of bonding geometry showing bond lengths and
angles for a bidentate nitrate bonded to a metal.

the Th and Np nitrate compounds that have been reported; tthngths @ andb) arise. The Np-O bond lengths andb are

bond lengths and angles in Table 1 are labeled the same as th@pgrter than those in the Th structures due to the actinide
dimensions diagrammed in Figure 1. In these compounds, eachyontraction in ionic radii. In each case, the structure of the
nitrate group is rotated about the N atom such that the bidentate,qng nitrate is perturbed from that of free nitrate with the bond

ligation is asymmetric and two different first shell A® bond
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distance of the N to the noncoordinating €)(being signifi-
cantly shorter than the NO bond distances to the coordinating
oxygens (1 andry). The hexanitrato anions from the com-
pounds in ref 1719 can be depicted by icosahedron with near-
Th symmetry. The Np(Ng)¢>~ central anion as determined in
ref 20 is a more distorted icosahedron.

In the present study, we describe the results of an extended
X-ray absorption fine-structure (EXAFS) study on the nitrate
complexes of Pu(lV) as a function of varying nitric acid
concentration. The distances from the plutonium ion to shells
of nearest neighbors and the numbers of atoms in the nearest-
neighbor shells are determined. From this information the
plutonium coordination number for different nitrato complexes
and the average plutoniunmitrate structure can be inferred.
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Experimental Section

A
Cell and Solution Preparation. The cells used in this study had /\ /\ /\ A
to be designed to enable EXAFS studies of Pu (princip&fyu) in A
concentrated nitric acid solution at a nonnuclear facility. As a result, N \/ W v
there were several important design criteria that addressed safety
concerns as well as experimental requirements. The criteria were as

follows: (1) three levels of sample containment as a precaution against 5T B
any release of Pu into the surrounding environment; i(2yitu
mechanism for mixing solutions immediately prior to EXAFS data
acquisition in order to minimize radiolysis effects such as dispropor-
tionation or introduction of fluoride ion into solution from the Teflon
inner window; and (3) X-ray transparent, acid resistant windows on
each level of sample containment to permit spectra acquisition and
maintain containment.

The primary sample cell consisted of a Kynar body with one Teflon
window and one polyethylene window attached to a plunger assembly
with a reservoir for nitric acid. This cell was placed in a second Kynar
container with Kapton windows (Kynar is a polyvinylidene fluoride
material available from EIf Atochem; Kapton is a high-strength
polyimide film available from DuPont; Teflon is a polytetrafluoroet-
hylene polymer available as a film from DuPont). A 2D aliquot of 6 2 4 6 8 10 12 14 16
plutonium stock solution (0.837 M Pu i7 M nitric acid) was allowed
to dry on the inner Teflon window and a 0.5 mL aliquot of the
appropriate acid was placed in the reservoir (3, 8, or 13 M nitric acid). Figure 2. Background subtractekf-weighted EXAFS spectra of the
The primary cell was assembled, decontaminated if necessary to lessPu (IV) ion in solution with nitric acid concentrations of (A) 3 M, (B)
than 20 disintegrations per minute (dpm) removable contamination and 8 M, and (C) 13 M.
less than 100 dpm fixed contamination, and placed in the second

EXAFS [K*x(k)]
o

,,

k(A

container. No detectable contamination was on the secondary container; r
the detection limit was less than 20 dpm. At the moment just prior to 12l
EXAFS data acquisition, the nitric acid was introduced into the sample “ i
chamber, dissolving the plutonium nitrate salt and yielding a final = 10l f
solution of 0.05 M Pu (or 12 g/l) in 3, 8, or 13 M nitric acid (due to g
inefficiencies in transferring the nitric acid, the final Pu concentration e gl |
may have been higher). This assembly was then sealed in a third g :
container with Kapton windows which was mounted in the X-ray § 6l :
experimental hutch. i /5
EXAFS Data Acquisition and Analysis. Plutonium L, -edge X-ray % 4r ]
absorption spectra were collected at the Stanford Synchrotron Radiation £ 1Y
Laboratory on wiggler beam line-® (unfocused) under dedicated ring 2r ;
conditions (3.0 GeV, 50100 mA) using a Si (220) double-crystal
monochromator. Rejection of higher-order harmonic content in the 00 1

beam was achieved by employing a flat Rh-coated quartz mirror tuned
at a critical angle for the rejection of photons having energies above
22000 eV. Having rejected greater than 95% of the higher order Figure 3. Comparison of the Fourier transforms of EXAFS datas(
harmonics with the mirror, the monochromator was operated fully tuned 2.4—14.4 A™) from Pu (IV) in 3 M (thin solid line) 8 M (dashed
with respect to9, the orientation between the two crystals. Spectra line), and 13 M nitric acid (thick solid line).

were collected in transmission mode using threefiled ionization

chamber detectors and a vertical slit height of 1. mm. The path length FEFF were used to fit the contributions from the O and N neigh¥ors.
of the cells was designed (based on a Pu concentration of 0.05 M) soAll fits included contributions from the first shell of directly coordinated
that an edge jump of-1 absorption unit was achieved over thg L O atoms (from the nitrate and water ligands), the second shell of nitrate
absorption edge at 18056 eV. Data reduction and analysis were N atoms, and the third shell of noncoordinating nitrate O atoms. For
performed using techniques previously repoffedhree EXAFS scans  each fit, only the bond length&) and coordination numberdlf were
were collected on each solution at ambient temperatus ¢C) and allowed to vary.

averaged to improve the statistics. The spectra were energy calibrated . .

by simultaneously measuring the spectrum of a Zr foil which was placed Results and Discussion

be@ween the second and third ion chambers, defining the firstin_ﬂection Figure 2 shows the rawd-weighted EXAFS data for each
point at the Zr K-edge as 17998 eV. The data were normalized by o sion, demonstrating the data quality and relative noise levels
setting the edge jump equal_ to unlt)_/ at the |o_n|zat|0n threshold, Qeflned over the entird-range. Although the spectra are quite similar
as 18080 eV. A four-region spline function was used to fit the . : . .

background over the EXAFS region which extended ouk to 15 at this level of _analys!s, there are r_10t|ceable d|fferenc§s. _The
A-L. Fourier transforms of thk3-weighted data were calculated over 3 M spectrum is dominated by a single frequency oscillation.
the rangek = 2.4-14.4 A with a Gaussian window function of 0.2~ The 8 and 13 M spectra show the presence of a belata®
A-*half-width. Back transforms were done frdR= 1.0-4.2 A using A~1, and the amplitude envelope in the EXAFS data becomes
a Gaussian window function with half-width of 0.05 A. Curve-fitting more complex.

was done on this Fourier-filtered EXAFS data over the rdoge3—14 The Fourier transforms of thé-weighted raw EXAFS data
A% Theoretical phases and amplitudes derived from the program (Figure 3) reveal the relative position and the relative number
of nearest neighbors of Pu in concentrated nitric acid. The peaks

A (A)

(21) Prins, R.; Koningsberger, D. CX-ray Absorption: Principles,
Applications, Techniques for EXAFS, SEXAFS, and XANHS8y: (22) Rehr, J. J.; Mustre de Leon, J.; Zabinsky, S.; Albers, FPhys. Re.
New York, 1988. B 1991, 44, 4146.
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Table 2. Summary of EXAFS Curve-Fitting Restits structure. Therefore, the coordination numbers determined for
inner O shell inner O shell Nshell outer Oshell the three solutions and reported in Table 2 have been normalized

. so that the coordination numbers in 13 M nitric acid are 12.0,
acidconen(M) N RA N RA N RA N RA 6.0, and 6.0, respectively, reflecting the fact that this species is

3 111 241 26 296 29 414  pyNQO)e .
8 108 245 40 297 43 415 . . , ,
13 120 249 60 297 60 416 We will now discuss the results for the 13 M case in which

60 245 6.0 256 6.0 297 6.0 416 thespeciesis clearly the hexanitrato complex. The average Th
L o O(nitrate) distances for the two compounds in Table 1 containing
*Errors in distances${0.02 A) and coordination numbers-{5%) a central thorium hexanitrato moiety is 2.57 A and the average
are estimated from the deviation between fitting results from models . . ’ .
of known structure and their true valudRelative coordination ~ NP—O(nitrate) distance for the two compounds in Table 1
numbers were obtained by normalization with respect to those for the Containing a central neptunium hexanitrato moiety is 2.51 A.

13 M nitric acid sample which is known to be Pu(¥)e?*~ These distances can be compared to the averag©Fhitrate)
) distance determined here of 2.49 A (Table 2) by noting that
A the ionic radii of the Th, Np, and Pu are 0.94, 0.87, and 0.86

A, respectively®® The differences between the PO (nitrate)

average distance and the Th;NP distances of 0.08 and 0.02

A are in excellent agreement with the differences between the

Pu ionic radius and Th,Np ionic radii of 0.08 and 0.01 A. A

fit of the 13 M solution EXAFS data using two first shell oxygen
B distances improved the quality of fit by 30% and g O at
2.45 A and 6 O a2.56 A (last line of Table 2). The difference
in these Pu-O distances is consistent with, but slightly larger
than, the difference between the two-A@ distances reported
for the four solid compounds. This difference arises from a
rotation of the nitrate ligand about the central nitrogen atom.
The average distance between the nitrogen and the noncoordi-
nating oxygen for the four solid compounds in Table 1 that
contain a central hexanitrato moiety is 1.21 A. The difference
between the second shell nitrogen distance (2.97 A) and the
third shell oxygen distance (4.15 A) is 1.18 A, in agreement
with the solid compound data. Using the bond lengths obtained
for the 13 M solution and assuming that the nitrate is planar
. with the plutonium ion contained within the plane of the nitrate

kA% and that the N-O bond lengthsrg andr,) are 1.25 A, the nitrate

Figure 4. Nonlinear least-squares curve-fits (- - -) to the Fourier filtered pond angles were calculated. This result appears in Table 1
EXAFS data {-) of Pu (IV) in solution with nitric acid concentrations 5 comparison. The agreement with the values for the solid
of (A) 3 M, (B) 8 M, and (C) 13 M. compounds for all distances and angles strongly suggests that
the assumptions just mentioned are correct.
We will now discuss the results of fitting the EXAFS data
r the 8 and 3 M nitric acid solutions reported in Table 2. In
the 8 and 3 M solutions there are 11 O atoms at 2.45 and 2.41
A, respectively. The numbers of N and noncoordinating O
atoms for tke 8 M solution, 4.2, and t3 M solution, 2.8, are
consistent with a mixture of the dinitrato, tetranitrato, and
hexanitrato species in¢t8 M nitric acid solution and a mixture
of the dinitrato and tetranitrato species iretB M nitric acid
solution as reported previousi2* Taken together, these results

&
T

EXAFS [K*x(®)]
[w]

are shifted to lower R due to the EXAFS phase shift: 0.2—
0.5 A. The largest peak at 2.0 A represents contributions from fo
nearest neighbor O atoms arising from the nitrate and water
ligands. The peaks at 2.5 and 3.7 A arise from the N and
noncoordinating O of the nitrate species and reflect the relative
number of nitrates bound to Pu. The relative distances from
the first shell oxygens to the second shell nitrogens is 0.5 A
and the relative distance from the second shell nitrogens to the
third shell oxygens is 1.2 A. These distances are entirely

consistent W!th the pldentate geometry in Figure .1 gnd are no.tsuggest that the hydration number for the tetranitrato species is
consistent with a unidentate structure. Systematic increases i3 2nd for the dinitrato species it is 7. Since the-Th (water)

the intensities of the second-shell nitrogen and the third-shell, distances in Th(N§a(H:0)s-2H,0 (2.41-2.48 A)iS are con-
F‘O”COOFd‘“‘%“”g oxygen peaks clea_rly demonstrgte th_e Frenq Ofsiderably shorter than the FO(nitrate) distances of 2.57 A
increasing nitrate ligation as a function of increasing nitric acid the corresponding PtO(water) distances should range fro}n
concentration. At the same time the nur_nber Qf f.'r5t ShFT" 2.34to 2.41 A based on differences in the ionic radii. However,
oxygens do not appear to change substantially with increasing because the resolution in EXAFS is limited BR ~ 72/2Knax
nitric acid concentration, indicating that the nitrates are replacing (0.11 A for these results) and since there are multiple distances
the |Q_ner_coordlnztlor)-slhill V\llat_er land tr|11e ovec;all PlUtoNium {6, the nitrate and water oxygens, it is difficult to separate these
coordination number is .e. relatively unchanged. contributions. In spite of this, the observed bond length
_The results of curve-fitting spectra from the 3, 8, and 13 M contraction for the first shell of O atoms and the lack of any
nitric acid solutions are summarized in Table 2. A comparison sjgnificant movement of the nitrate ligands relative to the 13

between EXAFS data calculated from the curve fits and the M data (N and noncoordinating O remain fixed) indicate that a
Fourier-filtered experimental data is shown in Figure 4. The

fit of the 13 M nitric acid solution data yielded ratios of the (23) Seaborg, G. TRadiochim. Acta1993 61, 115.
number of oxygen atoms in the first shell to the number of (24) Because XAFS results are based on an average structure, a equimolar

; ; mixture of PU(NQ)s2~ PU(NQs)2(H20)7,2t and Pu(NQ)4(H20)3
nitrogen atoms in the second shell to the number of oxygen should be indistinguishable from a solution containing only Pu{hO

atoms in the third shell of approximately 2:1:1. In addition, (H20)s, provided that the orientations of the nitrate and water ligands
the distances between shells are consistent with the bidentate  are independent of their coordination numbers.
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model of increasing hydration numbers with shorter—Ru Our results suggest that the nitrate ligands are planar and
(water) distances is appropriate. In such a model, the tetranitratobidentate. The nitrate is distorted in a manner similar to that
complex would have eight PtO(nitrate) bonds with distances  jn the solid compounds with the NO bond length of the

of 2.49 A and three PuO(water) bonds with distances of 2.38  noncoordinating oxygen being significantly shorter than the

A (we use the average P©(nitrate) bond distance of 2.49 A coordinating N-O bond lengths. For the hexanitrato complex

Ifqrgmcgrlfsliecgiiu'tsvvf;t;ze r;g)s(zz'ttrgf dczmplejvgrgsrebézzre 'S there appears to be a slight rotation of the nitrate about the
P g b ( central nitrogen atom. The Pu(lV) is highly coordinated with

distance of 2.38 A derived from the Th compounds). The dinati b £ 1112 for the fi hell of O
average of these bond lengths for the tetranitrato species is 2.4€-00rdination numbers o or the first shell of O nearest

A. The dinitrato complex would have four P@(nitrate) bonds ~ N€ighbors. The average PO bond length for the water ligand
and seven PuO(water) bonds, yielding an average -FD is shorter than the average PO bond length for the nitrate
distance of 2.42 A. Thus, the observation of contraction in the ligand.

first shell oxygen distances as the nitric acid concentration

decreases can be explained by a model in which the distance

between the plutonium atom and the water oxygen is shorter  Acknowledgment. The EXAFS data were obtained at SSRL
than the distance between the plutonium atom and nitrate ,nich is operated by the Department of Energy, Division of
oxygen. Chemical Sciences. This work was funded by the US Depart-
Conclusion ment of Energy under Contract W-7405-ENG-36 and the

. L . . Defense Advanced Research Projects Agency.
The Pu(lV) nitrato complexes in nitric acid have similar ) gency

plutonium—nitrate structures to those seen in solid analogues. 1C9511231



