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Np(IV)/Np(V) valence determinations from Np L3 edge XANES/EXAFS
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Abstract

X-ray absorption near edge structure (XANES) spectroscopy for in situ metal valence determination has become a powerful analytical tool
in heterogeneous systems. This is in part because it is applicable without prior separation procedures. For some systems, however, determining
the oxidation state from XANES spectra is not straightforward and caution must be used. We show that the analysis of L3,2 edge EXAFS
(extended X-ray absorption fine structure) spectra is better suited to distinguish between Np(IV) and Np(V) than from their XANES spectra.
Whereas evidence for the oxidation of Np(IV) in solution samples from their Np L3 XANES is unclear, their EXAFS data unequivocally
reveals Np(V) formation in the solutions.
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. Introduction

Because it can be applied without prior separation proce-
ures, in situ metal valence determination using X-ray ab-
orption near edge structure (XANES) spectroscopy has be-
ome a powerful analytical tool in heterogeneous systems.
umerous examples are found in the literature, where oxi-
ation state determinations have been successful for various
etals (e.g., transition metals[1], group Vb elements[2], lan-

hanide[3,4], and actinide metals[5]) in different matrices,
any of which are very heterogeneous. For some systems,

he XANES structure and their energy position between dif-
erent oxidation states are dramatically different such as the
ingle-peak and double-peak L3 XANES structure in Ce(III)
nd Ce(IV) compounds, respectively[4]. Oxidation state de-

erminations, including quantification of valence mixtures,
re straightforward for these systems. Caution must be used,
owever, for valence determinations from XANES measure-
ents for metals whose XANES exhibit only modest dif-

erences between their various oxidation states. An example
f this is distinguishing between tetravalent and pentavalent

states of neptunium from their L3,2 edge XANES spe
One factor leading to difficulties is, due to the differen
in XANES spectral resonance features between Np(IV)
Np(V), the energy position of Np(IV) appears above tha
Np(V). This is in reverse order of the expected simple
crease in ionization energy with increasing valence sta
the absorbing atom. This point was also reported by Fa
et al., for uranium[6]. Another factor, which can be cruc
in the Np(IV)/Np(V) determination, involves the intensity
the most prominent XANES feature, the white line. Np(
L3 XANES generally exhibit intense white lines, whereas
white line in Np(V) spectra is comparably reduced. Howe
the white line intensity also varies with the degree of con
sation of the sample phase[7,8]. These intensity differenc
can lead to errors in individual concentration determinat
of Np(IV) and Np(V) in mixtures through linear combinati
of XANES spectra from reference compounds, if the de
of condensation of the unknown differ highly from the re
ence compounds.

The present communication illustrates the advantag
analyzing the extended X-ray absorption fine structure
∗ Corresponding author. Tel.: +49 7247 82 5536; fax: +49 7247 82 3927.
E-mail address:melissa@ine.fzk.de (M.A. Denecke).

AFS) spectra instead of XANES spectra to unambiguously
differentiate between Np(IV) and Np(V), even in valence
mixtures. Comparison of Np L3 edge XANES from a con-
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densed system (hydrolyzed Np(IV)) with the Np4+ aquo
species, as well as a comparison with Np(IV) and Np(V)
aqueous solutions containing dissolved humic substances
(HS) are provided to illustrate the difficulties encountered
when analyzing XANES data for neptunium valence deter-
minations. In order to demonstrate the advantage of identify-
ing the presence of Np(V) in Np(IV)/Np(V) mixtures from
their EXAFS, we perform a slow in situ photo-oxidation of a
1 mM aqueous solution of Np(IV) to Np(V) at−log[H+] 1.8
while recording the Np L3 edge XANES/EXAFS.

2. Experimental

2.1. Preparation of the Np(IV) stock solution,−log[H+ ]
∼1.8 sample and hydrolyzed Np(IV) precipitate

One milli litre of a ∼36 mmol L−1 Np(V) solution in
1 mol L−1 HClO4 is diluted with 2 mL 1 mol L−1 HClO4,
transferred to a electrochemical cell, and reduced to Np(III)
at −0.2 V versus a Ag/AgCl reference electrode for 30 min.
The Np(III) solution is then oxidized to Np(IV) at +0.3 V
against the Ag/AgCl reference electrode until the integrated
current of the reaction is constant (4.067 C). Calculation of
the amount of Np(III) oxidized from the integrated current
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rays during the XANES/EXAFS measurements shows that
Np(IV) in this sample is not stable in the synchrotron X-
ray beam; in situ photo-oxidation of the Np(IV) to Np(V) is
observed. We assume that the epoxy resin used to seal the
cuvette containing the sample presumably acts as a catalyst
for the photo-oxidation. A 3.1× 10−3 mol L−1 Np(IV) so-
lution in 1 mol L−1 HClO4 containing the Np4+ aquo ion is
observed to be more stable in the synchrotron X-ray beam and
its XANES/EXAFS spectra are measured for comparison as
a reference.

The Np(IV) oxyhydroxide precipitate is prepared by
hydrolysis. Seventy micro litres of the 1.39·10−2 mol L−1

Np(IV) stock solution is diluted with 1318�L milliQ water
and aliquots of 1 mol L−1 NaOH added until the precipitation
of Np(IV) hydroxide is observed. This occurs at a−log[H+]
of 3.7. The suspension is then centrifuged over a Satorius ul-
trafiltration filter with a 20 000 Da cut-off. The filter with the
precipitate is placed in a capped plastic cuvette and sealed in
the same manner as the solution samples.

2.2. Preparation of Np(IV) and Np(V) solutions
containing dissolved humic substances (HS)

The HS used for preparation of the Np(IV)–HS sample is
a Boom clay fulvic acid (FA) solution. A FA solution is pre-
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1 ld
ields 1.40× 10 mol L . A neptunium concentration
he resulting stock solution of 1.39× 10−2 mol L−1 is mea-
ured by liquid scintillation counting (LSC). The H+ con-
entration (0.857 mol L−1) is determined by titration wit
aOH after removing the neptunium by cationic excha
he neptunium oxidation state is checked by NIR absorp
pectroscopy using a CARY 14 spectrometer on an al
f the stock solution diluted to 1/10 of its original conc

ration using 1 mol L−1 HClO4. No evidence for Np(V) i
bserved; the freshly prepared Np(IV) solution contains
p(IV). As the spectrum of the diluted Np(IV) stock so

ion does not change significantly after one week stora
ir, we conclude the solution to be stable against oxida

o Np(V). By calculating the molar absorption coeffici
or the Np(IV) ion using the measured absorbance and
p(IV) stock solution concentration determined with LSC
alue of 202 L mol−1 cm−1 is obtained. This value is in goo
greement with the value of 206 L mol−1 cm−1 reported in

he literature[9].
A −log[H+] 1.8 Np(IV) sample is prepared in a glo

ag flushed with argon. The final neptunium concentrati
.94× 10−3 mol L−1 with a ionic strength of 0.123 mol L−1

a+/HClO4 and−log[H+] = 1.81± 0.04. The−log[H+] is
djusted by adding small amounts (10–20�l) of 1 mol L−1

aOH. The−log[H+] concentration is measured with a R
ombined glass electrode, which is calibrated for−log[H+]
alues between 1 and 2 using known HClO4 solutions befor
nd after measuring the sample. The sample solution is

erred into a capped plastic cuvette. The cap is then s
r glued tight with an epoxy resin. Comparison of the N
pectra of this sample before and after irradiation with
ared by dissolving 57.8 mg FA in 1 mL 0.1 mol LNaOH.
he−log[H+] is adjusted to approximately 2.2 by adding∼
mL 0.1 mol L−1 HClO4 and 1 mL milliQ water. One hun
red and fifty micro litres of Np(IV) stock solution diluted
mL with milliQ water is added to 1.05 mL of the FA so

ion. Following addition of 2.5 mL milliQ water the−log[H+]
s ∼1.5. A neptunium concentration of 1× 10−3 mol L−1

sed is chosen to saturate this FA 5× 10−4 eq. L−1 functional
roups calculated from its proton exchange capacity (P
he PEC is the amount of titratable protons of the HS
cid–base titration and is 3 meq. g−1 for this particular Boom
lay FA. After 20 h, the measured−log[H+] value is 1.52 an
he FA coagulated and settled to the bottom of the rea
essel. The supernatant solution is removed carefully w
ipette and the residual suspension transferred into a 40�L
entrifuge tube and centrifuged for 20 min. The superna
s removed from the top and 10�L analyzed by LSC. Th
mount Np(IV) sorbed onto the FA is calculated by dif
nce to be 87%. The samples are left in the centrifuge
nd measured in the form of wet pastes. The tube ope
topper is glued with epoxy resin and the entire tube enc
n a shrink-wrapped plastic covering.

The HS used for preparation of the Np(V)–HS samp
ommercial available natural humic acid (HA) (Aldrich)
.45 mol L−1 aqueous HA solution is prepared in a N2 flow
ox by dissolving 50 mg purified HA in 1 mL 0.109 mol L−1

arbonate-free NaOH. Following adjustment of the−log[H+]
o ∼7 with 0.1 mol L−1 HClO4, the total solution volume
rought up to 5 mL with 0.116 mol L−1 NaClO4. Sixty micro

itres of an aqueous solution of 3.6× 10−2 mol L−1 Np(V) in
mol L−1 HClO4 is added to 2 mL of this HA solution to yie
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1.02×10−3 mol L−1 Np(V) in 8.91 g L−1 HA. The−log[H+]
value is initially 4.7 and then adjusted to 6.99 by adding 20�L
1 mol L−1 NaOH then 60�L 0.2 mol L−1 NaOH. An aliquot
of the solution is placed in a 5 mm× 10 mm polyacrylic
cuvette. The solutions are contained within the cuvette by a
plastic plug insert, which is sealed with two layers of epoxy
having absorbent between them, and covering with another
plastic stopper. The cuvettes are mounted during measure-
ment so that the 10 mm are directed towards the incident beam
path.

2.3. XANES/EXAFS data acquisition and analysis

XANES/EXAFS measurements are performed at the
advanced photon source (APS), at the BESSRC beam-
line 12BM, using a Si(1 1 1) double-crystal monochromator
(DCM) with the storage ring operated in ‘top-up’ mode at
7 GeV with 100 mA. The 12BM beamline is equipped with
a collimating and focusing mirror and the beam spot used is
0.5 mm2. The incident beam is free of higher harmonic re-
flections, as is shown by the absence of the corresponding
inelastic scattering peaks recorded with an energy dispersive
detector. The spectra are calibrated against the first derivative
XANES spectrum of a Zr foil, defined as 17.998 keV[10].
Spectra are recorded in both transmission and fluorescence
m ent
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gen distance in that fit (1.81̊A) is then held constant during
fits to the other sample spectra.

3. Results and discussion

3.1. UV–vis spectroscopy

Fig. 1shows the UV–vis absorption spectrum between 930
and 1040 nm for the Np(IV) sample prepared at−log[H+]
1.8 after irradiation with X-rays for over 4 h during the
XANES/EXAFS experiments. This sample spectrum is com-
pared to the spectra of the Np4+ aquo species reference solu-
tion after over 4 h of irradiation with X-rays and to the 10-fold
diluted Np(IV) stock solution after one week storage under
ambient (air) conditions but no X-ray irradiation. The absorp-
tion intensity is normalized to 1× 10−3 mol L−1 neptunium
concentration. The spectra show two absorption bands at 960
and 980 nm, corresponding to Np(IV) and Np(V) ions. The
Np(IV) sample prepared at−log[H+] 1.8 contains Np(V) af-
ter irradiation. When comparing spectra of the diluted Np(IV)
stock solution (1.39× 10−3 mol L−1) and the irradiated ref-
erence solution (3.1× 10−3 mol L−1), both with−log[H+]
near 0, we find that only the irradiated sample shows a Np(V)
peak. This sample was irradiated while under an argon atmo-
s t in
a ant
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t
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f us-
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a ved

F luted
N solid
l
t
s

ode. Argon filled ionization chambers and a 13-elem
nergy dispersive ultra-pure Ge solid state detector for
escence detection are used. Samples are studied mou
he Actinide Facility sample changer[11] for transport an
easurement and kept in an argon atmosphere.
XANES spectra are isolated by first subtracting the b

round and normalizing the absorption to unity at 17.75
he EXAFS data is extracted from the raw data using s
ard procedures (background subtraction, normalizatio�0
pline function fit and subtraction, energy-to-kconversion
2-weighting) and the WinXAS program[12]. The ioniza
ion energy (E0) used for conversion to wave vector (k=
.262(E− E0)1/2) is defined as the energy of the white l
aximum. The EXAFS data is fit to the EXAFS equat
sing the standard least squares fit procedure in the feffi
ram[13] in order to determine metric parameters desc

ng the neptunium coordination to surrounding oxygen at
neighboring atomic distances (R), EXAFS Debye–Wa
actors (σ2), coordination numbers (N) and relative shift inE0
�E0)). EXAFS are Fourier transformed (FT) in thek-range
etween 2.6 and 10.5̊A−1 using symmetric square window
ith �k = 0.1Å−1 ‘Hanning sills’. Fits are performed inR-
pace between the values forR− ∆ of 0.9 and 2.65̊A. Single
cattering backscattering amplitude and phase shift func
alculated using FEFF7[14] and an amplitude reduction fa
or (S0

2) of unity are used in the fits. A model of two oxyg
hells is used for the three sample spectra analyzed. I
ase, a single shell model is used for the fit and comp
o the two shell model results. Both Np–O distances fo
wo shell model are allowed to vary in a fit to the Np(V)–
ample Np L3 EXAFS. The value obtained for shortest o
n

phere, while the diluted Np(IV) stock solution was kep
ir, but not irradiated with X-rays, and shows no signific
p(V) formation. We conclude that the oxidation of Np(I

o Np(V) involves photo-oxidation by the X-ray beam.

.2. XANES/EXAFS results

The inherent difficulty when determining oxidation sta
or neptunium from Np L3,2 edge XANES spectra is ill
rated inFig. 2. In this figure, Np L3 XANES spectra f
queous Np(IV) and Np(V) solutions containing dissol

ig. 1. Comparison of normalized UV–Vis absorption spectra of the di
p(IV) stock solution after one week under ambient (air) conditions (

ine), the Np4+ aquo ion reference solution with−log[H+] 0 (dots), and
he sample solution prepared at−log[H+] 1.8 following 4 h irradiation with
ynchrotron X-rays under argon atmosphere (dashed line).
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Fig. 2. Comparison of Np L3 edge XANES spectra for aqueous Np(IV) (top)
and Np(V) (bottom) solutions containing dissolved HS. The inset shows the
first derivative curves. The dashed line and grid lines are meant as a guide
for the eye.

HS are compared. The inset depicts the corresponding first
derivative curves. The energy positions of the white lines and
inflection points, as maxima in the first derivative curves, are
listed in Table 1. The energy position of the white line in
the Np(V) XANES appears 1.8 eV below that for the Np(IV)
sample spectrum; its inflection point is 2.4 eV lower. These
shifts are comparable to those reported in[15]. The white line
and inflection point energies are in reverse order of the ex-
pected increase in ionization energy with increasing valence
state of the absorbing atom. This reverse order of absorption
edge energy is associated with differences in XANES spectral
resonances between Np(IV) and Np(V).

From comparing the spectra inFig. 2, we might conclude
that the white line intensity variation might be used to distin-
guish Np(IV) from Np(V). The intensity of the white line in
the Np(IV) sample XANES is greater than that for the Np(V)
sample inFig. 2. However, the white line intensity gener-
ally varies not only with valence but also varies with the de-
gree of condensation of the sample phase. This is illustrated
in Fig. 3, where the first Np L3 XANES scan recorded for
the Np4+ aquo ion reference solution is compared to that for

Table 1
Position of the inflection point and the white line of the XANES spectra
shown inFigs. 2, 3 and 5

Sample/pH Inflection point White line (eV)

N
N
N
N
N
N

T ond to
t

Fig. 3. Np L3 edge XANES for the Np4+ aquo ion (solid line) and a freshly
precipitated Np(IV) oxyhydroxide (open triangles). Note the substantial de-
crease in white line intensity for the condensed system.

freshly precipitated, solid Np(IV) oxyhydroxide. The white
line height decreases substantially going from the solution
to the solid, condensed system. This white line intensity de-
crease with increasing condensation is related to a decrease in
the transition probability (P) of the 2p3/2 core electron to the
dipole allowed 6d-like final state. In the solution species, the
final state may be described using molecular orbitals (MO),
whereas in the solid oxyhydroxide a band or electron cloud
description is applicable. The density of states (DOS) in the
MO description is higher than that in the band description.
BecauseP increases with increasing DOS and vice versa, a
lower DOS in the condensed system leads to a lowering of
the white line intensity due to an associated decrease inP
[16].

That these white line variations occur, independent of va-
lence state, can be a source of error in individual concen-
tration determinations of Np(IV) and Np(V) in mixtures.
Linear combination of XANES spectra from reference com-
pounds with a different degree of condensation than the un-
known compound to be modeled will lead to erroneous re-
sults. For example, we simulated a spectrum of a hypothet-
ical valence mixture having 50% Np(IV) and 50% Np(V)
using the Np(IV) oxyhydroxide spectrum inFig. 3 and the
Np(V)–HA sample XANES inFig. 2. Of course a least square
fit to this simulated data using a linear combination of the
X xy-
h ted
r
u na-
t of
t rect
N
(

the
N r-
i hite
(eV)

p4+ aquo ion/0 (d) 17616.1 17620.9
p(IV)/1.81 (b) 17615.2 17620.0
p(IV) after 2.5 h irradiation/1.81 (a) 17615.3 17620.1
p(IV)–HS/1.52 17616.0 17620.8
p(V)–HS/6.99 (c) 17613.6 17619.0
p(IV)/precipitated at∼4 17615.7 17620.5

he letter designations given for four samples in parentheses corresp
he spectra depicted inFig. 6.
ANES used to simulate the data itself (the Np(IV) o
ydroxide and the Np(V):HA XANES), yields the expec
atio of Np(IV):Np(V) 50:50 with a�χ2 of 0. However, if we
se a different Np(IV) sample XANES in the linear combi

ion such as the XANES for the Np4+ aquo species instead
he Np(IV) oxyhydroxide spectrum, we obtain an incor
p(IV):Np(V) ratio of 24:76 with the sum of�χ2 = 0.12

Fig. 4).
The most distinguishing differing feature between

p(IV) and Np(V) spectra inFig. 2 is the multiple scatte
ng (MS) resonance at the high energy flank of the w
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line in the Np(V) sample spectrum characteristic for L3,2
edge XANES of ‘yl’ cations[17,18]. Its presence is clearly
discernible in the first derivative curve between 17.625 and
17.630 keV. The MS feature results from scattering along the
axial or ‘yl’ oxygen atoms (Oax) of the linear neptunyl moiety
[19] and appears approximately 10 eV above the white line,
the exact position depending greatly on the actual Np–Oax
bond distance[20]. This MS feature is missing in the Np(IV)
spectrum. The appearance of the MS feature can be used for
distinguishing Np(V) as a neptunyl moiety from Np(IV). We
will see below, however, that this MS feature is not easily
discernible in XANES of valence state mixtures.

The subtle differences or lack of marked dissimilarity be-
tween the XANES of Np(IV) and Np(V) compounds ren-
ders it often advantageous to compare EXAFS spectra of
Np(IV)/Np(V) valence mixtures. To illustrate this, Np L3
edge XANES and EXAFS spectra of the Np(IV) solution at
−log[H+] 1.8 recorded at the beginning of the X-ray exper-
iments and following partial oxidation to Np(V) after 2.5 h
in the X-ray beam (Fig. 1) are shown inFigs. 5 and 6. Data
for the Np4+ aquo ion and for the Np(V)–HS sample are in-
cluded inFig. 6 for comparison. The formation of Np(V)
in the solution sample during oxidation is not clearly evi-
dent in the XANES spectra. The shift in the energy position
of the white line and inflection point in these spectra com-
p
o
( .8 eV
s ectra.
T e to
t alf
a re
d ci-
a ES

F ng
t
F :HA
a

Fig. 5. Np L3 edge single scan XANES transmission spectra for a Np(IV)
solution−log[H+] 1.8 recorded during in situ photo-oxidation of approxi-
mately 20 min (b) and the same solution following 2.5 h in the X-ray beam
(a). The first derivatives of the spectra are shown in the inset. Spectra are
shifted along they-axis for clarity.

Fig. 6. Np L3 EXAFS (left) and their corresponding magnitudes and imagi-
nary part of the Fourier transform for the oxidation samples, whose XANES
are shown inFig. 5 (a and b), the Np(V)–HS sample, whose XANES is in
Fig. 2 (c), and the Np4+ aquo ion sample (d), whose XANES is depicted in
Fig. 3. Note that they-axis scale for the oxidation samples is smaller. Lines
are experimental data and symbols fit results as described in the text.
ared to the other Np(IV) samples is small. This shift is−0.8
r −0.9 eV when compared to the Np4+ aquo ion XANES
Table 1). This energy shift is about the same as the 0
tep size between data points used in recording the sp
he shift in the photo-oxidation samples XANES relativ

he white line and inflection point in the precipitate is h
s large, only−0.4 eV. The most prominent XANES featu
istinguishing Np(IV) from Np(V), the MS feature asso
ted with the neptunyl cation, is not obvious in the XAN

ig. 4. Simulated Np L3 XANES for a 50:50 Np(IV):Np(V) mixture usi
he NpOn(OH)4 − 2n·xH2O spectrum inFig. 3and the Np(V):HA XANES in
ig. 2(thick solid line), the result from a least square fit using the Np(V)
nd Np4+ aquo ion spectra (squares), and the residual (thin line).
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of the solutions during oxidation. It is scarcely discernible
in the first derivative curve of the first XANES recorded and
not well-resolved in the spectrum after 2.5 h irradiation, ap-
pearing only as a shoulder. The white line intensity of the
spectra for the solution prepared at−log[H+] 1.8 is observed
to decrease compared to that of the Np4+ aquo ion. Because,
however, the white line intensity generally varies not only
with valence but also varies with the degree of condensation
of the sample phase (discussion above) this is not a direct
indicator of the oxidation to Np(V). The observed white line
intensity decrease could be erroneously interpreted here as
being indicative of Np(IV) hydrolysis leading to colloid for-
mation[7].

In contrast to the subtle XANES differences, the EXAFS
of the solution prepared at−log[H+] 1.8 is distinctly different
than that of the Np4+ aquo ion (Fig. 6) for both irradiation
times. Note that the Np4+ aquo ion spectrum shown is the ini-
tial scan of the sample. Because it was irradiated with beam
for approximately 30 min while recording the scan, it presum-
ably contains an insignificant amount of Np(V), as opposed
to the amount of Np(V) formed in the sample following 4 h
X-ray irradiation revealed by UV–vis spectroscopy (Fig. 1).
The Np–O shell in the FT for the sample studied during oxi-
dation exhibits two distances, as does the Np(V)–HS sample;
the Np–O shell in the FT for the Np4+ aquo ion EXAFS shows
o
s of
t ded
a d in
t ance
v is-
t S
c unit,
N s to
o rial
p om
t dis-
t idal
c
2

f a
s ces,

T
R

S

(

(

(

(

S

including the short 1.81̊A distance to represent the Np–Oax
bond, which is held constant in the fits. The results for the
two shell model yield positive amplitude for the Np–Oax shell
EXAFS but with an extremely large value forσ2. This large
σ2 makes the contribution of the EXAFS oscillation for this
shell only significant at lowk. Leaving this shell out of the
fit and using a single Np–O shell model yields essentially the
same results with a minor increase in theR-value (value of
merit for the goodness of the fit) from 0.006 for the two shell
fit to 0.007 for the single shell fit. Only the results for the
single shell fit are listed inTable 2. It appears unlikely that
the short Np–O distance (R(O1)) represents a true Np–O shell
in this sample. Because Th(IV) also exhibits a similar short
R− ∆ FT feature[22,23]and is never present as a thorinyl
cation, we suggest that the shortR−∆ FT feature in this Np4+

aquo ion spectrum has a similar origin. This low frequency
EXAFS contribution may be due to atomic contributions, to
multi-electron excitations in the EXAFS-regime, or it could
also simply be an artifact of theµ0 spline function subtraction
during isolation of the EXAFS from the raw data.

In contrast, fit results using two Np–O distances to the
spectra of the oxidation samples suggest that the contribution
of the Np–Oax shell to the EXAFS in these two samples is
significant. The results for spectrum (a), the sample irradiated
for 2.5 h, are similar to those for a neptunyl cation with a
p alue
f he
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nly a single shell with aR− ∆ maximum near 1.9̊A. The
plitting of the Np–O shell is discernible in the EXAFS
he initial spectrum of the oxidation solution sample recor
t the begin of the photo-oxidation, and is well-resolve

he spectrum recorded 2.5 h later. The short Np–O dist
isible nearR− ∆ = 1.55Å (corresponding to an actual d
ance near 1.81̊A, Table 2) in the Np(V)–HS FT EXAF
orresponds to the interatomic distance in the neptunyl
p–Oax. The second Np–O shell in this FT correspond
xygen atoms bound to Np(V) in the neptunyl equato
lane, Np–Oeq [21]. The metrical parameters obtained fr
he least square fit to this data, modeled using two Np–O
ances (Table 2), reflect the Np(V) pentagonal bipyram
oordination with∼2 Oax at a 1.81Å distance and∼5 Oeq at
.47Å.

The Np4+ aquo ion EXAFS is fit using both a model o
ingle Np–O distance and a model of two Np–O distan

able 2
esults from fits to the EXAFS data shown inFig. 6

pectrum Shell N R(Å) σ2 (Å2) �E0 (eV)

a) O1 0.7 1.81 (f) 0.000 −2.0
O2 7.2 2.44 0.020

b) O1 0.3 1.81 (f) −0.006 −7.5
O2 9.8 2.33 0.021

c) O1 1.5 1.81 0.001 6.9
O2 5.2 2.47 0.010

d) O 8.7 2.39 0.007 −2.5

ee text for details.
entagonal bipyramidal coordination polyhedron. The v
or N for Np–Oax is about half that observed for N(O1) in t
p(V)–HS sample. Because the amplitude parameters N
2 are highly correlated, we try to fit the data holding the va

or σ2(O1) constant at 0.003̊A2. The actinyl cations wit
heir An-Oax bond order of two or greater generally exh
mallσ2 of 0.001–0.003̊A2. In these fits, a small N(O1)
.1 is still obtained. The smaller than expected amplitud

he Np–Oax oscillation and the largeσ2 for the Oeq shell in
his sample is likely an indication that Np(IV) is still in t
ample.

The situation is more extreme for the results for the s
olution but irradiated less, spectrum (b). Splitting of
p–O shell from the presence of Np–Oax and Np–Oeq is
vident but evidence for Np(IV)–O distances is also pre
he overlap of Np(IV)–O, Np–Oax, and Np–Oeq distance

eads to a dampening of the overall or sum EXAFS am
ude. We obtain a negativeσ2 value for the Np–Oax shell
n the fit and an unusually shortR(O2) value. We also o
erve this fit to be very sensitive to changes in the m
sed. For example, if the value forσ2(O1) is kept constant i
ddition toR(O1), then significantly different values for
f the parameters result. Obviously the model has not f
ny deep minimum; a model of only two shells is insu
ient at describing the spectrum. The Np(IV)–O contribu
ust be significant and is not considered in the model.
eptunium in this sample has considerable amounts of
p(IV) and Np(V) so that we expect different distances

he Np–Oax, Np–Oeq, and Np(IV)–O bonds. Considering t
ata quality, the success of a three shell fit is question
owever.
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4. Conclusions

In conclusion we may summarize that evidence for the
oxidation of Np(IV) in a solution sample through irradiation
with synchrotron X-rays from their XANES spectra is not
conclusive in our data. Changes in white line amplitude are
a poor indicator, the energy shifts involved are slight, and
the presence of the MS feature is uncertain, especially in the
XANES spectrum with the least X-ray exposure (Fig. 5, spec-
trum (b)). Although these XANES indicators for the presence
of Np(V) are not entirely convincing, analysis of this sample’s
EXAFS unequivocally reveals Np(V) formation.

Generally, the lack of marked dissimilarity between the
XANES of Np(IV) and Np(V) compounds renders it impor-
tant never to rely solely on XANES data for determining if
Np(IV):Np(V) valence mixtures in neptunium samples occur;
one must also check the EXAFS region. EXAFS analysis of
L3 (L2) edge data will unlikely provide a precise quantita-
tive method for determining Np(IV):Np(V) ratios in unknown
samples. However, it can be used to make strong qualitative
case, stronger than possible from XANES analysis alone for
Np(V) formation should it occur.
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