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Complex formation between the uranyl ion and nitrate ions
in acetonitrile and the ionic liquid 1-butyl-3-methylimid-
azolium bis(trifluoromethylsulfonyl)imide ([C4mim][Tf2N])
has been studied by absorption, magnetic circular dichroism
(MCD) and uranium LIII EXAFS spectroscopy. The experi-
mental results point to the existence of a trinitrate species
[UO2(NO3)3]– with D3h symmetry in both solvents. The
atomic distances in the uranium(VI) coordination sphere for
the trinitrato complex in acetonitrile are U–Oax =
1.77�0.01 Å and U–Oeq = 2.48�0.01 Å. EXAFS data show
that the uranyl ion in the ionic liquid is surrounded by six
oxygen atoms in the equatorial plane at a distance of
2.49�0.01 Å. The U–N distance of 2.92�0.01 Å indicates a

Introduction

The molecular structure of the uranyl trinitrate complex
anion [UO2(NO3)3]– is well known from X-ray diffraction
studies.[1–3] Dieke and Duncan first recorded the absorption
spectrum of a Cs[UO2(NO3)3] crystal with a spectrograph
and identified the so-called “fluorescent series” and “mag-
netic series” in the spectrum.[4,5] The magnetic circular di-
chroism (MCD) spectra of [UO2(NO3)3]– were first de-
scribed by Brint and McCaffery[6] and subsequently rein-
vestigated by Görller-Walrand and Colen,[7] and the elec-
tronic transitions and vibrational progressions were first
identified by Denning and co-workers by measuring the σ-
and π-spectra of Cs[UO2(NO3)3] single crystals.[8] Kaplan
and co-workers observed the typical UV/Vis absorption
spectrum of the [UO2(NO3)3]– complex anion in ketone sol-
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bidentate coordination of the nitrate group in both solvents.
A structural comparison is made between the uranyl trini-
trato complex anion [UO2(NO3)3]– and the uranyl tricarbon-
ato complex anion [UO2(CO3)3]4–. No evidence is found for
the presence of uranyl nitrato complexes in aqueous solution.
The optical absorption, MCD and EXAFS spectra resemble
those of the hydrated free uranyl ion. There are two axial
oxygen atoms at 1.77�0.01 Å and five equatorial oxygen
atoms at 2.41�0.01 Å. These values agree well with struc-
tural parameters obtained for the uranyl aqua ion.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

vents like acetone by adding tetrabutylammonium nitrate to
a solution of UO2(NO3)2 in these solvents.[9] They noticed a
good agreement between the solution spectra and those of
Cs[UO2(NO3)3] single crystals. In contrast, these authors
could not find a proof for nitrate complex formation in
aqueous solution.

Extended X-ray absorption fine structure (EXAFS) spec-
troscopy measurements on uranyl nitrato compounds are
rather scarce, although Thompson and co-workers have in-
vestigated the uranyl trinitrato unit in solid UO2(NO3)2·
6H2O,[10] and the uranyl nitrate dimer in solid
Him2[{UO2(µ-OH)(NO3)2}2] (Him = imidazolium) has
been studied by Barnes et al.[11] Solvent-extraction pro-
cesses of uranyl nitrate solutions have been extensively
studied because of their significance for nuclear waste treat-
ment.[12–21] These research activities include EXAFS mea-
surements of uranyl nitrate in trimethyl phosphate, tri-n-
butyl phosphate, triisobutyl phosphate and triphenyl phos-
phate, which indicate a coordination of two bidentate ni-
trate groups and two monodentate organophosphate li-
gands.[20–22] All the experimental EXAFS data obtained to
date suffer from competing scattering contributions that co-
ver the important multiple scattering features within the ni-
trate group. So far, trinitratouranyl species in solution have
not been studied in depth by EXAFS spectroscopy, al-
though recently there has been a strong research interest in
uranyl complexes, including uranyl nitrate complexes, in
ionic liquids.[23–31]
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The speciation of uranyl complexes in solution is not al-
ways straightforward. Unlike solid-state structures, which
can be determined by X-ray diffraction of single crystals,
the structure of solution species can be determined only by
symmetry effects, for example by optical absorption spec-
tra, or by limited structural parameters obtained, for exam-
ple, from EXAFS spectra. Various conclusions have been
drawn in the past from spectroscopic results, particularly
absorption, luminescence and magnetic circular dichroism
spectroscopy, and in a previous paper we have demon-
strated the existence of a [UO2Cl4]2– complex anion with
D4h symmetry in acetonitrile by a combination of optical
absorption spectroscopy and uranium LIII EXAFS spec-
troscopy.[32] An analogous investigation by the same com-
plementary spectroscopic techniques presented in this paper
points to the existence of the uranyl trinitrato complex
anion in acetonitrile and the ionic liquid 1-butyl-3-methyl-
imidazolium bis(trifluoromethylsulfonyl)imide ([C4mim]-
[Tf2N]). Furthermore, both spectroscopic techniques pro-
vide evidence for the absence of a significant degree of com-
plex formation between the uranyl ion and nitrate ions in
aqueous solution.

Results and Discussion

The UV/Vis absorption spectrum and the MCD spec-
trum of uranyl nitrate in the presence of tetrabutylammo-
nium nitrate in acetonitrile are shown in Figure 1. No fur-
ther changes were observed upon increasing the nitrate con-
centration above the ratio [UO2

2+]/[NO3
–] = 1:3, which

points to a maximal coordination of the uranyl ion. The
most striking feature is the increase in intensity of four
bands in the long-wavelength part of the absorption spec-
trum (21000–24000 cm–1) with respect to the solvated ura-
nyl ion in acetonitrile. These lines correspond to the “mag-
netic series” reported by Dieke and Duncan for the single-
crystal spectra of Cs[UO2(NO3)3], in which the coordina-
tion polyhedron of the uranyl ion has a D3h symmetry.[4]

The transitions belonging to the magnetic series give rise to
very intense, negative A-terms in the MCD spectrum (Fig-
ure 1).[7] These MCD signals originate from the electronic
transition between the totally symmetric ground state A1�
(Σg

+ in D�h) to the excited state E� (∆g in D�h).

Table 1. Observed electronic transitions for [UO2(NO3)3]– in acetonitrile and [C4mim][Tf2N], assigned to D�h and D3h symmetry, compared
with those of Cs[UO2(NO3)3] single crystals.[8] Energies are given in wavenumber units [cm–1].

Symmetry [UO2(NO3)3]– [UO2(NO3)3]– Cs[UO2(NO3)3]
D�h D3h Acetonitrile [C4mim][Tf2N] Single crystal[8]

Πg � Σg
+ E�� � A1� 20585 20563 21090

∆g � Σg
+ E� (x,y) � A1� 21432 21381 21694

Φg � Σg
+ A1�� � A1� – – 22300

(∆g + Γg) � Σg
+ E� (x,y) � A1� – – 23475

Φg � Σg
+ A1�� � A1� – – 26640

Φg � Σg
+ A2�� � A1� 27218 27167 27480
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Figure 1. Optical absorption spectrum (solid line) and MCD spec-
trum (dotted line) of [UO2(NO3)3]– in acetonitrile at room tempera-
ture. [UO2

2+] = 50 and [NO3
–] = 200 m ([UO2

2+]/[NO3
–] = 1:4).

The UV/Vis absorption spectrum and the MCD spec-
trum of uranyl nitrate in the presence of tetrabutylammo-
nium nitrate in acetone are given as Supporting Infor-
mation. These spectra are very similar to those recorded in
acetonitrile. An overview of all the electronic transitions in
the optical absorption spectrum of [UO2(NO3)3]– in aceto-
nitrile is given in Table 1. A detailed list of the transitions
assigned for [UO2(NO3)3]– in acetonitrile in D3h symmetry
is available as Supporting Information. The presence of
very intense, sharp peaks in the first part of the optical ab-
sorption spectrum is also characteristic of other complexes
with D3h trigonal symmetry, such as [UO2(CO3)3]4– and
[UO2(CH3COO)3]–.[7,12,33,34]

The optical absorption spectrum and MCD spectrum of
UO2(NO3)2·6H2O and Bu4NNO3 in the ionic liquid
[C4mim][Tf2N] are given in Figure 2. The molar absorp-
tivity in this ionic liquid solvent is of the same order of
magnitude as that in acetonitrile. The absorption bands can
all be assigned to transitions of the uranyl ion since
[C4mim][Tf2N] does not absorb in this wavelength re-
gion.[35] The same typical spectroscopic features of the ura-
nyl trinitrato complex in the range 20000–24000 cm–1

(sharp, intense peaks in the optical absorption spectrum
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and very intense, negative A-terms in the MCD spectrum)
as observed in acetonitrile are also observed in
[C4mim][Tf2N]. Furthermore, the absorption maxima in
acetonitrile and [C4mim][Tf2N] agree well. The features in
the long-wavelength part of the UV/Vis absorption spec-
trum and the MCD spectrum, as well as a comparison with
the well-known [UO2(NO3)3]– complex in ketone solvents,
indicate the formation of a [UO2(NO3)3]– species in
[C4mim][Tf2N]. The energetic positions of the different elec-
tronic states of [UO2(NO3)3]– in [C4mim][Tf2N] are given in
Table 1. A detailed assignment of the transitions of
[UO2(NO3)3]– in [C4mim][Tf2N] is available as Supporting
Information.

Figure 2. UV/Vis absorption spectrum (solid line) and MCD spec-
trum (dotted line) of [UO2(NO3)3]– in [C4mim][Tf2N] at room tem-
perature. [UO2

2+] = 50 and [NO3
–] = 200 m ([UO2

2+]/[NO3
–] =

1:4).

An alternative way to obtain the trinitrato complex is to
treat UO2 with concentrated nitric acid in [C4mim][Tf2N].
However, nitrite ions are also formed in addition to the tri-
nitrato complex, as evidenced by the bands in the region
25000–28500 cm–1 in the UV/Vis absorption spectrum
(given as Supporting Information). The UV/Vis spectra of
nitrite ions and nitrous acid have been described by
das Graças Gomes et al.[36] Nevertheless, the presence of
the [UO2(NO3)3]– moiety is also indicated in this case by
the intense features in the long-wavelength part of the UV/
Vis spectrum.

Spectroscopic measurements indicate that there is no sig-
nificant complex formation between the uranyl ion and ni-
trate ions in aqueous solution. The optical absorption spec-
trum and the MCD spectrum of uranyl nitrate in water ex-
hibit the same vibrational fine structure as that of the free
uranyl ion (i.e. the hydrated uranyl ion) obtained by dissolv-
ing UO2(ClO4)2·xH2O in water (Figure 3). Moreover, no
red- or blueshift of the absorption bands is observed. This
similarity between the two spectra suggests that the hy-
drated uranyl ion is the dominant species in aqueous solu-
tion. The absorption spectra of uranyl nitrate UO2(NO3)2·
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6H2O in aqueous solution can be found in the Supporting
Information. The typical sharp absorption bands of the
uranyl trinitrato complex are absent in aqueous solution
because nitrate ions form only weak complexes in this me-
dium. The system can be characterized by three formation
constants: K1 = 0.5, K2 = 1.0 and K3 = 0.9 Lmol–1.[12,37]

The formation constants K1 and K2 were determined in Na-
ClO4 medium at an ionic strength of 1.0 and K3 in media
of varying HNO3 concentrations. The species distribution
in an aqueous solution of UO2(NO3)2·6H2O (50 m, pH =
2.4) is dominated by the uranyl aqua ion and the distribu-
tion coefficient of the nitrato species is low [94.8% UO2

2+,
4.6% UO2NO3

+, 0.45% UO2(NO3)2 and 0.04% UO2-
(NO3)3

–]. The low-concentration nitrato species cannot be
clearly distinguished by UV/Vis absorption spectroscopy. In
a recent paper, Ruas and co-workers stated that the equilib-
rium constants for the 1:1 and 1:2 UO2

2+/NO3
– complexes

are low, which means that the uranyl trinitrato complex in
water can be neglected in our case.[38]

Figure 3. UV/Vis absorption spectrum (solid line) and MCD spec-
trum (dotted line) of UO2(NO3)2·6H2O in aqueous solution at
room temperature. Uranyl concentration: 50 m.

The UV/Vis absorption spectrum of the hydrated uranyl
ion is well known,[5] although the coordination sphere of
the hydrated free uranyl ion has always been a point of dis-
cussion. Models with four to six water molecules in the
equatorial plane have been proposed,[39,40] although it is
generally accepted that the uranyl ion is coordinated by five
water molecules in the equatorial plane.[41–45]

EXAFS measurements of uranyl nitrate in the presence
of tetrabutylammonium nitrate in acetonitrile as well as in
[C4mim][Tf2N] were performed to confirm the formation
of a [UO2(NO3)3]– species indicated by optical absorption
spectroscopy. Furthermore, EXAFS can provide extra
structural information, such as bond lengths, for the metal
species in solution. Both the EXAFS spectra and corre-
sponding Fourier transforms in acetonitrile and
[C4mim][Tf2N] exhibit the same structural features (Fig-
ure 4). Peaks in the Fourier transforms were not corrected
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Figure 4. (a) Uranium LIII-edge k3-weighted EXAFS data and (b) the corresponding Fourier transforms of [UO2(NO3)3]– in acetonitrile
(top) and in the ionic liquid [C4mim][Tf2N] (bottom). Experimental data are presented as a continuous line and the theoretical curve as
a dotted line. The multiple scattering path N–Oeq–N is abbreviated as MS NON. The arrow indicates a [2p4f] double-electron excitation.[57]

for the phase shift. The results of the shell-fitting procedure,
including phase correction, are given in Tables 2 and 3. The
coordination numbers of the equatorial oxygen atoms (Oeq)
and nitrogen atoms were determined in an iterative manner
by a free fit. These coordination numbers were subsequently
fixed during the shell-fitting procedure in order to avoid
correlation problems between N and σ2. The coordination
number of the distal oxygen atoms was set equal to the
coordination number of the nitrogen atoms. The fit results
also indicate that three nitrate groups coordinate to urani-
um(VI) in a bidentate fashion, as shown in Figure 5. The
U–Oeq distance of 2.48–2.49 Å confirms the sixfold coordi-
nation of the uranyl ion as a U–Oeq distance between 2.44
and 2.54 Å corresponds to a coordination number of six.[46]

The weak peak due to nitrogen backscattering indicates a
U–N distance of 2.94 Å (Figure 4). This U–N distance indi-
cates a bidentate coordination of the NO3

– group and is in
good agreement with the U–N distance in solid
Rb[UO2(NO3)3] (2.88 Å).[3] The three coordinated nitrate
ligands result in complex backscattering features mainly
originating from a linear arrangement of the nitrogen atom
and the distal oxygen atoms (Odist) in each of the NO3

–

ligands, with respect to the uranium atom. In this situation
the scattering amplitude is greatly enhanced in the forward
scattering direction due to focusing of the electron wave on
the next neighbour. This effect is therefore called the “fo-
cusing effect”. This focusing effect makes the distal oxygen
atoms (Odist) at a large distance of 4.16 (in acetonitrile) or
4.18 Å (in the ionic liquid [C4mim][Tf2N]) visible. A similar
strong multiple scattering effect has been observed for the
tricarbonato species Ca2[UO2(CO3)3] in aqueous solu-
tion.[47] The amplitudes of the multiple scattering paths MS
Odist (U–N–Odist) and U–N–Odist–N are much more pro-
nounced than that of the single scattering path U–Odist. It
is interesting to note that the U–Odist distance in solution
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is slightly longer than in the solid {4.09 Å in solid
Rb[UO2(NO3)3]}.[3] The influence of the effective ligand
charge on the bond lengths can be revealed by comparing
uranium(VI) coordinated by nitrate and carbonate. The
uranyl tricarbonato complex anion [UO2(CO3)3]4– is iso-
structural with the trinitrato anion [UO2(NO3)3]–.[3,47] The
U–Oeq distance in the uranyl tricarbonato anion is shorter
than that in the uranyl trinitrato anion (2.44 vs. 2.48–
2.49 Å). Obviously, there is an influence of the U–Oeq elec-
tron density on the U–Oax bond length, which results in a
longer distance (1.81 Å) for the tricarbonato anion and a
shorter one (1.77 Å) for the trinitrato anion.[48] The shorter
U–Oax distance for the uranyl trinitrato anion can also be
deduced from the ground-state vibrational frequencies.
Thus, for the uranyl trinitrato anion the symmetric and
asymmetric stretching vibrations are 884 and 956 cm–1,
respectively, compared to 808 and 856 cm–1, respectively, for
the tricarbonato anion. According to Badger’s rule,[49,50] the
U–Oax distance should therefore be smaller in the uranyl
trinitrato anion.

Table 2. EXAFS structural parameters for [UO2(NO3)3]– in aceto-
nitrile.

R[a] [Å] N[a] σ2 [Å2]

U–Oax 1.77 2[b] 0.0012
MS U–Oax 3.54 2[b] 0.0024

U–Oeq 2.48 6.4[b] 0.0069
U–N 2.92 3.1[b] 0.0032

MS N–Oeq 3.29 12.7[b] 0.0031
U–Odist 4.16 3.1[b] 0.0061

MS Odist 4.16 6.2[b] 0.0061
MS N–Odist–N 4.16 3.1[b] 0.0061

[a] Errors in distances, R, are �0.01 Å; errors in coordination num-
bers, N, are �10%. [b] Value fixed during the shell-fitting pro-
cedure. ∆E = 3.85 eV. Weighted F-factor = 0.205.
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Table 3. EXAFS structural parameters for [UO2(NO3)3]– in
[C4mim][Tf2N].

R[a] [Å] N[a] σ2 [Å2]

U–Oax 1.77 2[b] 0.0012
MS U–Oax 3.54 2[b] 0.0024

U–Oeq 2.49 6.1[b] 0.0076
U–N 2.92 2.8[b] 0.0036

MS N–Oeq 3.28 12.2[b] 0.0054
U–Odist 4.18 2.8[b] 0.0062

MS Odist 4.18 5.6[b] 0.0062
MS N–Odist–N 4.18 2.8[b] 0.0062

[a] Errors in distances, R, are �0.01 Å; errors in coordination num-
bers, N, are �10%. [b] Value fixed during the shell-fitting pro-
cedure. ∆E = 3.85 eV. Weighted F-factor = 0.205.

Figure 5. Ball-and-stick representation of the structure of
[UO2(NO3)3]–.

The raw k3-weighted EXAFS data of uranyl nitrate in
water are shown in Figure 6. Like the optical absorption
spectra, the EXAFS spectra of the aqueous solution show
only the typical scattering features of the dominant hy-
drated uranyl ion. The largest peak in the Fourier transform
represents the scattering contribution from the two axial

Figure 6. Uranium LIII-edge k3-weighted EXAFS data (left) and the corresponding Fourier transform (right) of uranyl nitrate in aqueous
solution. Experimental data are presented as a continuous line and the theoretical curve as a dotted line.
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oxygen (Oax) atoms. The double peak at R + ∆ = 1.8 Å
arises from one single shell of equatorial oxygen (Oeq)
atoms. This peak can be completely covered by including
one single shell of equatorial oxygen atoms at 2.42 Å in the
fitting procedure. The splitting of the Oeq shell arises from
a superposition of the Oax peak and the Oeq peak. Due to
the limited k-range, the Fourier transform peaks include
small satellite peaks. The rather large satellite peak at high
R-values of the Oax peak coincides with the Oeq peak, which
gives rise to this peak splitting.[51] Peaks in the Fourier
transform were not corrected for the phase shift. The struc-
tural parameters of the EXAFS shell fitting, including
phase correction, are summarized in Table 4. There are two
axial oxygen atoms at 1.77�0.01 Å and five equatorial oxy-
gen atoms at 2.41�0.01 Å. A fivefold coordination of the
uranyl ion is characterized by a U–Oeq distance between
2.34 and 2.42 Å.[46] These values agree well with the struc-
tural parameters obtained previously for the uranyl aqua
ion in perchloric acid solution.[41,42]

Table 4. EXAFS structural parameters for uranyl nitrate in aque-
ous solution.

R[a] [Å] N[a] σ2 [Å2]

U–Oax 1.77 2[b] 0.0013
MS U–Oax 3.54 2[b] 0.0026

U–Oeq 2.41 4.9 0.0069

[a] Errors in distances, R, are �0.01 Å; errors in coordination num-
bers, N, are �10%. [b] Value fixed during the shell-fitting pro-
cedure. ∆E = 3.2 eV. Weighted F-factor = 0.273.

Conclusions

We have shown that both UV/Vis absorption and
EXAFS spectroscopy point unambiguously to the existence
of a [UO2(NO3)3]– coordination polyhedron (D3h sym-
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metry) for the uranyl nitrate complex in acetonitrile as well
as in the ionic liquid [C4mim][Tf2N]. The sharp peaks in
the long-wavelength part of the UV/Vis absorption spectra
(21000–24000 cm–1) are characteristic of a trigonal sym-
metry. The fit results of the EXAFS spectra and the corre-
sponding Fourier transforms reveal the presence of six
equatorial oxygen (Oeq) atoms with U–O bond lengths of
2.48–2.49 Å. The U–N distance of 2.92–2.93 Å points to a
bidentate coordination of the NO3

– group. Furthermore,
the distances in the equatorial plane around the uranyl ion
for solution species are in good agreement with the dis-
tances in solid Rb[UO2(NO3)3]. Only the U–Odist distance is
slightly longer in solution. The increase in the coordination
number from NOeq

= 5 (aqua ion) to NOeq
= 6 ([UO2-

(NO3)3]–) involves an increase of the U–Oeq bond length
from 2.41 to 2.48–2.49 Å. In contrast, no evidence has been
found for the presence of uranyl nitrato species in aqueous
solution under the given experimental conditions.

Experimental Section
Samples: UO2(NO3)2·6H2O and tetrabutylammonium nitrate
(Bu4NNO3) were purchased from Merck and Fluka, respectively.
Dry acetonitrile was purchased from Acros. An aqueous solution
of uranyl nitrate (50 m) was prepared by dissolving UO2(NO3)2·
6H2O in distilled water. The pH of this solution was 2.4. Acetoni-
trile was used as solvent for measurements in non-aqueous solution
instead of acetone because acetonitrile is more stable than acetone
in the presence of uranyl ions. Tetrabutylammonium nitrate
(Bu4NNO3) was added to a solution of UO2(NO3)2·6H2O (50 m)
in acetonitrile to give uranyl/nitrate ratios of beween 1:2 and 1:4.
No further changes were observed in the optical absorption spectra
at [UO2

2+]/[NO3
–] ratios higher than 1:3. To obtain the spectrum

of the solvated uranyl ion (“free” or “bare” uranyl ion) in acetoni-
trile, a solution of UO2(ClO4)2·xH2O (50 m) was prepared as de-
scribed in ref.[32] 1-Butyl-3-methylimidazolium bis(trifluoromethyl-
sulfonyl)imide ([C4mim][Tf2N]) was synthesized as described in
ref.[35] To reduce the water content, [C4mim][Tf2N] was dried in
vacuo at 70 °C before preparing the solutions. UO2(NO3)2·6H2O
(50 m) and tetrabutylammonium nitrate (Bu4NNO3; 100 m)
were dissolved in [C4mim][Tf2N] to give a total uranyl/nitrate ratio
of 1:4. The dissolution of UO2(NO3)2·6H2O and Bu4NNO3 in
[C4mim][Tf2N] took about 3 d and resulted in a transparent, yellow
solution. Initial spectroscopic measurements on mixtures of
UO2(NO3)2·6H2O and Bu4NNO3 in [C4mim][Tf2N] did not give
the typical absorption spectrum of the uranyl trinitrato complex.
However, the [UO2(NO3)3]– absorption bands were clearly visible
when these mixtures were remeasured after several days. This indi-
cates that the kinetics of the formation of the trinitrato complex in
the ionic liquid are slow.

Optical Spectroscopy: UV/Vis absorption spectra in aqueous solu-
tion, acetonitrile and [C4mim][Tf2N] were recorded at room tem-
perature with a Varian Cary 5000 spectrophotometer in the wave-
length interval 600–300 nm. Magnetic circular dichroism (MCD)
spectra were recorded with an AVIV 62DS circular dichroism spec-
trometer equipped with an electromagnet (magnetic field strength:
0.9 T) to provide the longitudinal magnetic field.

EXAFS Spectroscopy: Uranium LIII-edge EXAFS spectra were col-
lected at the Rossendorf Beamline at the European Synchrotron
Radiation Facility (ESRF, Grenoble, France).[52] The measure-
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ments were carried out in transmittance mode using argon-filled
ionization chambers at ambient temperature and pressure. Higher
harmonics were rejected with two platinum-coated mirrors. The
measurements were performed using a double-crystal Si(111) mon-
ochromator in equidistant k-steps of 0.05 Å–1 across the EXAFS
region. Three scans were recorded for each sample and then
averaged. An yttrium metal foil (first inflection point at 17038 eV)
was used for energy calibration. The uranium LIII threshold energy,
Ek = 0, was defined at 17185 eV. EXAFS data were extracted from
the raw absorption spectra by standard methods, including a spline
approximation for the atomic background with the program EX-
AFSPAK.[53] Theoretical phase and amplitude functions were cal-
culated with FEFF 8.2.[54] The scattering phase and amplitude
functions were calculated using the crystal structure of uranyl dini-
trate trihydrate, [UO2(NO3)2(H2O)2]·H2O,[55] and the rubidium ura-
nyl salt Rb[UO2(NO3)3].[3] The amplitude reduction factor, S0

2, was
found to be 0.9 from the FEFF calculation and fixed to that value
in the data fits. The coordination number of the uranyl oxygen
atoms (Oax) in all fits was kept constant at two. The main multiple
scattering paths, with their relative importance, are defined accord-
ing to the notation in Figure 5 and given in the Supporting Infor-
mation. Hudson and co-workers have indicated that the scattering
contributions from paths U–Oax1–Oax2 and U–Oax1–U–Oax1 tend
to cancel each other out,[56] therefore the twofold-degenerate, four-
legged multiple scattering path U–Oax1–U–Oax2 (abbreviated as MS
U–Oax) was included in the curve fit by constraining its Debye–
Waller factor, σ2, and its effective path length to twice the values
of the corresponding, freely fitted U–Oax single scattering path.
The degeneracy of the multiple scattering paths was included in the
coordination numbers N, therefore the degeneracy of the domina-
ting multiple scattering paths including the distal oxygen Odist,
namely U–N–Odist–N and U–Odist–N (abbreviated as MS Odist),
was fixed to twice the value of the number of distal oxygen atoms
present. Furthermore, the distances and Debye–Waller factor for
these multiple scattering paths were linked to R and σ2 of the single
scattering path U–Odist. The number of scattering paths of the
three-legged multiple scattering path U–N–Oeq was constrained to
twice the coordination number of the equatorial oxygen atoms Oeq,
whereas R and σ2 were kept free in the fit. Scattering contributions
of less than 5% were not considered in the fitting procedure.

Supporting Information (see footnote on the first page of this arti-
cle): Correlation table of the irreducible representations in the dif-
ferent Dnh point groups; UV/Vis absorption spectrum and data of
UO2(NO3)2·6H2O in water; UV/Vis absorption spectrum and ob-
served vibronic transitions of [UO2(NO3)3]– in acetonitrile, acetone,
and [C4mim][Tf2N]; UV/Vis absorption spectrum of UO2 powder
dissolved in [C4mim][Tf2N] with the help of HNO3/H2O; MCD and
UV/Vis absorption spectra of Bu4NUO2(NO3)3 in a PMMA ma-
trix; principal scattering pathways of the photoelectron in the
[UO2(NO3)3]– unit.
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