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Abstract

The Am(VI) solution chemistry differs from that of lighter actinoids, as U, Pu and

Np, where the actinyl [AnO2]
2+ is the most stable form and plays an important role

in nuclear fuel technology. The behavior of americium in solution shows the trend to

stabilize lower oxidation states, mainly Am(III). Riddle and col. (J. Radioanal. Nuclear

Chem. 2016, 309, 1087.) have recently reported the EXAFS and first XANES spectra

of an americium-containing aqueous solution where the Americyl species is detected in

a mixture. We have developed Am3+-H2O and [AmO2]
2+ -H2O intermolecular poten-

tials based on quantum-mechanical calculations to carry out classical MD simulations

of these two cations in water. Structural information extracted from the statistical tra-

jectories has been used to simulate EXAFS and XANES spectra of both solutions. For

the Am3+ case the theoretical-experimental agreement for both EXAFS and XANES
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spectra is satisfactory. This is not the case for the [AmO2]
2+ aqueous solutions. How-

ever, when considering an aqueous solution mixture of both cationic forms in a 55/45

[AmO2]
2+ /Am3+ ratio, the theoretical-experimental agreement is recovered. The EX-

AFS and XANES spectra which would correspond to a pure [AmO2]
2+ aqueous solution

are proposed. In the XANES case, the main features characterizing the simulated spec-

trum are consistent with those previously found in the experimental XANES spectra

of stable [UO2]
2+ and [PuO2]

2+ in water.

Introduction

Americium is formed as a byproduct of the irradiation of uranium by neutrons as well as of Pu

decay.1 It is of great interest since it is one of the main responsible of the high radiotoxicity

of minor actinoids in nuclear fuel waste.2–4 To engineer such a waste recycling process,

to understand the biological hazard of americium or to study its geochemical speciation,

detailed knowledge of its complex solution chemistry is necessary. Unlike lanthanoids, the

aqueous chemistry of actinoids is very rich since each element does have a distinct behaviour

with different stable oxidation states and species.5 The An(VI) solution chemistry of lighter

actinoids, as U, Pu and Np, is dominated by the actinyl species, [AnO2]
2+, which is stable and

plays an important role in nuclear fuel technology. However, the behavior of Am in solution

tends to stabilize lower oxidation states, mainly the Am(III), adopting the monatomic form,

Am3+. The stabilization of americyl species requires the presence of highly oxidizing media.6

The ability to examine these higher oxidation states solution chemistry would yield relevant

information on how these forms could be incorporated in new separation processes of minor

actinoids in nuclear fuel recycling.1–4

Structural information on aqueous americium ionic solutions has been obtained by means

of Extended X-Ray Absorption Fine Structure Spectroscopy (EXAFS).6–9 This technique

provides accurate short-range structural information around metal ions10,11 at concentra-

tions as low as 10−4 M, typical values found in actinoid solutions.12 Unfortunately, its ra-
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diotoxicity makes the experimental information about americium highly-resource demanding

and scarce. Extracting information and interpreting the spectra becomes an involved task,

since experimental structural information obtained from other techniques is limited, so that

structural models to help in the EXAFS fitting are lacking. This leads in many cases to

assumptions about the model system based on analogies with other lighter actinoids12 or to

find out synergies with theoretical tools.13–17

The most stable species of Am in solution is its aqua ion, [Am(H2O)n]
3+, whose EXAFS

spectrum has been measured by Allen et al.9 and Stumpf et al.7,8 These studies established

Am3+ hydration numbers in the range of 7.4-10 with an Am-O distance range of 2.477-

2.494 Å. Riddle et al.6 have very recently obtained the first EXAFS spectrum of Am(VI),

[AmO2]
2+ , in a 1M HNO3 aqueous solution containing NaBiO3. These authors reported

that the sample solution must be an Am(VI)/Am(III) mixture having a 70/30 ratio on the

basis of UV-vis spectroscopy, although radiolysis degradation and sample stability may affect

these values during the sample preparation, transportation and measuring.6 Because of the

low americium concentration (below 0.015M) in the sample we can assume that the recorded

spectrum can be envisaged as a weighted sum of the two individual and independent con-

tributions provided the absence of significant interactions among the americium ions. Thus,

Riddle et al.6 obtained structural parameters of the present species, assuming a complex

model including contributions from the two oxidation states, Am(III) and Am(VI). For the

americyl, these authors reported Am-Oyl and Am-OI distances of 1.69 Å and 2.44 Å, re-

spectively. These values were obtained from a fitting of a mixture solution composed by

70% of Am(VI), ∼ 29% of Am(III) and a marginal presence of Am(V) (∼ 1%). A first-shell

coordination number of 1.3 for Oyl, which results from the main contribution of two Oyl

back-scatterers weighted by the percentage of americyl in the sample (∼ 70%), and 4.1±0.8

which roughly results from the backscattering contribution of five oxygen atoms of the first

hydration shell weighted by the same percentage of americyl in the sample were obtained.

Debye-Waller factors, which reflect the structural and dynamical disorder of a given shell
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of back-scatterers surrounding the metal cation, surprisingly shows smaller stiffness for the

Am=Oyl covalent bonds than for the Am-OH2 intermolecular bonds, 0.006 Å2 and 0.002

Å2, respectively, a fact difficult to rationalize. Because the EXAFS spectrum corresponds

to a mixture of oxidation states as opposed to the most common EXAFS fitting scenario

involving only one well-defined species as absrober, this is a challenging experiment which

needs additional information to fully resolve the hydration structure of the cation mixture

present in the sample.

Computational modeling of actinoids has become an interesting alternative or comple-

ment to experiment and is currently a well-established tool.18 Nevertheless, published the-

oretical studies15,17,19–22 on americium compounds in solution are scarce compared to other

actinoids, although the experience from other actinoids should be partially transferable.

Computation of EXAFS spectra from the structural information obtained by statistical sim-

ulations can contribute, as previously shown, to the interpretation of the experimental spec-

tra.13,15,17,23–25 Conversely, the agreement with experimental results supports the interaction

potentials employed as well as the physicochemical properties derived from the simulation.

The aim of this work is to rationalize the experimental XAS spectra6 of the [AmO2]
2+ /Am3+

mixture in solution from a theoretical view, identifying individual contributions. For this

purpose, XAS spectra will be computed from the structural information provided by MD

simulations. In this case, both cations form stable aqua ions in solution, [AmO2(H2O)n]
2+

and [Am(H2O)m]
3+, with n=5 and m=8-9. The first task is the development of specific ab

initio interaction potentials of these cations with water. To fulfill this requirement we use

our Hydrated Ion Model,26 which is based on the assumption that the cationic reference

species in solution is the aqua ion, i.e. the hydrated ion.13,26,27 Recently we have published16

a classical interaction potential, based on first-principles calculations, to describe uranyl in

water considering the hydrated uranyl, [UO2(H2O)5]
2+ , instead of the naked ion [UO2]

2+ in

aqueous solution. From classical MD simulations, we were able to successfully simulate its

EXAFS spectrum and investigate the hydration dynamics, structure and thermodynamics of
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aqueous uranyl. The performance of this potential has been shown recently in the description

of uranyl in the liquid vein of a clay.28

Computational Methods

The Hydrated ion model is a classical electrochemical concept developed to better describe

the physicochemical properties of highly-charged metal cations.29,30 This model recognizes

the hydrated ion as the representative solute instead of the naked ion. This is necessary

because the polarization exerted by the ion on its first shell is such that first-shell water

molecules must be considered to be different molecular species than bulk water molecules.31

Therefore, first-shell water molecules must have a different description than bulk water

molecules and their charges and interaction potential parameters must be developed specif-

ically for them. This imposes a restriction: the model is only applicable to hydrated ions

whose first-shell residence times are longer than the simulation time. This restriction is

due to the fact first-shell water release would lead to an arrangement where one or several

water molecules with fitted parameters to be in the first shell are in the bulk. To get the

ab initio interaction energies, all QM calculations are carried out in the presence of the full

first hydration sphere. This procedure has two main advantages: the first one is completely

general, it avoids the overpolarization that would occur if only one water molecule was con-

sidered to describe the ion-water interaction; the second one concerns the case of open-shell

metal cations, the ion is in the correct electronic state in solution due to the presence of the

ligand field provided by the hydration shell. Additional information about the Hydrated Ion

Model and its extension allowing the first-shell water molecule exchange on the basis of a

polarizable can be found elsewhere.13,16,32–35

B3LYP36,37 reproduces reasonably well the properties of actinyl cations38,39 treating the

multireference problem in an effective way. In order to be consistent with the previous

uranyl potential, the level of theory chosen for [AmO2(H2O)5]
2+ was B3LYP employing the
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semi-relativistic Stuttgart pseudopotential40 with its recommended basis for americium and

aug-cc-PVDZ for light atoms.41 The americyl-pentahydrate is a quartet and B3LYP wave-

function shows low spin contamination, <S(S+1)> = 3.84 instead of 3.75, the pure-spin

eigenvalue. To check the structural and energy results we have carried out a NEVPT242–44

computation of the americyl-hydrate including 9 electrons and 10 orbitals in the active

space. Basis sets ma-def2-TZVP45 on oxygen atom, def2-SVP46 on hydrogen atom and

DEF-TZVP47/SD(60,MWB) pseudopotential for Am40 were used. Our B3LYP optimiza-

tions produce Am-Oyl and Am-OI bondlengths of 1.71 Å and 2.48 Å, respectively, and an

interaction energy of -226.2 kcal mol−1 including counterpoise correction. NEVPT2 as im-

plemented in the ORCA program48 provides very similar results: optimized distances of 1.75

Å and 2.42 Å for Am-Oyl and Am-OI bondlengths, respectively, and an interaction energy

of -239.4 kcal mol−1 including counterpoise correction. If the structural disagreement was

substantial the simulated EXAFS, which will be presented later on, would deviate strongly

from experiment. Since such is not the case, B3LYP seems an adequate computational level

for the purposes of this article, i.e. to understand the nature of the Am(VI)/Am(III) mix-

ture. The optimized geometries and interaction energies of Am(VI) at both levels of series

are included in Table S1 of the Supporting Information (SI).

The method used to develop the interaction potential of uranyl,16 which is a general strat-

egy for any hydrated actinyl cation, was applied on the americyl-pentahydrate. The total

interaction potential of an actinyl in solution within the Hydrated Ion Model, as developed

for the uranyl case,16 is the result of combining three interaction potentials: one to describe

the flexibility of the actinyl molecular cation, (O=An=O), a second intermolecular potential

between the actinyl and the water molecules forming the hydrate, ([AnO2]
2+−H2O), which

defines the intrinsic dynamic of the pentahydrated actinyl, ([AnO2(H2O)5]
2+) and a third

intermolecular potential to describe the interaction of bulk water molecules with the actinyl

hydrate, ([AnO2(H2O)5]
2+ – H2O). This implies that the model considers two types of water

molecules in solution: first-shell and bulk water molecules. The intramolecular interaction
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potential within the [AmO2]
2+ hydrated ion was developed specifically for this species. The

non-electrostatic interaction contribution between bulk water molecules and the hydrated

ion is the same as for the uranyl case since it was found to be fairly unspecific to the actinoid

(Figure S1 of the SI). The interaction potential parameters can be found in Tables S2-S6 of

SI.

The level of theory chosen to develop the potential for [Am(H2O)8]
3+ was MP2 using the

semi-relativistic pseudopotential of Sttugart,49 which was specifically developed to treat the

Am3+ cation, with its recommended basis set on americium and cc-PVTZ41,50–52 on light

atoms. All quantum-mechanical calculations were run with Gaussian09.53 Dolg and col.49

developed a series of specific pseudopotentials for the trivalent cations of the actinoid se-

ries, including the f-electrons in the pseudopotential. In this way the challenging issue of

the f-electron open-shell is not longer found. This series of pseudopotentials is particularly

convenient to deal with the actinoid hydration, as Dolg. and col.54 showed by studying the

actinoid hydration of the whole An3+ series with the semicontinuum model. Am3+, like most

large trivalent cations, must have a first-shell water mean residence time in the range 2-10

ns.17,55 The aim of the Am3+-H2O interaction potential is to get a reasonable representation

of the solution structure validated by realistic simulated EXAFS and XANES spectra. There-

fore, for Am3+ the coordination number of the first shell was kept fixed at a given hydration

number following our Hydrated Ion model.26,34 Because the coordination number along the

actinoid series is known to change from 9 to 8, we have considered both Am3+ hydrates,

[Am(H2O)m]3+ for m=8 and 9, to develop an intermolecular potential with water. This

gives us a reasonable range of possible Am3+ hydrates in solution. The gas phase optimized

Am-O distances for the octahydrate and enneahydrate are 2.51Å and 2.56Å, respectively.

The optimized geometries and interaction energies of Am(III) with both coordination num-

bers are included in Table S1 of the SI. The first-shell water molecule geometry was that

of the gas phase QM optimization of [Am(H2O)m]
3+. RESP56 effective charges obtained

from PCM57,58 polarized wavefunction were assigned to the first-shell water molecules. The
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employed water models are not polarizable and therefore polarization of the charges of the

hydrated ion by the bulk solvent is included in a mean field sense with the PCM method.

All water-water van der Waals interactions were described by the TIP4P59 Lennard-Jones

parameters. Additionally angular harmonic interaction potentials (O-Am-O) for first-shell

oxygen atoms were incorporated. The first-shell water oxygen-metal interaction was modeled

as a harmonic bonding potential. The angular and bonding harmonic interaction terms are

included in order to preserve the first-shell coordination integrity. The interaction potential

parameters can be found in Tables S2, S3, S7 and S8 of SI.

5 ns molecular dynamics simulations were run for each of the americium species. Simula-

tion boxes contained the ion and 1500 water molecules including first-shell water molecules.

The TIP4P59 model was employed for bulk water molecules. The simulation ensemble was

NPT at 300 K and 1 atm. The time step chosen was 1 fs and all water molecules were

kept rigid. Electrostatic interactions were calculated using the Ewald Summation method

with cutoff radius of 14 Å and 10−6 for relative error. The program used was DL_POLY

CLASSIC.60 Details of the simulation can be found elsewhere.16

Results and Discussion

Table 1 summarizes the main results of our simulations and the published experimental

works. In the rest of the section we detail the our results.

Figure 1 displays the Am-O and Am-H RDFs for the simulations of Am3+ in water (top),

which includes the results derived from the intermolecular potentials assuming the Am(III)

octahydrate (solid lines) and ennea-hydrate (dashed lines), and [AmO2]
2+ (bottom). The

Am(III) hydration structure derived from the [Am(H2O)8]
3+−H2O potential is dominated

by a well-defined first hydration shell with two sharp peaks centered at 2.47 Å for Am-O and

3.15 Å for Am-H pairs. The second shell is formed by 19-20 water molecules with Am-O and

Am-H peaks centered at 4.64 Å and 5.21 Å, respectively. When the [Am(H2O)9]
3+−H2O
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Table 1: Simulation and experimental results of Am(III) and Am(VI) in solution. The
properties displayed are translational self diffusion coefficient (Di),61 hydration enthalpy
(∆Hhydr),30 metal-oxygen distances (r),7–9 coordination numbers (CN)7–9 and Debye-Waller
factors (DW).7–9

[AmO2·(H2O)5]2+ [Am·(H2O)n]3+

MD Exp. MD n = 8 MD n = 9 Exp.

DiÂů105 (cm2 s−1) 1.3 ± 0.1 ∼ 0.7 ± 0.2 0.8 ± 0.2 0.625 ± 0.003
∆Hhydr, (kcal mol−1) -342 ∼-325,∼-401 -870 -886 -823
r(Am-Oyl), (Å) 1.72 1.69 - - -
CN(Am-Oyl) 2∗ 1.3 - - -
DW(Am-Oyl), (Å

2) 0.007 0.006 - - -
r(Am-OI), (Å) 2.44 2.48 2.47 2.53 2.473
CN(Am-OI) 5∗ 4.1 8∗ 9∗ 7.4, 8.4, 10
r(Am-OII), (Å) 4.64 - 4.66 4.72 2.473
CN(Am-OII) 29∗ - 19 19 -
DW(Am-OI), (Å

2) 0.007 0.002 0.006 0.007 0.007, 0.009

∗Fixed.
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Figure 1: Am-O and Am-H RDFs for Am3+ (top) and [AmO2]
2+ (bottom) aqueous solutions

derived from MD simulations.
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potential is employed, as expected, it is observed an Am-water lengthening, thus the two

first Am-O peaks are centered at 2.53 Å and 4.74 Å, and a similar shifting for the Am-H

peaks. In the americyl case, Am-O RDF (Figure 1 bottom) shows a sharp peak centered at

1.72 Å and integrating to two, which corresponds to the Oyl atoms. A second well-defined

peak, broader than the previous one, is centered at ∼2.45 Å and integrates to five. This is

the equatorial hydration shell of the americyl cation. A third Am-O peak centered at 4.64

Å and integrating to ∼30 collects the second-shell water molecules of the equatorial region

together with water molecules solvating the axial and the intermediate region between that

and the equatorial one. This complex combination of hydrating water molecules around the

Americyl pentahydrate is also reflected in the Am-H RDF. The second Am-H peak overlaps

with the Am-O ones. This indicates the different orientations of water molecules in the axial,

equatorial and intermediate regions. This complex hydration structure was already observed

in the [UO2]
2+ case and we refer to that work for a deeper description of this hydration

structure based on angle-solved RDFs,16 as well as to the analysis carried out by Maginn’s

group.20,21 Figures S2 and S3 of SI plot the angle-solved RDFs for americyl penta-hydrate.

To calculate the Am3+ hydration enthalpy, ∆Htheor
hydr (Am3+), we have computed two

contributions:

∆Htheor
hydr (Am3+) = ∆HMD

hydr([Am(H2O)8]
3+
aq ) +

∆HQM
form([Am(H2O)8]

3+)

The first one is the hydration enthalpy of the [Am(H2O)8]
3+ aqua ion in water that is

computed from MD simulations of the Am3+ aqua ion in water, pure water and the aquaion

in gas phase at the same temperature:

∆HMD
hydr([Am(H2O)8]

3+
aq ) = HMD([Am(H2O)8]

3+in water)

−HMD(water) −HMD([Am(H2O)8]
3+)
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The second contribution corresponds to the formation enthalpy of the [Am(H2O)8]
3+ aqua

ion. This is computed at the quantum-mechanical level used to build the potential energy

surface which was employed further to generate the Am3+-water intermolecular potential.

Thermal corrections were included using the ideal gas rotational and translational partition

functions at 300 K. The zero point energy was included using the harmonic oscillator model.

The relaxation energy of water molecules from gas phase to solution was neglected since it

is very small in comparison to ∆Hhydr.

∆HQM
form([Am(H2O)8]

3+) = HQM([Am(H2O)8]
3+) −HQM(Am3+) − 8 ·HQM(H2O).

The theoretical hydration enthalpy for Am(III) is -870 kcal mol−1 that agrees reasonably with

the experimental estimation of -823 kcal mol−1 (6% relative error),30 bearing in mind the

typical uncertainty of ionic hydration for highly-charged cations, and particularly for heavy

actinoids.30 Martelli et al.62 from their classical MD simulation of Am3+ obtained a value

of -869±11 kcal mol−1, that matches the value obtained in this work. When considering the

case of the ennea-hydrate, the estimated hydration enthalpy for Am(III) is -886 kcal mol−1.

There is no experimental hydration enthalpy for [AmO2]
2+ , but there are estimations for

other lighter actinyls based on empirical models which range between -325±5 and -401±15

kcal mol−1.63,64 We computed the [AmO2]
2+ hydration enthalpy as the difference between

the enthalpies derived from MD simulations of [AmO2]
2+ in water and that of the sum of the

TIP4P bulk water and [AmO2]
2+ in gas phase.

∆Htheor
hydr ([AmO2)]

2+
aq ) = HMD([AmO2)]

2+in water)

−HMD(water) −HMD([AmO2)]
2+)

The theoretical estimation is -342±16 kcal mol−1 what is consistent with the estimation from

empirical models.63,64

Regarding the dynamics of the cations, self-translational diffusion coefficient has been
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computed from their MD trajectories as done in a previous work.16 Their Di finite-size cor-

rected65 are 1.3± 0.1 · 10−5 cm2 s−1 for [AmO2]
2+ , 0.7± 0.2 · 10−5 cm2 s−1 for [Am(H2O)8]

3+

and 0.8 ± 0.2 · 10−5 cm2 s−1 for [Am(H2O)9]
3+. The experimental diffusion coefficient61 of

Am3+ is 0.625 ± 0.003 · 10−5 cm2 s−1 which agrees within the statistical uncertainty with

our estimation. Martelli et al.62 have computed from classical MD simulations that used a

polarizable interaction potential, the diffusion coefficient of Am3+, 0.63 ± 0.2 · 10−5 cm2 s−1.

The diffusion coefficient of [AmO2]
2+ is similar to our result for [UO2]

2+ as can be expected

by the physicochemical similarity of these two species.16 To the best of our knowledge, the

diffusion coefficient of Am(VI) has not been published. In any case, the value obtained for

Am(VI), as expected, resembles our U(VI) value16 of 1.2 ± 0.1 ·10−5 cm2 s−1. The compar-

ison of the diffusion coefficient of our actinyl model with experiments has been previously

discussed.16 To understand these results we must realize that the diffusional behavior of

these cations is mediated by their hydrated ions rather than by their bare ions. Then, the

hydrates of [AmO2]
2+ and Am3+ are the real species determining the ion mobility in aqueous

solution. Am3+ hydrate is of similar size to the [AmO2]
2+ hydrate, but its higher charge

justifies its smaller diffusion coefficient value.

The Am L3-edge EXAFS and XANES spectra were computed as the average of the

individual spectra of 500 snapshots evenly taken from the MD trajectories. The spectra

were obtained using FEFF9.6.66,67 (examples of FEFF input files are included in the SI).

These snapshots included two hydration shells. EXAFS spectra include multiple scattering

paths up to 4 legs and XANES spectra full multiple scattering contributions. To simulate

the spectrum of the [AmO2]
2+ /Am3+ mixture, the individual spectra were summed using

the weighting factor of each oxidation state.

Figure 2 (top) shows the comparison of the experimental k2-weighted Am L3-edge of

an acidic aqueous Am(III) solution (black dashed line) recorded by Stumpf et al.7 and the

simulated spectrum derived from our [Am(H2O)8]
3+ MD simulation (green line). The shape

of the experimental EXAFS signal indicates a rather simple contribution, mainly due to the
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Figure 2: Experimental (dashed lines) vs. simulated (solid lines) Am L3-edge k2-weighted
EXAFS spectra. Top: experimental (ref.[ 7]) and simulated Am3+ aqueous solution; Middle:
experimental Am ionic mixture (ref.[ 6]) and simulated spectrum of [AmO2]

2+ (red line);
Bottom: experimental Am ionic mixture (ref.[ 6] and simulated spectra with the 70/30
(magenta line) and a 55/45 (blue line) ([AmO2]

2+ /Am3+) ratios.
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single scattering paths of the first-hydration shell water molecules. The simulated spectrum

(green line) reproduces pretty well the frequency and intensity of the signal. This agreement

allows the assignment of an octa-coordination for A m(III) with a first-shell Am-O distance

of 2.47 Å and a DW factor for the first hydration shell of 0.0055 Å2. An analogous simulated

EXAFS spectrum was carried out from the MD simulation containing the ennea-hydrated

Am(III). The comparison between the Am(III) EXAFS spectra of the two coordination

numbers with the experimental one is given in Figure S4 (top) of the SI. The difference in

the EXAFS is noticeable since the change in coordination and M-O distance has a strong

impact in the EXAFS. A similar or larger discrepancy for the CN=7.4 and 10 must be

expected.

Stumpf et al.7,8 and Allen et al.9 from their experimental EXAFS analysis obtained the

same Am-O distance, 2.48 Å, and coordination numbers of 7.4 and 10, respectively. DW

factors of 0.0069 and 0.0090 Å2, respectively, were fixed in the fitting. Spezia et al.15,17 have

studied the Am(III) by means of two approaches, revisiting the EXAFS analysis and from

MD simulations, obtaining Am-O distances in the range 2.47-2.49 Å, although they found an

ennea-coordination. These authors also obtained a fair agreement between the experimental

spectrum and that simulated. As they pointed out, the ± 1 uncertainty in coordination

numbers for aqua ions is intrinsic to EXAFS spectroscopy.

Figure 2 (middle) plots the experimental EXAFS spectrum recorded by Riddle and col.6

of an aqueous solution (black dashed line) containing several Am cationic forms, americyl

being the most abundant one. The simulated EXAFS spectrum corresponding to a pure

sample of [AmO2]
2+ in water (red line) is also in the same figure. Both signals are complex,

indicating several contributions out of phase with different intensities. This might be inherent

to the [AmO2(H2O)5]
2+ species, where there are contributions from Am=Oyl and Am-OI

paths with quite different distances. DW factors computed from our MD simulations are

0.00074 Å2 for Am-Oyl and 0.0072 Å2 for Am-OI. Both factors may justify such a peculiar

EXAFS spectrum shape. However, the agreement between the experimental and simulated
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spectra is not satisfactory. As suggested by Riddle et al.6 the relative instability of the

Am(VI) oxidation state leads to a mixture of Am(VI) and Am(III) in the solution and a

marginal presence of Am(V). Figure 2 (bottom) shows the comparison of the experimental

(dashed black line) with the theoretical spectra (blue and magenta lines) obtained from

two different weighted sums of the Am3+ and [AmO2]
2+ simulated spectra shown in the

two upper plots. The much better agreement gives evidence for the presence of an Am

cationic mixture in the aqueous solutions recorded by Riddle et al.6 In our case, the best

[AmO2]
2+ /Am3+ ratio matching as much as possible the experimental signal was achieved

with a 55/45 value (blue line), whereas the suggested experimental value was 70/30 (magenta

line). Although both ratios give simulated spectra similar to the experimental one, our

proposed ratio performs better. The observed discrepancy of ratios is probably a consequence

of the uncertainty in both the theoretical procedure and the experimental determination of

the Am species concentration in the measured sample. The MD simulation used for the

Am3+ contribution to the simulated spectrum was that using the [Am(H2O)8]3+ hydrate.

The comparison of the experimental results with the simulated spectrum obtained using

the Am(III) ennea-hydrate MD simulation is plotted in Figure S4 of SI (bottom). It is

clear the better theoretical-experimental agreement derived from the use of the Am(III)

octahydrate EXAFS spectrum. Two conclusions can be derived from the analysis of Figure

2 and Figure S4 of SI. The first one is that, even though the high oxidizing character of

the medium, the experimental spectrum clearly is the combination of the two Am cationic

species regardless the cation ratio applied and the Am(III) hydrate selected to combine. The

second conlusion is that the best agreement obtained with a different cation ratio to that

experimentally proposed, but not too far, suggests some uncertainty in the individual Am

species population really present in the measured sample. As a consequence of this analysis

we can establish that the simulated EXAFS spectrum (red line) in the middle of Figure 2 is

our theoretical proposal for the spectrum of an [AmO2]
2+ dilute aqueous solution.

An additional test on the cationic mixture aqueous solution can be made by the theoretical-
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Figure 3: Experimental (dashed lines) vs. simulated (solid lines) Am L3-edge k2-weighted
XANES spectra. Top: experimental (ref.[ 7]) and simulated Am3+ aqueous solution; Middle:
experimental Am ionic mixture (ref.[ 6]) and simulated spectrum of [AmO2]

2+ (red line);
Bottom: experimental Am ionic mixture (ref.[ 6] and simulated spectra with the 70/30
(magenta line) and a 55/45 (blue line) ([AmO2]

2+ /Am3+) ratios.
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experimental comparison of the XANES spectra of the same samples. Figure 3 displays such

test for the Am(III) sample (left part) and Am(VI) sample (middle part). The agreement be-

tween the experiment (black dashed line) and the theoretical model using the [Am(H2O)8]
3+

(green line) is remarkable. On the contrary, there is a poor agreement of the experimental

XANES (black dashed line in the center part) of the sample containing the Am(VI) oxi-

dation state and the simulated spectrum derived from the pure [AmO2]
2+MD simulation.

However, when the spectrum is computed considering the [AmO2]
2+ /Am3+ mixture, the

agreement is clearly improved. Again the 55/45 ratio (blue line in the right part of Figure

3) performs better than the 70/30 experimental proposal (magenta line). If we accept that

this satisfactory result is not a consequence of fortuitous error cancellations, the model sug-

gests that the experimental ratio of the mixture might be reconsidered. Furthermore, as in

the EXAFS case, we propose the red line in the center of Figure 3 as the XANES spec-

trum of a pure sample of [AmO2]
2+ in water, something that up to the present has not been

measured. The larger stability of higher oxidation states in water for [UO2]
2+ and [PuO2]

2+

allows the experimental determination of the XANES for aqueous solutions only containing

those actinyls.68,69 The energy gap between the white line and the first resonance is ∼ 18

and ∼ 21 eV for [UO2]
2+ and [PuO2]

2+ XANES spectra, respectively. In the case of our

simulated pure [AmO2]
2+ aqueous solution this gap is 23 eV, what corroborates the global

consistency among experimental and theoretical results. It is interesting to point out that

this gap in the experimental spectrum of the mixture is ∼ 30 eV. The energy position of

the edge in XANES has long been used as a semi-quantitative index on the absorber atom

oxidation state. For systems with O atoms in the first hydration shell there is a linear cor-

relation between the oxidation state and the edge energy, with an increase of ∼1.5 eV per

formal oxidation state.70 FEFF9.6 computations of the XANES spectra of aqueous solutions

of the Am(III) and Am(VI) oxidation states (left:green line, and middle:red line in Figure

3) predicts 4.0 eV to compare with the empirically estimated of 4.5 eV. However, when an-

alyzing the experimental XANES spectra (dashed lines on Figure 3, left:Am(III), middle or
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right:Am(VI)) the difference is 2.0 eV whereas the value from the theoretical XANES spectra

of Am(III) (left:green line) and the cationic mixture (right:blue line) is 2.5 eV.

In conclusion, this study has established a spectroscopical-theoretical procedure to deal

with an aqueous solution mixture of two americium cations, Am3+ and [AmO2]
2+which con-

tribute separately to a sole X-ray absorption spectrum. From this global experimental signal,

the individual contributions to the XANES and EXAFS spectra corresponding to the pure

aqueous solutions of each individual ionic species is achieved based on reliable intermolecular

potentials and ab initio methods of multiple scattering theory. Discarding error cancella-

tions, if the sum of the two contributions leads to a fair agreement with experiment, we could

assume as correct the individual contributions and consequently to support the simulated

EXAFS and XANES spectra of [AmO2]
2+ as the expected Am L3-edge spectra of a pure

[AmO2]
2+ aqueous solution. This may be envisaged as a challenge for new experiments in-

tended to design appropriate medium conditions to stabilize selectively the [AmO2]
2+ species

in water. The combined experimental-theoretical strategy opens possibilities to the analysis

of complex mixtures solutions of species containing a particular absorber atom present in

different oxidation states.
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