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ABSTRACT: Ionic radii of actinide(III) cations (from U(III) to Cf(III)) in 1.25
aqueous solution have been derived for the first time starting from accurate
experimental determination of the ion—water distances obtained by
combining extended X-ray absorption fine structure (EXAFS) results and
molecular dynamics (MD) structural data. A strong analogy has been found
between the lanthanide and actinide series concerning hydration properties.
The existence of a contraction of the An—O distance along the series has
been highlighted, while no decrease of the hydration number is evident up to

CE(TII).

1. INTRODUCTION

An in-depth understanding of the solution chemistry of actinide
ions is extremely important for nuclear technology and nuclear
waste disposal. The aqueous chemistry of An(Ill) (An =
actinide) systems is of special importance since +3 is the
thermodynamically most stable oxidation state for heavy
actinides. Detailed information on the An(III) hydration
properties, also in comparison with those of the Ln(IIl) (Ln
= lanthanide) aqua ions, is essential for separation chemistry
and prediction of the potential for actinide migration from a
nuclear waste repository into natural aquifers. Full character-
ization of electrolyte solutions in terms of their thermodynamic,
structural, transport, and spectroscopic properties requires
knowledge of the ability of the solvent to approach a given ion,
which is strictly dependent on its ionic radius. In many cases,
the “crystal ionic radii” reported by Shannon' are employed to
derive ion properties in electrolyte solutions, even if it is not
clear if the radii of ions determined in crystalline compounds
are transferable to ions in solution. In particular, packing eftects
in crystals are expected to have an influence on the bond
distance distribution; for this reason, ionic radii in solution have
been derived by some authors starting from experimental
distances obtained from solution studies.”> While the
determination of bond distances is quite straightforward for
crystalline samples, the characterization of structures in liquid
systems is more challenging and difficult to obtain using
standard experimental techniques. Extended X-ray absorption
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fine structure (EXAFS) spectroscopy is the structural probe of
choice for characterization of ion coordination in dilute
solutions because of its intrinsic chemical specificity and
short-range sensitivity. However, proper extraction of the
structural parameters from the EXAFS experimental signal rests
on the use of reliable starting models that can be obtained, for
example, from molecular dynamics (MD) simulations.*””
Recently, a polarizable classical interaction potential has been
specifically developed by some of us to study An(III) ions in
liquid water.'® From this MD investigation, the hydration
properties of the actinide series have been determined. In
addition, a revised set of ionic radii in aqueous solution has
been derived for Ln(III) cations, and, owing to the lanthanide
contraction, a regular decrease of the ionic radii has been
observed along the series.'"'* A similar trend is expected also
for the actinide series, but up to now experimental
determination of the actinide ionic radii in aqueous solution
is still lacking."® This is mainly due to the great experimental
difficulty in studying actinide aqueous solutions, owing to the
redox instability of the lighter An(III) aqua ions. As a
consequence, a systematic experimental investigation of the
hydration properties of the whole actinide series is not available
in the literature, and a clear and unique picture is still missing.
The hydration structure of the U(III), Np(IlI), and Pu(III)
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ions was recently determined based on EXAFS data,"*~"” while

the coordination geometry of the heavier An(Ill) aqua ions
from Am(IIT) to Cf(III) has been derived by different research
groups, showing a decrease in the An—O distance across the
series.'®** The coordination number values determined
experimentally are not homogeneous, ranging from 8 to
10."3'872% From the theoretical point of view, the previously
mentioned MD simulations'® report a coordination number of
9 for light actinide ions and 8 for heavy ones, in agreement with
other studies on Cm(III) by Gagliardi and co-workers® and de
Jong and co-workers,”® who reported a coordination number 9
as the most likely. Quantum chemical calculations on clusters
with implicit solvation reported by Dolg and co-workers®
examined different coordination motifs, but they were not
conclusive on this point. Herein, we report a complete and
unified analysis of the hydration properties of the actinide series
from U(III) to Cf(IIT). We also present the first determination
of ionic radii of An(III) ions in aqueous solution obtained by
coupling newly refined EXAFS data and state of the art MD
simulations.

2. EXPERIMENTAL SECTION

2.1. Molecular Dynamics Simulations. MD simulations were
carried out by modeling the total potential energy as a sum of different
terms:

‘/tot = Velec + VCI)J—O + VAn—O (1)
where V. is the electrostatic energy term composed of Coulomb and
a polarization term following the Thole’s induced dipole model.”®
VY_o is the 12—6 Lennard—Jones potential describing the O—O
interaction. Because of the explicit polarization introduced in the
model, the original TIP3P?*® was modified into the TIP3P/P water
model;* that is, the charges on O and H were rescaled to reproduce
correctly the dipole moment of liquid water. Atomic polarizability
directly enters into the polarization part of the electrostatic energy
term, and we use values obtained from ab initio calculations as detailed
in ref 10. V,,_o accounts for the nonelectrostatic An—O interaction
potential. We have used a potential composed by a long-range
attractive part with a 1/r° behavior and a short-range repulsive part
modeled via an exponential function, dealing with the well-known

Buckingham potential:

Can—0
6
"An-0

Van-0 = Apn-0 exp(_BAn—OrAn—O) -

)

Detailed description of parameters developed was reported recently
in ref 10, and they are listed in Table S1 of Supporting Information.

Each MD simulation consists of one An(III) ion and 216 rigid water
molecules in a cubic box (with edges of 18.64 A) at room temperature.
As previously reported, MD simulations with a 1000 water molecule
box provide the same cation structural and dynamical hydration
properties as the simulation with 216 water molecules.>' ~>* Therefore,
simulations with 216 water molecules were used to assess hydration
properties of the whole An(III) series.

Periodic boundary conditions were applied to the simulation box in
order to mimic the hydration of an ion in liquid water. Long-range
interactions were calculated by using the smooth particle mesh Ewald
method.>* The extended Lagrangian method was used to propagate
induced dipoles in time.>* Equations of motion were numerically
integrated using a 1 fs time step by means of a velocity-Verlet-based
multiple time step algorithm. Initial configurations were built from an
equilibrated box with 216 water molecules in which the ion was placed
at the center of the box. The system was equilibrated at 298 K for 2 ps.
Production runs were subsequently collected for 3 ns. Simulations of
hydrated An(III) ions were carried out in the microcanonical NVE
ensemble with the classical molecular dynamics (CLMD) code

10319

MDVRY.* All other simulation details are the same as reported
previously, 313738

The structural properties of the actinide aqueous solutions obtained
from the simulations are described in terms of radial distribution

functions, ga,_o(r) and gan_u(r):
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where {pg(r)) is the particle density of type B at distance r around type
A, and (pg)iocy is the particle density of type B averaged over all
spheres around particle A with radius r,,,. To directly compare the
MD and EXAFS structural results, the An—O and An—H g(r)’s are
modeled with the gamma-like distributions defined as

r

0=l (] el
- ( - R)‘”m] )

c
where [(p) is the Euler's Gamma function for the parameter p, N is
the coordination number providing the correct normalization, R is the
mean distance, ¢ is the standard deviation, and S is the asymmetry
index (third cumulant divided by 6°) # = 2p™"/? that can be gradually
varied in a wide range. Note that the R values are the average distances
of the distributions that are shifted toward larger values with respect to
the maximum of the g(r)’s due to the asymmetry. The U(III), Am(III),
and Cf(III) An—O g(r)’s obtained from the MD simulations are
shown in Figure 1 as an example, together with the asymmetric peaks
obtained from the fitting procedure. The g(r)’s of the other actinide
ions are shown in Figure S1, Supporting Information. The structural
parameters obtained from the fitting of the MD g(r)’s are collected in
Table S2, Supporting Information for the entire series.
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Figure 1. U(III), Am(III), and Cf(III) An—O g(r)’s obtained from
MD simulations (red dotted line) and corresponding gamma-like
asymmetric peaks obtained from the fitting procedure (blue solid line).
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2.2. X-Absorption Measurements. The XAS absorption spectra
analyzed in this work were collected by different research groups that
provided us with the raw data in order to carry out a new unified
EXAFS data analysis of the entire actinide series from U(III) to
CA(III). In particular, the L;-edge XAS spectra for the U(III), Np(III),
and Pu(III) ions in aqueous solution are those reported in ref 14, the
XAS spectrum of Am(III) is that reported in ref 39, the XAS spectrum
of Cm(III) is that reported in ref 40, the XAS spectrum of Bk(III) is
that reported in ref 20, and the XAS spectrum of Cf(IIl) is that
reported in ref 24. Experimental details on sample preparation and
EXAFS data acquisition can be found in the original works.

2.3. EXAFS Data Analysis. The EXAFS data were analyzed with
the latest version of the GNXAS program that can calculate phase
shifts and theoretical signals also for the actinides.*"** The GNXAS
method is based on the theoretical calculation of the EXAFS signal and
subsequent refinement of the structural parameters. In this approach,
interpretation of the experimental data is based on the decomposition
of the y(k) signal into a summation over n-body distribution functions,
calculated by means of multiple-scattering (MS) theory. The
theoretical signal y(k) is related to the experimental absorption
coefficient (k) through the relation a(k) = Jo,(k)[1 + Sy(k)] + A(k),
where 6,(k) is the atomic cross section, ] is the edge jump, S§ provides
a uniform reduction of the signal and is associated with many-body
corrections to the one-electron cross section, and pJ(k) is the
background function, which accounts for further absorbing processes.
Multielectron excitation channels are accounted for by modeling the
P(k) function as the sum of a smooth polynomial spline and step-
shaped functions. The actinide-water first coordination shells were
modeled with gamma-like functions (eq 4), and both the An—O and
An—H two-body contributions were included in the calculations.
Phase shifts have been calculated for each system starting from one of
the MD configurations, by using muffin-tin potentials and advanced
models for the exchange-correlation self-energy (Hedin—Lundqvist).
Inelastic losses of the photoelectron in the final state have been
accounted for intrinsically by a complex potential. The model y(k) was
then refined against the experimental data using a least-squares
minimization procedure in which structural and nonstructural
parameters were allowed to float. Two nonstructural parameters
were minimized, namely, E, (core ionization threshold) and S3. The
quality of the fits was determined by the goodness-of-the-fit
parameter*' and by careful inspection of the EXAFS residuals and
their Fourier transforms (FT).

3. RESULTS AND DISCUSSION

A thorough investigation aimed at determining ionic radii in
aqueous solution has been carried out by Marcus.” In this work
the ionic radii R,,, were derived starting from experimental
ion—water internuclear distances:

Rion =d - Rwater (5)

where R, is a distance that characterizes the “radius” of a
water molecule and d;,,,_,..r 1S an appropriate value that defines
the ion—water distance and is strictly dependent on the shape
of the ion—water g(r)’s. Application of eq S needs a proper
choice of the R, value, and different strategies have been
adopted in the literature. In the original work of Marcus,” one
uniform value of 1.39 A was used for all ions, while in a
subsequent study it was shown that the alkali metal cations and
halogen anions have different R, values.” David et al.**
determined R, by subtracting the Shannon ionic radii from
the d,o_water distances and found that the radius of the water
molecule varies between 1.34 and 1.43 A, depending on the
charge of the ion. In a recent study,'' the ionic radii of Ln(III)
ions have been determined using a R, of 1.35 A, and, due to
the similarity between the two series, here we adopted the same
value. A fundamental prerequisite to derive reliable ionic radii
in solution is to have an accurate experimental determination of

ion—water

the ion—water distances. This fact has stimulated us to carry
out a new careful analysis of EXAFS data for the actinide series
in conjunction with MD simulations.

In recent EXAFS investigations, important information on
the hydration structure of the Ln(III) series has been gained
starting from crystallographic studies on the isotypic [Ln-
(H,0),](CF;803); (triflate) series.**™** In particular, it has
been shown that the Ln(IIl) hydration complexes in aqueous
solution retain a tricapped trigonal prism (TTP) geometry, in
which the bonding of the capping water molecules varies along
the series. Two principal structural changes occur: for the
largest Ln(I1I) ions (La—Nd) the capping water molecules are
equidistant, giving rise to a regular TTP geometry for the
hydration complexes; starting at Sm(II) distortion from
regular symmetry becomes evident, with one of the capping
water molecules more strongly bound to the Ln(III) ion;
starting at Ho(III) one of the capping water molecules is so
strongly bound to the ion, as compared to the other two
capping water molecules, that the occupancy of these two sites
becomes lower; the last elements of the series endure a
decrease of the hydration number. In analogy with the Ln(III)
series, a change in the hydration numbers from nine to eight is
believed to occur also for the An(III) series between Cm(III)
and Es(Ill), although a conclusive answer has not been
given.'”’> A similar approach combining crystallographic
results and structural data in aqueous solution has been used
in recent investigations to shed light on the hydration
properties of the An(III) ions.”>*’ Starting from the single-
crystal structure of the triflate series and from Sf electronic
absorption spectra, a time-averaged coordination geometry of
the aqua ions similar to that of the static TTP geometry in the
crystals has been suggested. Following this hypothesis, in the
present work the analysis of the EXAFS data of the An(III)
water solutions has been carried out assuming the existence of a
TTP symmetry and using two strategies. In the former, two
distinct shells accounting for the prismatic and capping oxygen
atoms have been used to fit the EXAFS experimental data. In
this analysis, we assumed the existence of six oxygen atoms in
the prismatic sites and three oxygen atoms in the capping sites,
and therefore the coordination numbers have been kept fixed
during the minimization procedures. The theoretical (k) was
calculated including both the An—O and An—H * two-body
contributions and least-squares fits of the EXAFS spectra were
performed in the range k = 2.0—-10.3 A™". In all cases, the
quality of the spectra for k values higher than 10.3 A" was too
poor to include this energy region in the analyses. Fit
procedures were applied to the whole set of structural and
nonstructural parameters to improve, as far as possible, the
agreement between calculated signals and experimental spectra,
and a k* weighting was used in all the minimization procedures.
The best-fit analysis of the L;-edge EXAFS spectrum of the
Cf(III) ion in aqueous solution is shown in Figure 2 as an
example, while the analyses of the other actinide ions are shown
in Figure S2, Supporting Information. Note that in Figure 2 the
signals are shown multiplied by k? while in Figure S2 the data
are shown multiplied by k due to the poorer quality of the
spectra. The first four curves from the top of the upper panel of
Figure 2 are the Cf—O(prism), Cf—O(cap), Cf—H(prism),
Cf—H(cap), first-shell contributions, while the reminder of the
figure shows the comparison of the total theoretical
contribution with the experimental spectrum. The agreement
between the experimental and the theoretical spectra is
excellent; this is also evident from the corresponding Fourier
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Figure 2. Upper panel: fit of the L;-edge EXAFS spectrum of the
Cf(II) ion in aqueous solution (red dotted line is experimental data,
blue full line is theoretical model) using a two-shell model. Lower
panel: nonphase shift corrected Fourier transform envelope function
of the experimental data (red dotted line) and of the total theoretical
signal (blue full line).

transform (FT) spectra shown in the lower panels of Figures 2
and S2. The FT spectra were calculated with no phase shift
correction applied, in the k-range 2.0—10.0 A™". The results of
the refinements are summarized in Table 1. The standard
deviations of the refined parameters do not include systematic
errors of the measurements. These statistical error values allow
reasonable comparisons of, for example, the significance when
comparing relative shifts in the distances. However, the
variations in the refined parameters, including the shift in the
E, value (for which k = 0), with different models and data

Table 1. Best-Fit Parameters (An—O Coordination Numbers
N, Average Distances R, Debye—Waller Factors 6%, and
Asymmetry Parameter f§) for the An(III) Ions in Aqueous
Solution L;-edge EXAFS Spectra, Using a Trigonal
Tricapped Prism Model

N* R(4) o (&%) B
U—0,i5m 6 2.50(1) 0.009(1) 0.2(2)
U-0, 3 2.58(2) 0.009(1) 0.1(2)
Np—Opsigm 6 2.48(1) 0.008(1) 02(2)
Np—O,p 3 2.56(2) 0.008(1) 0.1(2)
Pu—Oprigm 6 2.45(1) 0.008(1) 0.1(2)
Pu—0,, 3 2.55(2) 0.009(1) 0.1(2)
Am—O,i5m, 6 2.43(1) 0.008(1) 0.2(2)
Am—-0,,, 3 2.54(2) 0.009(1) 0.1(2)
Cm—0yism 6 2.40(1) 0.008(1) 0.1(2)
Cm—0y, 3 2.53(2) 0.009(1) 0.1(2)
Bk—Opyism 6 2.38(1) 0.007(1) 0.1(2)
Bk—Oy,, 3 2.50(2) 0.008(1) 0.1(2)
Cf=Opriom 6 2.37(1) 0.007(1) 0.1(1)
Cf-0 3 2.49(2) 0.008(1) 0.1(2)

cap

“The coordination numbers have been kept fixed during the
minimization procedures.

10321

ranges, indicate that the absolute accuracy of the distances
given for the separate complexes is within 0.01-0.02 A. No
uncertainties related to evaluation of data having different
origins could be revealed. The fit values of S§ ranged between
0.9 and 1.0 in agreement with previous determinations.”"** It is
important to stress that the limitation of the k-range of the
An(IIl) experimental spectra reduces the resolution and the
accuracy of the analysis. Therefore, to improve the accuracy of
the two-shell analysis and to resolve the prismatic and capping
distances with increased sensitivity, it is necessary to collect
spectra with a good signal-to-noise ratio up to k values higher
than 10.0 A™".

The metal—oxygen distances obtained from the EXAFS data
analysis for prismatically arranged and capping oxygen atoms in
aqueous solutions are plotted in Figure 3 together with those of
the An(III) solid triflates as determined from X-ray diffraction
(XRD).23’49

2.75
A—a Ln(lil) cap XRD
2.70 ®—@ Ln(lll) prism XRD
A——4 An(lll) cap XAD
2.65F ®—@ An(lll) prism XRD
Se——ds An(lll) cap in water
T 2.60 @—0 An(lll) prism in water
B 255
g
§ 2.50}
0
0 245+
2.40F
2.35F
L Il L Il 1 L L
250 u Np  Pu Am Cm Bk Cf
Nd Sm Eu Gd Tb Dy

Figure 3. Prismatic and capping An—O distances in [An(H,0),]-
(CF,;80,); crystals®®*  (blue filled triangles and filled circles),
prismatic and capping Ln—O distances in [Ln(H,0),](CF;S0;);
crystals* (indigo filled triangles and filled circles), and prismatic and
capping An—O distances for hydrated An(III) ions in solution
determined from the EXAFS data analysis (red empty triangles and
empty circles).

As expected, a decrease of the metal—oxygen distance takes
place across the series due to the actinide contraction, similar to
what is found for the Ln(III) ions. The refined structural
parameters for the EXAFS models of the hydrated An(III) ions
are in satisfactory agreement with those for the corresponding
[An(H,0),](CF;S05); crystal structures (Figure 3). However,
the mean bond lengths from the EXAFS data are slightly
shorter than the crystallographic results for the last members of
the series starting from Pu(III). A similar trend was found also
for the Ln(III) ions, and a shortening of the metal—oxygen
distances was detected for hydrated ions as compared to the
crystal structure starting from Sm(III), ie, starting at the
element with f° electronic structure as does Pu(III).** This
deviation suggests that one capping water molecule is more
strongly bound to the An(Ill) ion, thus determining a
shortening of the measured An—O distance compared to the
crystal structure.

In Figure 3 we also report the Ln—O crystallographic
distances obtained for the [Ln(H,0),](CF;SO;); crystals. The
Ln-O distances determined for the solid triflates are system-
atically shorter than the An-O ones. In particular, a decrease of
0.05 A and 0.02/0.03 A is detected for the prismatic and
capping positions, respectively. A different result has been
obtained in aqueous solution as can be observed looking at
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Figure 4 where the prismatic and capping metal—oxygen
distances obtained for the An(IIl) ions in water are compared

270 &—=o An(lll) prism
S—ai An(lll) cap
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Figure 4. Prismatic and capping ion—O distances for the An(III) and
Ln(1II) ions™ in water determined from the EXAFS data analysis. The
An—0 and Ln—O distances'® obtained from the single shell analysis
are also reported.

with those previously determined for the Ln(III) ions.' In
both cases the capping distances are approximately 0.1 A longer
than the prismatic ones and the distances obtained for the
actinides follow closely their lanthanide counterparts. This
result is a first indication that the two series show similar
hydration properties. We note that the distortion from the TTP
symmetry and the decrease of coordination number that take
place in the lanthanide series after Ho(III) are not observed for
the investigated actinide ions. This means that the correspond-
ing coordination transition in the actinide series, if present,
arises after Cf(III).

In the second strategy, a single-shell model was used in the
EXAFS analysis of the An(III) aqueous solutions, with the aim
of extracting an accurate An—O distance to be used in the
calculation of the ionic radii. Given the Cj, symmetry of the
An(III) hydration complexes, the distribution of oxygen atoms
around the ions is expected to be asymmetric. In a previous
EXAFS work dealing with Ln(III) ions in water, it was shown
that the effect of asymmetry becomes evident in the k range
above 10 A™' (see Figure 7 of ref 46). As mentioned above, the
quality of the An(III) spectra allowed us to analyze the EXAFS
data only up to 10.3 A™". As a consequence, it is not possible to
obtain an accurate determination of the asymmetry parameter
from the experimental data, and we resorted to using the results
obtained from the MD simulation as constraints in the EXAFS
refinements. In particular, we fixed the B values to those
obtained from the MD simulations (see Table S2, Supporting
Information), to properly account for the asymmetry of the
hydration shells, that cannot be retrieved from the EXAFS data
due to the limitation of the analyzable k range. This constrained
minimization of the EXAFS spectra increases the accuracy of
the analysis allowing a more accurate determination of the An—
O distance. Moreover, this combined analysis allows one to
properly account both for the dynamic behavior of the system
probed by the MD simulation and for a possible decrease of the
hydration number across the actinide series.

The results of the single-shell analysis are shown in Figure S,
where the total theoretical EXAFS signals are compared to the
experimental data. Note that the theoretical model contains
both the ion-oxygen and the ion-hydrogen signals. The
agreement between experimental and theoretical spectra is
excellent. The An—O structural parameters obtained from this

" cm(mm)

x(K)k (A7)

B(m)

k (A7)

Figure 5. L-edge experimental EXAFS spectra of An(IIl) ions in
aqueous solutions (black points) and fitted curves (solid line) obtained
from the single shell analysis.

analysis for the series are reported in Table 2 together with the
values reported in the literature. Note that the An—O distances

Table 2. Best-Fit An—O First Shell Structural Parameters of
An(III) Ions in Aqueous Solution Determined from the
EXAFS Analysis Using a Single Shell Model”

R (A) o (&) B R (A)  IR(A)

(1) 2.527(9) 0.010(2) 0.40 2.52¢ 1.177
2.567

Np(11I) 2.509(9) 0.010(2) 0.42 2.48° 1.159
2.5254

Pu(III) 2.490(9) 0.010(2) 0.44 2.49% 1.140
2.51%8"

Am(III) 2.472(8) 0.009(2) 0.49 248" 1.122

Cm(11II) 2.455(8) 0.009(2) 0.47 245" 1.108
247

Bk(1II) 2.439(8) 0.009(2) 0.46 2.43F 1.089

Cf(111) 2.422(7) 0.008(2) 0.45 2420 1.072

“Coordination numbers were kept fixed to 9, R is the average distance,
¢ is the Debye—Waller factor, and /3 is the asymmetry parameter. An—
O distances obtained from literature sources are also reported (R)),
together with the ionic radii (IR) of actinide(III) ions in aqueous
solution as determined in the present work. “The f parameters were
fixed to the values determined from MD simulations (see Table S2,
Supporting Information). “Reference 14. “Reference 16. “Reference
19. /Reference 17. SReference 15. "Reference 18. 'Reference 39.
Reference 21. “Reference 20. ‘Reference 23. ""Reference 24.

obtained from the present analysis are in agreement with the
average values previously determined for all the investigated
ions. Also in this case, the fit values of S§ ranged between 0.9
and 1.0. In Figure 4, the An—O distances obtained from the
single-shell analysis are compared to Ln—O distances."’ The
first shell distances of the An(IIl) hydration complexes are
practically identical to the Ln(III) counterparts, reflecting the
similar hydration properties of the two series. As previously
found for the Ln(IIl) ions, the uncertainty in the coordination
numbers obtained from EXAFS is too large for a conclusive
determination of the hydration complex geometry.”* As a
consequence, the mean metal—oxygen bond length obtained
from the EXAFS analysis is a more reliable indicator of the
coordination number than the direct determination of the
number of coordinating ligands. Comparison of the EXAFS
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Inorganic Chemistry

distances obtained for An(III) aqua ions with those for the
Ln(IIl) ions clearly indicates the existence of a 9-fold TTP
coordination for all the actinide ions in solution up to Cf(III),
in agreement with previous hypotheses based on single-crystal
X-ray structures of An(III) triflates.

Starting from these results, we calculated a new set of ionic
radii for the An(III) ions in aqueous solution using eq 5 (see
Table 2 and Figure 6). As previously mentioned, we adopted a

1.25
*  Lnflil) ionic radii in water
1.20 m——a Shannon An{lll) ionic radii CN=6
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Figure 6. lonic radii of An(II) ions in aqueous solution compared to
Ln(III) ionic radii in aqueous solution, and the Shannon 6-fold crystal
ionic radii.'

R, ter value of 1.350 A that corresponds to the Shannon radius
of a coordinated oxygen atom. In Figure 6, the An(III) and
Ln(1I) ionic radii in water are compared and shown together
with the crystal ionic radii determined by Shannon for
crystalline compounds in which the An(III) ions are six-
coordinated. Note that for the actinide series no 8-fold or 9-fold
crystal ionic radii are available in the literature due to the lack of
a sufficient number of single crystal structures of actinide
inorganic compounds. As expected, the An(1Il) ionic radii in
aqueous solution show a regular trend; they decrease smoothly
with increasing atomic number. Moreover, the major result of
this investigation is the evidence for a close similarity between
the ionic radii in aqueous solution of An(III) and Ln(III) ions
through the series, reflecting the electrostatic nature of the Ln/
An—O bonds. While performing electronic structure calcu-
lations on cations in a vacuum, the authors found that An(III)
ions are more polarizable than Ln(III),"*%° apparently this
property has a minor impact on hydration progerties. As
reported by different authors from both theoretical®®*"*> and
experimental*”>® studies, this is probably due to the strong
electrostatic character of the ion—water interaction. In
particular, while the ion polarization itself plays a minor role,
the 3+ charge on the ion strongly polarizes the surrounding
water molecules, as reported from classical****** and DFT-
based>> simulations. Triply charged ions strongly modify (of
about 0.5 D) the dipoles of water molecules in the first
hydration shell with respect to bulk water, while the dipole on
the ion is small. This reflects the hard character of Ln(III)/
An(III)-water interaction due to the fact that 4f and 5f orbitals
are compact and their effect on hydration is negligible. Thus,
when the lanthanide and actinide ions have the same 3+ charge,
they behave similarly in water and this is reflected in the ionic
radius values.

A last remark we would like to make concerns the different
behavior that can be observed when looking at the structures of
the An(III) and Ln(IIl) triflate salts. The An—O distances
determined for the triflate crystals are systematically longer

than the Ln—O ones (see Figure 3). This finding demonstrates
that the “crystal ionic radii” of ions determined from
crystallographic structures are not always valid as descriptors
of ions in electrolyte solutions. In the most valid review dealing
with ionic radii in aqueous solution, Marcus states: “Referring
back to the usually employed crystal ionic radii, only if their
validity for expressing the radii of the ions in solution is
demonstrated for a wide variety of ions on the basis of
experimental evidence can the implicit assumption of the
validity of the use of crystal ionic radii in lieu of the solution
ionic radii be maintained.”> From the results of the present
work, it appears that for the actinide series the ionic radii
determined in crystalline compounds are not transferable to
triply charged ions in aqueous solution.

4. CONCLUDING REMARKS

In conclusion, we have determined the structural hydration
properties of the actinide ions from U(III) to Cf(IIl) in a
unique and coherent way. EXAFS data have been used in
combination with state of the art MD simulations to increase
the accuracy of the measured An—O distances compared to
previous experimental determinations. This systematic study
reveals a strong analogy between the Ln(III) and An(III) series
concerning hydration properties. The existence of a contraction
of the An—O distance along the series has been highlighted,
while no decrease of the hydration number is evident up to
CS(III). Finally, in this work, we present the first experimental
determination of the ionic radii of the An(III) ions in water
from U(III) to Cf(III). Assuming the same radius of
coordinating water molecules, the An(III) and Ln(III) series
have been found to have almost identical ionic radii. This allows
us to conclude that the two series behave very similarly in water
with respect to hydration structural and thermodynamical
properties. This justifies from the experimental point of view
the use of Ln(III) ions as analogues of An(III) ions, which can
be useful since the former elements are easier to find and
manipulate than the latter. This analogy, on the other hand,
represents a challenge for separation techniques, whose
efficiency rests on dissimilar behavior in different solvents
and/or specific molecules able to differentiate between such
very similar hard cations.
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