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In this work, we have developed a polarizable classical interaction potential to study actinoids(III)
in liquid water. This potential has the same analytical form as was recently used for lanthanoid(III)
hydration [M. Duvail, P. Vitorge, and R. Spezia, J. Chem. Phys. 130, 104501 (2009)]. The hydration
structure obtained with this potential is in good agreement with the experimentally measured ion-
water distances and coordination numbers for the first half of the actinoid series. In particular, the
almost linearly decreasing water-ion distance found experimentally is replicated within the calcula-
tions, in agreement with the actinoid contraction behavior. We also studied the hydration of the last
part of the series, for which no structural experimental data are available, which allows us to provide
some predictive insights on these ions. In particular we found that the ion-water distance decreases
almost linearly across the series with a smooth decrease of coordination number from nine to eight
at the end. © 2011 American Institute of Physics. [doi:10.1063/1.3613699]

. INTRODUCTION

The current renewed interest in nuclear power technol-
ogy is accompanied by the need for a fundamental under-
standing of the behavior of the elements involved in the
process. In this respect, understanding aqueous chemistry of
actinoids (An) and lanthanoids (Ln) has a key role in ratio-
nalizing radioactive waste management.' Studying structural
properties of their hydration is a fundamental first step. Most
of the heavier actinoids (from Am) are stable at the 3+ oxida-
tion state in aqueous solutions.? Since experimental studies of
heavy actinoids are difficult due to their radioactivity and low
abundance, lanthanoids are often used as their analogues.3‘6
This corresponds to the usual picture of f-elements as hard
cations. Following this picture, their coordination is essen-
tially driven by their charges and ionic radii. By using the
hardness limit, we proposed a model which was used to ex-
trapolate a water-cation interaction potential of the whole
Ln3* series. We thus obtained hydration behavior in good
agreement with experiments.’

The hydration structure and dynamics of Ln3* cations is
reasonably well established and several experimental and the-
oretical studies have been devoted to clarify their hydration
properties.®2’ Recently, Persson and co-workers’ reported a
thorough extended x-ray absorption fine structure (EXAFS)
study on the whole series in liquid water, providing Ln3*—
water distances. There is a trend with respect to the coordi-
nation number (CN), which changes from 9 to 8 with a con-
tinuous shape in the middle of the series. Our simulations, at
the same time, provided a dynamical explanation of the CN
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changeover across the series'?

mental trend.

On the other hand, very little structural data have been
reported for An®" hydration. Light An*" ions (U*, Np**,
and Pu®") are difficult to study experimentally, since they
are easily oxidized. However, the hydration structure of U3,
Np?*, and Pu** was recently reported based on x-ray absorp-
tion spectroscopy (XAS).?® Additionally, experimental hydra-
tion energies of U and Pu** have been reported previously
by Marcus.?’ The hydration structure of the heavier actinoid
cations that are stable in the 3+ oxidation state, from Am3*
to the end of the series, is reported experimentally only for
Am’*, Cm?*, BK**, and Cf3+ 3935 Cm3* hydration is prob-
ably the most investigated among An>* ions, not only by x-
ray absorption spectroscopy>? but also by time resolved laser
fluorescence spectroscopy>° and optical spectroscopy.>” XAS
shows (as expected from ionic radii contraction) a decrease
in the An-O distances across the actinoid series, analogous to
the Ln** series. Experimentally CN values reported are not
homogeneous, ranging from 8 to 10. It is well known that
XAS is very accurate in predicting metal-water distances but
CNs are often provided with an uncertainty of 1. To obtain
more reliable CNs, XAS is often coupled with other experi-
mental or theoretical techniques.***° While this was done for
many transition metals**'=* and lanthanoids(IIT),*** there
are no coupled systematic studies reported for the whole An**
series in liquid water. Recently, stability, structural parame-
ters, and magnetic behavior were reported for most of the light
actinoids(IIl)~from U to Cm and Cf-by experiments in crys-
tals and theoretical calculations,*® suggesting that the aque-
ous chemistry of these An>* ions is very similar to that of
the Ln** ions. Only geometry optimization in implicit sol-
vents were reported on the whole series,*’ but from such

in agreement with the experi-
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studies it is not possible to fully understand hydration struc-
ture and dynamics in liquid phase. Results from molecular
dynamics simulations based on ab initio force fields have
shown a CN = 9 for Cm3* at room temperature in water
as the prevalent structure,*®>" in agreement with recent ex-
perimental findings.*?3* Recently, Cf** was studied by cou-
pling EXAFS with Monte Carlo (MC) calculations in liquid
water, suggesting a CN between 8 and 9.%° Finally, hydra-
tion of actinoids with oxidation state 4+ was recently investi-
gated computationally. Notably, a polarizable classical poten-
tial parametrized from multi-reference calculations was used
for Th**+ ! while the ab initio quantum mechanical charge
field method was used for U**.3

In this work, we have developed a polarizable potential
for An** hydration providing results in good agreement with
available experimental data. We have only considered atoms
from U3t to LY, since Th3T and Pa’* are not stable in wa-
ter and Ac is not strictly speaking an actinoid.? In particu-
lar, we used the same extrapolation method for the An** ions
that was employed for the Ln** ions. The validity of this ap-
proach was tested by comparison with available experimental
data on hydrated An*". The fact that this extrapolation pro-
cedure is successful for An** ions, which are potentially less
hard than their Ln** analogs, suggests that a purely physical
approach is able to reproduce key hydration properties. More-
over, since our model is based on ionic radii and polarizability
behavior across the series, we are able to study not only the
lighter actinoid ions for which experiments are available but
also the heavier members of the series for which no experi-
mental structural results are available. As suggested from the
few published experiments, the ion-water distance decreases
across the series and the coordination number changes from
nine (for light atoms) to eight (for heavy atoms) in a smooth
way. Finally, we have calculated hydration enthalpies and
compared our results with experimental values® and values
obtained from a thermodynamic model.>

The outline of the reminder of the text is as follows. We
first describe the potential development (Sec. IT A) and the
computational details employed (Sec. II B). Next, we show
results for the light atoms and compare them with experimen-
tal data (Sec. III A) and then what our model predicts for the
heavier atoms at the end of the series for which no structural
experimental data are available (Sec. III B). In Sec. III C we
report hydration enthalpies as obtained for the whole series
and compare with available published data. Section IV sum-
marizes and concludes our findings.

Il. DEVELOPING WATER-ACTINOIDS(III)
INTERACTION POTENTIAL

A. Theory

The total potential energy of our system is modeled as a
sum of different terms,

Vior = Vetee + V&l o + Van-o, (1

where V. is the electrostatic energy term composed of a
Coulomb and a polarization term following Thole’s induced
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dipole model.** V57, is the 12-6 Lennard-Jones potential de-
scribing the O-O interaction. Because of the explicit polariza-
tion introduced in the model, the original TIP3P water™ was
modified into the TIP3P/P water model,® i.e., the charges on
O and H were rescaled to reproduce correctly the dipole mo-
ment of liquid water. Atomic polarizability directly enters in
the polarization part of the electrostatic energy term and we
use values obtained from ab initio calculations as detailed in
Subsection 11 B.

Van—o account for the non-electrostatic An-O interac-
tion potential. We have chosen a potential composed by a long
range attractive part with a 1/7°% behavior and a short range
repulsive part modeled via an exponential function, dealing
with the well-known potential,

CAn—O
2. 2)
TAn—0

Van—0 = Aan—0€xXp(—=Bapn—oran—0) —

Note that our previous study of La** hydration proper-
ties pointed out that this analytical expression of the non-
electrostatic interaction reproduced well the experimental
data.”>” This could be not only due to the higher flexibil-
ity of the exponential expression of the repulsive term but
also to the more physically realistic basis of the exponen-
tial form in treating short-range interactions.’®> In fact, most
of the newly developed interaction potentials, with or with-
out polarizability, often uses an exponential term to describe
the short-range repulsion.®®%3 Three parameters determine
the energy values of the Buckingham potential: A;;, B;;,
and C;;. The first parameter, A;;, represents the height of
the repulsion. This value is a fictitious value that for La3*
is 1.004 x 10*® kJ/mol~!, corresponding to energies larger
than those explored in liquid phase. Thus, as often done in
classical parametrizations, it is kept fixed throughout the se-
ries. The other two terms can be connected to the variation
of ionic radii across the series. We proceed as in our previous
work” where we used an empirical expression to connect B;;
with differences in ionic radius with respect to a reference B
value (B;f),

Bij = Bref — kAr, (3)

where B,y = Brao =348 A and k = 1 A7, Also C;;
terms were modified following the behavior of ionic radii
across the series. They were obtained graphically assuming
that the heights of the repulsion walls are the same for ev-
ery system, and then the new interaction potential curves
are shifted towards smaller value considering difference in
ionic radius with respect to the La’* that is taken as refer-
ence. These assumptions were validated for lanthanoids(IIl)
(Ref. 7) and the good agreement found between our simula-
tions and experiments is a further validation of this extrap-
olation method. Note that this attempt to construct a poten-
tial which systematically depends on lanthanoid radii was
also done by Madden and co-workers in the case of molten
salts.®>%%65 Moreover, a justification of the dependence of
the potential on an atomic parameter, identified here with the
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ionic radius difference with respect to a reference value, is
given in the Appendix.

In the case of lanthanoids(IIl), Shannon ionic radii
were available for the whole series.%® Unfortunately, for
actinoids(IIl) less data are present. Shannon reported data,
obtained from solid state experiments, across the actinoid(III)
series only for CN = 6, and a value for Am** with CN = 8.
As reported for Ln**, ionic radius increases as CN increases
for a given ion. Across the lanthanoid(IIl) series, ionic radii
corresponding to CN = 8 (rg) and CN = 9 (r9) decrease from
light to heavy ions almost linearly and the two curves are
roughly parallel to each other and to the one corresponding to
CN = 6. We assumed the same behavior to estimate the ionic
radii of the whole An** series. An intermediate set of param-
eters (rg.5) can also be obtained by averaging CN = 9 and CN
= 8 ionic radii. This corresponds to a situation where there is
a coexistence of two stoichiometries, such that the effective
ionic radius is in between CN = 9 and CN = 8§, as suggested
for Gd3+.#

(x,- —xj)z
Aij = | i = x)0i = ¥))

(i —x;)(zi —zj)

The resolution of this self-consistent problem rapidly be-
comes extremely time consuming as the system grows. Thus,
to reduce computing time, we have used a Car-Parrinello type
dynamics of additional degrees of freedom associated with
induced dipoles.®® The Hamiltonian of the system becomes

1 1
H=V+§Xi:mivi2+52i:mpivf)i, ©)

where V is the total potential, v; is the velocity of the atom
i, vp, is the velocity of the induced dipole p; treated as an
additional degree of freedom in the dynamics, and myp, is the
dipole fictitious mass connected to characteristic frequency
of the induced dipole wp =27/t =1/ /mpa; with
= 0.005 ps for each atomic site. Note that the dynamics of
the induced dipole degrees of freedom is fictitious, such that
it only serves the purpose of keeping the induced dipoles
close to their values at minimum energy (that would be ob-
tained through the exact resolution of self-consistent equa-
tion at each step). This was verified on some snapshots of
the present simulations (induced dipoles obtained with self-
consistent field (SCF) are within the oscillations observed us-
ing the dipole dyamics), while a more detailed report of the
performances of the extended Lagrangian implementation is
reported elsewhere.®’

Each of the CLMD simulations consist of one An>* ion
and 216 rigid water molecules in a cubic box at room tem-
perature. As previously reported, CLMD simulations with a
1000 water molecules box provide the same cation structural

(x; —x)i —yj)
(i — yj)?
i —yi)zi —zj)
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B. Computational details

Simulations of hydrated An>* ions have been carried out
in the microcanonical NVE ensemble with our own developed
classical molecular dynamics (CLMD) code MDVRY,®’ us-
ing the extendend Lagrangian method to propagate induced
dipoles in time.%® The induced dipoles are obtained at the be-
ginning of the dynamics through the resolution of the self-
consistent equation,

pi = @ - (Ei+ZTij 'Pj), 4)
i£j
where p; is the induced dipole associated with an isotropic

atomic polarizability tensor &;, following Thole’s induced
dipole model** and

- 1 (= _A;
Tij=—=\1-3=%], o)
Tij ij

~

(i —x;)(zi —zj)
i —y)zi—z) |- (6)

(zi — Zj)2

and dynamical hydration properties as the simulations with
216 water molecules.”’ Therefore, simulations with 216 wa-
ter molecules were used in the present study to assess An>*
hydration properties.

Periodic boundary conditions were applied to the sim-
ulation box. Long-range interactions were calculated by us-
ing the smooth particle mesh Ewald method.® Simulations
were performed using a velocity-verlet-based multiple time
scale for the simulations with the TIP3P/P water model. Equa-
tions of motion were numerically integrated using a 1 fs time
step. The system was equilibrated at 298 K for 2 ps. Produc-
tion runs were subsequently collected for 3 ns. All simulation
details are the same as reported previously.”!%3770-7! Tnitial
configurations were built from an equilibrated box with 216
water molecules in which the ion was placed at the center of
the box.

Ab initio calculations were performed using the
GAUSSIAN-98 package’” at the second-order Mgller-Plesset
perturbation (MP2) level of theory. The actinoids were de-
scribed by the ECP60MWB-SEGg2h basis set and the corre-
sponding electron core potentials.”*’* ECP6OMWB-SEGg2h
is obtained from ECP60MWB-SEG where two of the original
diffuse g functions were kept and one h function was added.
Using the MP2/ECP60MWB-SEGg2h method to obtain acti-
noid polarizabilities, we were able to reproduce values for
Th**, Pa**, and U** previously calculated employing rela-
tivistic methods’® within 2% or less. We are thus confident
in the values obtained for An*" for which no data on ionic
polarizabilities are reported in the literature.
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TABLE I. Estimated ionic radii, IR (in A), with corresponding B (in A_I)
and C (in kJ mol~! A ) parameters. Also polarizabilities, «, are reported
.23

(in A").

Ion IR B c/10t4 o

U 1213 3.483 3.7464 1.846
Npio; 1.196 3.500 3.6384 1.633
Pug 1.179 3.517 3.5342 1.486
Amgy 1.162 3.534 3.4334 1.363
Cmyg) 1.145 3.551 3.3359 1.238
Bk) 1.128 3.568 3.2418 1.197
Bk(gs, 1.101 3.596 3.0953 1.197
Bkg 1.073 3.623 2.9573 1.197
Cfio) 1.110 3.586 3.1455 1.166
Cfig's, 1.083 3.613 3.0086 1.166
Cfeg) 1.056 3.640 2.8752 1.166
Esyy) 1.093 3.603 3.0572 1.154
Esgys) 1.066 3.630 2.7934 1.154
Esjy) 1.038 3.658 2.7916 1.154
Fm.sh 1.076 3.620 29719 1.174
Fm('s) 1.049 3.647 2.839 1.174
Fm(g 1.021 3.675 2.7150 1.174
Mds; 1.059 3.637 2.8895 1.063
Md) 1.032 3.664 27616 1.063
Md 1.004 3.692 2.6409 1.063
Noggh 1.042 3.654 2.7911 0.999
Nogy's, 1.015 3.682 2.6815 0.999
Noggh 0.987 3.709 2.5690 0.999
Lrygh 1.025 3.671 27325 0.909
Lrygs, 0.998 3.699 26126 0.909
Lt 0.970 3.726 2.4995 0.909

®)

All the parameters obtained and subsequently used in
CLMD simulations are reported in Table I.

lll. HYDRATION PROPERTIES IN BULK WATER

An** hydration has been studied experimentally from
U3t to C3* , while from Est to Lr?t there are no structural
data reported experimentally. Thus we first show our CLMD
results for the first part (here defined as light actinoids(III))
and then, based on the confidence we get from the agreement
between simulations and experimental results, we show re-
sults for the second part (heavy actinoids(Ill)). In Fig. 1 we
report a snapshot from a simulation showing a typical simu-
lation box used, where water molecules in first shell are high-
lighted. Note that the ion-water interaction potential formula
does not depend on the situation of the water molecule (i.e.,
does not change in its expression if the water molecule is in
first or second hydration shell or in the bulk).

A. U**—Cf** hydration

We first report the hydration structure for light acti-
noids(IT) obtained from CLMD simulations and compare

J. Chem. Phys. 135, 044503 (2011)

FIG. 1. A snapshot showing an actinoids(III) cation (in green) surrounded
by water molecules. The first hydration shell is shown in spheres (red for
oxygen, white for hydrogen), while bulk water is shown as sticks. The
H-bond network is also shown with dashed lines.

our results with experimental (and some simulation) results
from the literature. The structure around An>* cations is first
analyzed in terms of An-water radial distribution functions
(RDF). In Fig. 2 we show, as an example, RDF for U3,
Cm>*, and Cf*+. We have chosen three ions in the series that
were studied experimentally by XAS techniques that could
give us structural information. Cm** and Cf3* were also stud-
ied by different theoretical approaches.?>*3-3° From the RDFs
we can extract the first and second hydration shell ion-water
distances, rgl,LO and ”22,370- Additionally, by integration of
the RDFs up to the first (r,,;,,1) and second (r,,;,2) minima, the
first and second shell coordination numbers, CN" and CN®,
respectively, can be calculated as follows:

CND = 47-[,0/ g(r)rzdr, ®)
0
F=Imin2
CN® = 4mp / g(r)rdr. 9)
F=Fminl

In Fig. 2 we also show the integrated RDF providing CN
as a function of distance. CN) corresponds to the plateau af-
ter the first RDF peak. The first shell is very well structured,
as expected, similar to Ln>* in water and also to other very
heavy metal cations like U*+ and Th*+.3':32 The high struc-
turation of the first shell induces a structuration of the second
shell as well (of course to a lesser extent).

In Table II we report all structural results obtained with
our models and compare them with available experimental
and theoretical data present in the literature. Our calculated
An-O distances are in very good agreement with the experi-
mental values, thus validating our force field on the first part
of the series. In particular, we reproduce well the experimental
water-cation distances of U3t (2.51 vs. 2.52(1) A (Ref. 28)),
Np** (2.50 vs. 2.51(1) A (Ref. 28)), Pu* (2.49 vs. 2.49(1) A
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FIG. 2. An-O (in black) and An-H (in red) RDFs with corresponding CNs
(dashed lines) for U3t (panel a), Cm3* (panel b), and Cf3* (panel c).

(Ref. 28)), Am** (2.48 vs 2.480(6) A (Ref. 30)), BK>* (2.43
vs 2.43(2) A (Ref. 31)), and Cf3* (2.42 vs 2.42(1) A (Refs. 33
and 35)) as obtained from different experiments. For Pu>* the
distance reported by Allen er al.,’* 2.510(6) A, is slightly
longer than what we obtained, while we are in very good
agreement with the value reported by Brendebach et al.?®
The Cm-O distance is within the data spread obtained by dif-
ferent experiments®”323* and in good agreement with pre-
vious simulations.*®*’ Note also that the second shell peak
is very similar to what has been obtained by MD simula-
tions using interaction potentials derived from complete ac-
tive space SCF/complete active space with second-order per-
turbation theory (CASPT2),* density functional theory,*® and
Hartee-Fock> calculations.

We have found (and shown) that the r9 parameters de-
scribe well systems from U** to Cm3*. In the case of Bk**
both ry and rg parameters show some differences with respect
to experimental values. We have thus introduced rg 5 parame-
ters, which correspond to an effective ionic radius in between
CN = 9 and CN = 8, and better reproduce the experimental
values.

We should pause here and provide some comments on
the use of Shannon ionic radii to derive the non-electrostatic
force field parameters. Shannon radii are obtained in the solid
state and they correspond to rigid structures. In liquid water
the situation is very different. At this end some authors have
suggested “effective” ionic radii in water for lanthanoids(III)
that do not show a monotonic decreasing across the series as
obtained in the solid state.'>7® The radii of Ln** in liquid
water were recently measured by D’Angelo et al.”” from an
accurate EXAFS analysis, where the expected nearly linear
behavior with respect to atomic number was found.

In the case of actinoids(III) the same procedure to obtain
effective ionic radii across the series is not possible, since ac-
curate EXAFS signals are not available for the whole series.
Thus, we used Shannon ionic radii, conscious of the possi-
ble limitations of using solid state data for solution phase.
For An(II) Shannon reported some values for CN = 6 and
a value for CN = 8 (for Am3"). Based on these values and
assuming that for each given An*" ionic radius increases as a
function of CN (as noticed for Ln**),” we have inferred ionic

J. Chem. Phys. 135, 044503 (2011)

radii corresponding to CN = 8 and CN = 9 (rg and r9). The
“intermediate” rg 5 values are obtained by averaging rg and ry,
and this corresponds to a situation that is “intermediate” be-
tween CN = 8 and CN = 9. Note that here and in previous
studies”*> on Ln*", we found that when rg (or ro) are used to
derive the potential, the following simulations do not neces-
sarily give as results the corresponding CN (e.g., Lu** with 1y
parameters provided CN = 8.2). Here we considered differ-
ent sets of derived ionic radii and then compared the results
to experiments in order to find the best parameters for each
An** for which structural data are available, thus adopting an
empirical approach. Then, as described in Subsection III B,
the parameters were extended to heavy actinoids(III).

In Table II we also report the first (CND) and second
(CN@) hydration shell coordination numbers, obtained by
integrating An-O RDFs. In the case of actinoids(II) in the
U-Cf range, for which structural experimental data are re-
ported, CN = 9, and is almost constant across the series.
For Cf3*, the heaviest ion for which XAS experiments are

TABLE II. Hydration properties of light An** obtained from CLMD. For
Bkt and Cf37 results with different sets of parameters are also shown.

Ion Method o CNO D) CN®
U3t CLMD (1) 2.51 9.01 4.67 21.1
EXAFS? 252 9.1
Np3* CLMD (19) 2.50 9.00 4.66 20.9
EXAFS? 250252 9-10
Pu?t CLMD (1) 2.49 9.00 4.65 21.6
EXAFS? 2.49 9.9-10
EXAFSP 2,51 9
Am*T  CLMD (1) 248 9.00 4.64 21.2
EXAFSP 2.48 10
Cm*t  CLMD (1) 2.46 9.00 4.62 20.8
EXAFSP 245 10
EXAFS® 247 9
EXAFS¢ 2.48 8.5
MD-NEMO¢ 2.55 8.9 49
MDf 2.48 9 4.65 21
AIMD? 2.50 9 4.71 15.8
CLMD-3B& 2.53 9 470 17.4
CLMD-LJ¢ 252 9 470 16.4
BK3* CLMD (1) 2.46 8.99 4.63 20.6
CLMD (r3) 241 8.91 458 20.0
CLMD (r3 5) 243 8.98 4.60 20.9
EXAFS! 2.43 9
cfit CLMD (1) 244 8.98 4.62 21.0
CLMD (1) 2.39 8.76 456 19.9
CLMD (r3 5) 242 8.92 4.59 20.0
EXAFS! 2.42 8.5
Y (6] 243/253  75/88 4.65/4.69 16-17/18-19

4XAS data of Brendebach et al. (Ref. 28).

YEXAFS of Allen ef al. (Ref. 30).

CEXAFS of Skanthakumar ef al. (Ref. 32).

YEXAFS of Lidgvist-Reis et al. (Ref. 34).

¢Simulations of Hagberg et al. (Ref. 49).

fSimulations of Yang and Bursten (Ref. 48).

&Simulations of Atta-Fynn et al. (Ref. 50), AIMD is ab initio molecular dynamics,
CLMD-3B and CLMD-LJ are classical molecular dynamics with a 3-body and Lennard-
Jones potential respectively.

hEXAFS of Antonio ef al. (Ref. 31).

IEXAFS of Revel et al. (Ref. 33).

iMonte Carlo simulations of Galbis et al. (Ref. 35).
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FIG. 3. ADF of O-An-O in the first hydration shell for U3*, Cm**, and
Cf3*. For Cf** 19, 13 5, and g parameters results are shown.

reported, we have obtained a coordination number of 8.9,
corresponding to a large predominance of ninefold coordi-
nation structure. As already noted, XAS provides the dis-
tances of scattering atoms around the photo-absorber atom
(here oxygen atoms and An’", respectively) with a very good
accuracy, but the number of scattering atoms is not given with
the same accuracy. Experiments reported on An>* have been
interpreted with CNs in the 8-10 range. Note that different
experiments on the same An>" ion provide different CN val-
ues in this range: Cm>* experiments report CN between 8 and
10 range,*-32 for U3*, Pu**, and Am>* they report values be-
tween 9 and 10 (Refs. 28 and 30) and finally for Cf** values
between 8 and 9.%

In Fig. 3 we show the angular distribution functions
(ADFs) obtained for U?*, Cm?*, and Cf**. The ADF re-
ports the distribution of angles formed between oxygen atoms
of water molecules in first An** hydration shell and the
central cation, providing a useful information on the three-
dimensional arrangement of water molecules around the cen-
tral cation. For light actinoids(IIl), the RDFs consist of two
main peaks that corresponds to a trigonal tricapped prism
(TTP) structure, similarly to what was obtained for Ln**. For
Cm’* we show the ADFs obtained with different simulations
(r9, 135, and rg). They all have two main peaks and thus rep-
resent similar structures, confirming that the Cm3*+ hydration
is a 9-fold TTP-like structure. This also shows the robustness
of the parameters employed, since the results are only little
sensitive to relatively small changes in parameters.

Before moving to heavier actinoids(III), for which no ex-
perimental structural data are present, we discuss the effect of
ionic polarizability on results. While for Ln** there are exper-
imental values that we used’® and which are similar to theo-
retical values,” for An>t no experiments or calculations are
currently available. Thus we used ab initio calculations to es-
timate the polarizabilities for An** . In our previous study on
Ln* we have shown that Ln polarizability has a minor role.’
Here we obtain similar behavior for An**. In particular, as
shown in Table III, we performed a sensitivity test by mul-
tiplying the original Cm** polarizability (1.238 A3) by one,
two, and three, i.e., we have modified Cm3* polarizability in
the 1.238-3.714 A3 range, showing that Cm-O distances are
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TABLE III. Hydration properties of Cm3t as a function of ionic
polarizability.

a (A% ) oA N 2, A CN®@
1.238 2.46 9.00 462 20.8
2.476 248 9.00 4.65 20.8
3.714 2.49 9.00 4.65 20.8

relatively unaffected (0.03 A) and the CN is unchanged. This
robustness of results on modification of ionic polarizability in
a reasonable range further strengthens our confidence in the
interaction model.

B. Es**-Lr** hydration

We finally move to hydration of heavy actinoids(III), for
which no structural data are available. We report in Table IV
the distances and coordination numbers obtained by the dif-
ferent sets of parameters corresponding to the extension of ef-
fective ionic radii to the heavy actinoids. The An-O distances
show only minor fluctuations (0.025-0.03 A), comparable to
experimental uncertainty, for each species when parameters
are changed from 19 to rg. Also for CN the values obtained
from different parameters have a spread decreasing from Es**
to Lr’*. The RDFs for Lr’* are shown in Fig. 4 and demon-
strate that Lr** has a coordination number of 8. Combining
CN = 8 with the shape of ADF, also shown in Fig. 4, we con-
clude that for Lr’>* the hydration structure is similar to that
of Lu**.7 As previously remarked, there are no experimental
data on hydration structure for atoms at the end of the se-
ries, but only ab initio structures of [An"(OH,), I** clusters
optimized for different values of # (7-9) within an implicit
solvent have been reported.*’ We found that our distances
are slightly shorter than what was obtained by these ab initio
calculations (by about 0.1 A depending on the actinoid and
h). However, ab initio calculations overestimate distances by
about the same amount with respect to experiments for lighter

TABLE IV. Hydration properties of heavy An>* obtained from CLMD with
different parameter sets (rg, rg, and rg 5).

Ton Method r(Al,)l_O CcND rfy)l_ 0 CN®
Es3t CLMD (19) 243 8.94 4.59 20.3
CLMD (rg5) 2.40 8.84 4.57 19.7
CLMD (r3) 2.37 8.52 4.55 19.3
Fm3+ CLMD (r9) 241 8.86 4.58 20.6
CLMD (rg5) 2.38 8.63 4.56 19.9
CLMD (r3) 2.35 8.29 4.53 19.1
Md3+ CLMD (19) 2.39 8.67 4.56 19.7
CLMD (rg5) 2.36 8.36 4.53 19.9
CLMD (r3) 2.34 8.12 4.50 19.1
No3+ CLMD (r9) 2.36 8.34 4.53 19.3
CLMD (rg5) 2.34 8.18 4.51 19.0
CLMD (r3) 2.32 8.03 4.49 19.3
L3t CLMD (19) 2.34 8.14 4.51 18.7
CLMD (rg5) 2.33 8.07 4.50 19.1
CLMD (r3) 2.31 8.00 448 18.8
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FIG. 4. Lr-O and Lr-H RDFs (upper panel) and O-Lr-O ADF (lower panel)
for the different set of parameters.

actinoids(III). Further, when an explicit water molecule is
added in the second hydration shell, a shortening in the An-
O distances was found. Unfortunately, as often happens with
these approaches,®” these ab initio calculations cannot pro-
vide decisive conclusions on coordination number, that plays
a key role in determining An-O distances. However, despite
differences in absolute distance, the trend in values across the
series found in the ab initio calculations is very similar to the
trend observed in our MD simulations (about 0.2 A from U3+
to Lr3t).

C. Hydration enthalpies

Before concluding we investigate the ability of our po-
larization potential to calculate hydration enthalpies that are
reported in the literature.?®>3

Hydration enthalpies, AHjy4,, can be estimated from
our simulations from the difference between the total energy
of the solution and the pure solvent to which several terms
have to be added to compare with experimental hydration en-
thalpies. A first term is simply — 5/2 RT while the remain-
ing terms depend on the treatment of electrostatic interac-
tions and they can be estimated following the works of Garcia,
McCammon, and Hiinenberger.®'~** In particular, in the case
of Ewald summation we need to include three main correc-
tions due to: (i) the neutralizing background charge assumed
in the Ewald sums, AHp = —12.28 kJ/mol, that depends
mainly on the charge of the ion and the simulation box length;
(ii) an improper summation scheme to evaluate the potential
at the ion site, AH¢y = —191 kJ/mol, that depends on the
quadrupole-moment trace of the solvent molecule; (iii) the
vacuum to liquid interfacial potential jump, AH¢cy = + 211
kJ/mol, that mainly depends on the ion charge.

These corrections were applied and AHy,,, calculated
for all our simulations. Results obtained are reported in
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TABLE V. Hydration enthalpies, AHyyq, in kJ/mol, obtained from simula-
tions. Results with different parameters sets are shown: ro, rg 5, and rg. Also
literature data are reported.

Iy 35 I3 Expt.? Therm.?
U3t —3348 —3435 —3177
Np>+ —3447 —3206
Pu’t —3450 —3525 —3269
Am3t —3611 —3295
Cm3* —3447 —3363
BK3* —3570 —3284 —3692 —3479
cfit —3606 —3576 —3609 —3585
Es3t —3455 —3447 —3536 —3641
Fm3+ —3587 —3538 —3581 —3690
Md3+ —3538 —3675 —3535 —3730
No3t —3565 —3812 —3638 —3769
L3t —3563 —3699 —3747 —3791

“Experimental data from Marcus (Ref. 29).
bTabulated values obtained from thermodynamics model from David and Vokhmin
(Ref. 53).

Table V where we compare them with literature values. Our
CLMD hydration enthalpies show reasonable agreement with
the well established old values of Marcus?® who provided data
only for U and Pu®*. The resulting hydration enthalpies
have differences of about 2% relative to experimental val-
ues of Marcus, this difference being similar to what was ob-
tained for other 3+ ions (3%) (Ref. 24) and less than what
was obtained in the case of APt (10%).%° If we consider
the difference between U* and Pu?* hydration enthalpies
we have a very good agreement with Marcus values (102
vs 90 kJ/mol). Another estimate of hydration enthalpies by
David and Vokhmin>® was obtained by fitting a large set of
parameters®® on various properties (like, e.g., ionic radii and
number of water molecules in second hydration shell) using
a thermodynamic model for the entire An®" series. They ob-
tained the same decrease as Marcus from U3t to Pu?™, but
smaller absolute values. Differences with respect to our re-
sults are bigger at the beginning of the series (where we agree
with Marcus values) and smaller at the end of the series. Com-
paring the difference between An®*" ions, AAHpyqy, across
the whole series, our CLMD simulations show a smaller de-
crease than the thermodynamic model for the heaviest An**
ions. Thus the good agreement with our CLMD values for
some element (e.g., Cf** and Lr**) might be fortuitous. The
difference in the trend between our CLMD simulations and
the published thermodynamic model is not unexpected, since
the thermodynamic model assumes different values for phys-
ical parameters employed in the model, especially for effec-
tive charges and coordination numbers. For example, by mod-
ifying their parameters in a reasonable range, changes of the
order of hundreds kJ/mol are obtained. We should note that
while David and Vokhmin>® report a difference in energy
between Ut and Lr** of about 600 kJ/mol, Dolg and co-
workers obtained a difference of about 300 kJ/mol from quan-
tum chemical calculations*’ and our simulations provide val-
ues between 215 and 399 kJ/mol as a function of the parame-
ter sets employed. Note that changing interaction parameters
for a given ion while has a little effect on structure, can result
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in a difference in hydration enthalpy of about 100 kJ/mol (see,
e.g., BK3*, Bs*t, L’ ).

IV. CONCLUSIONS

In this paper we have presented a pair interaction poten-
tial including explicit polarization—by means of Thole’s in-
duced dipole model—suitable to address key questions about
the hydration structure and dynamics of the actinoid(IIl) se-
ries. In particular, the microscopic description obtained from
MD simulations seems to be able to clarify some key points
that have been debated in the literature regarding the trend of
An-O distances and first shell hydration structure across the
series.

Our results are able to reproduce correctly An-O dis-
tancess obtained by XAS and thus they can be used to better
understand these data. Coordination numbers of the actinoids
change from 9 to 8 across the series in a similar fashion to
what was seen for the lanthanoids(III). A smooth transition
between CN = 9 and CN = 8 was obtained between Bk** and
Md3*, that is not so different from the place (Cm3*—Es3*)
suggested by some experiments.>* 3-8 Our model, after be-
ing compared to and validated by experimental values of the
light actinoids, was extended to the last part of the series. In
Fig. 5 we summarize our results and compare with the avail-
able structural experimental data.

With this model we were able to model the hydra-
tion structure of the whole actinoid(IIl) series. This enables
us to compare the water behavior of this series with the
lanthanoid(III) series and shed some light on the similarities
and differences between hydration structures of the two series
(see Fig. 5). This similarity between Ln** and An** globally
holds, confirming what was suggested by Apostolidis et al.*®
and Dupouy et al.,*° for which also the light An** ions behave
similarly to Ln®>" reflecting mainly the electrostatic nature of
the An-O and Ln-O interaction in liquid water. By inspecting
simulation details, we can notice a shift in hydration proper-
ties between Ln and corresponding An ions that is not con-
stant across the series from one row position to the other. In
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fact, while at the beginning we have an almost straight corre-
spondence between each Ln and corresponding An, at the end
of the series An-O distances are shorter than corresponding
Ln-O ones. This is consistent with the well known stronger
An** contraction compared to Ln3* 336

Finally, we have checked our force field against hydra-
tion energies, that are more “elusive” quantities.”” Reasonable
agreement was obtained between our simulations and litera-
ture values.

Concluding, our results can be of help for a deeper under-
standing of An>* in water in two main ways: (i) using them
to better interpret available XAS data of the first half of the
actinoid(IIT) series in water and (ii) allowing the use of the
analogy between Ln** and An** in a more quantitative way,
such that it will be possible to give insights on An** behavior
in water from experiments done on Ln3", that are often easier
to perform.
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APPENDIX: INTERACTION POTENTIAL
DEVELOPMENT

Given two ions of the same series, one for which we have
an interaction potential with surrounding molecules (V,.r)
and the other for which we want to derive a new interaction
potential, V,,,, we can impose that they equalize when
C,
Zref (A1)

Vref(r) = ArefeiBrefr - 6

CI’lBW

Vnew (7‘ + Ar) = AneweiBMW(rJrAr) - (r + Ar)ﬁ y

(A2)

where Ar = Ry, — R,.s. Here R is anot specified parameter
length that characterizes the atom. A typical choice (done in
our works) is that R is the ionic radius.

Assuming that A,.;r = A, is a reasonable approxima-
tion in the liquid state where A represents the unphysical
height of the short range repulsion term that is never reached
at liquid conditions, we find

e—Brer — e—Bnew(H-Ar)’ (A3)
CVE Cnew
f — . (Ad)
ro (r + Ar)®
The exponential term, can be rewritten as

Brefr = Buew(r + Ar), (AS)

Ar\ 7!
Bew = Bref I+ — . (A6)

r
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Assuming that |%| <« 1 and expanding in Taylor series,

we get
Bref
Brew 22 Brer — . Ar. (A7)
Proceeding similarly for C,,,,, we find
Ar
Cnew = Cref 1+6— ’ (A8)
r

where both expansions are truncated at first order.
The two expressions for B and C can be re-written as

Bew = Bref - kB(r)Arv (A9)

Cnew = Cref + kc(}")Ar, (AIO)

where kp and k¢ are still dependent on r. In our potential, as
in standard classical local interaction potentials, B and C are
parameters depending only on the nature of the species and
thus the r dependence should be removed to have an opera-
tive way of using the relationships previously derived. We can
remove this r dependence by averaging kpz(r) and k¢ (r) over
a portion of space of physical relevance. Thus, for kg(r) we
have

’ -/:,;b @d?‘ Bref In (rb/ra)
o= =y T T o A

for r, > r,, with r, = xr, we can re-write

Inx

k/ = Dyef —— >
B T rax = 1)

(A12)
from which we can identify a range of distances where kJ
=1, as found empirically in our previous studies.” Solving
the equation for two values of r, (1.0 and 1.5 A) we have ry,
with a value that is in the typical range where non-electrostatic
contributions play a role (i.e., about 8.5 and 6.75 A,
respectively).

The same argument holds for C. Note that here and in our
previous work,” we used a “graphical” method to obtain C
values. Inspecting obtained results, we notice that C,,,,, varies
linearly with Ar,

Cpew = Cref + bATF. (A13)

By linear fitting our values for Ln(Ill) we found b
=5.1211 x 10* kJ mol~" A’ and Crer = 3.7081 x 10* kJ
mol~! A®. Thus, we can find as for B, a region where k/c
= (kc(r)) provides the values obtained. In this case, we have
rp of about 11.5 and 9.5 A for r, equal to 1.0 and 1.5 A, re-
spectively.

We have thus shown that there are two approximations
behind the choice of deriving new B and C parameters from
reference values as a function of a tuning parameter, Ar: (i)
Ar must be sufficiently small; (ii) we need to identify a re-
gion where the dependence of B, and C,., on r can be
neglected.

We should point out that this is not a formal derivation
but a justification of the approximations used to obtain the
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new potentials that are mainly based on the fact that this pro-
cedure was able to reproduce experimental data, for both lan-
thanoids(III) (Ref. 7) and actinoids(III).
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