N

N

Properties of the tetravalent actinide series in aqueous
phase from a microscopic simulation automated engine
Eléonor Acher, Michel Masella, Valérie Vallet, Florent Réal

» To cite this version:

Eléonor Acher, Michel Masella, Valérie Vallet, Florent Réal. Properties of the tetravalent actinide
series in aqueous phase from a microscopic simulation automated engine. Physical Chemistry Chemical
Physics, 2020, 22, pp.2343-2350. 10.1039/C9CP04912F . hal-02189107

HAL Id: hal-02189107
https://hal.science/hal-02189107v1
Submitted on 16 Jul 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-02189107v1
https://hal.archives-ouvertes.fr

Cite this: DOI: 00.0000/XXXXXXXXXX

Received Date
Accepted Date

DOI: 00.0000/XXXXXXXXXX

Properties of the Tetravalent Actinide Series in Aque-
ous Phase from a Microscopic Simulation Self-
Consistent Engine’

Eléonor Acher,% Michel Masella,?, Valérie Vallet ¢ and Florent Réal,*¢

In the context of nuclear fuel recycling and environmental issues, the understanding of the prop-
erties of radio-elements with various approaches remains a challenge regarding their dangerous-
ness. Moreover, experimentally some issues are also of importance; first, it is imperative to work
at sufficiently high concentrations to reach the sensitivities of the analytical tools, however this
condition often leads to precipitation for some of them, second stabilizing specific oxidation states
of some actinides remains a challenge, thus making it difficult to extract general trends across
the actinide series. Complementary to experiments, modeling can be used to unbiasedly probe
the actinide’s properties in aquatic environment and offers a predictive tool. We report the first
molecular dynamics simulations based on homogeneously built force fields for the whole series of
the tetravalent actinides in aqueous phase from Th'V to Bk'Y and including Pu'V. The force fields
used to model the interactions among the constituents include polarization and charge donation
microscopic effects. They are built from a self-consistent iterative quantum ab initio based en-
gine that can be included in future developments as an element of a potential machine learning
procedure devoted to generate accurate force fields. The comparison of our simulated hydrated
actinide properties to available experimental data show the model robustness and the relevance
of our parameter assignment engine. Moreover our simulated structural, dynamical and evolution
of the hydration free energy data show that, apart from Am'Y and Cm'V, the actinide properties
change progressively along the series.

Because of its importance to separation science and to model-
ing actinide migration from nuclear waste repositories, there is
a need of a profound knowledge of actinide environmental be-
havior. This involves a predictive understanding of actinide so-
lution chemistry as the first critical step.! Namely, actinide en-
vironmental behavior implies speciation in the bulk phase but
also at mineral-aqueous solution interfaces. For the later, sorp-
tion reactions can either involve pure electrostatic sticking on a
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mineral surface with little change occurring in the first metal ion
hydration shell, or inner-sphere surface complexation with chem-
ical binding between the actinide and the mineral surface func-
tional groups. Beside concentration, pH, and redox conditions,
the competition between these two mechanisms is controlled by
the stability of the cation first hydration shell, namely the hy-
dration energy, as it governs its propensity to form strong inner
sphere binding.”?

In this context, the behavior of actinides, AnY, in solution is
highly relevant for two application fields connected to the nuclear
industry : their migration as mentioned previously but also their
separation from the spent nuclear fuels.”” However, the radiotox-
icity and the complex chemistry of these elements explain the
rather scarce availability of experimental data for them, in par-
ticular in aqueous phase. Whilst extended X-ray absorption fine
structure (EXAFS) technique yields highly accurate An'V/water
oxygen bond lengths in the series Th**-Bk#™), there are still large
uncertainties in the experimental An'V hydration numbers, N,,
ranging from eight to thirteen for Th*+-Bk*+ 4418

To complement experimental data, research groups have ei-
ther developed empirical theoretical models or performed quan-
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tum chemical computations on small An'V/ligand clusters. We
may refer here to the Born-like model (adjusted from geomet-
rical experimental data) of David1220 that yields An"Y hydra-
tion free energies, AGyyq values. These values decrease regularly
along the An' series. In 2003, David and Vokhmin”! revised
the approach. They got then a very close tendency, at the re-
markable exception of Np!V whose AGyq value is down-shifted
by more than 25kcalmol~! with respect to the 1986 trend. A
similar smoothly decreasing trend, although less steep, was also
obtained by Bratsch and Lagowski.22724 in 1986 with their simple
model based on ionic radii. We may also cite the study of Banik et
al.® who performed quantum calculations on a set of small An'v
hydrated clusters (with bulk effects accounted for using a polariz-
able continuum solvent approach). These authors got An—Oyater
bond lengths in line with EXAFS data, and they concluded to a
decrease of the An** hydration number from nine to eight, with
a turning point at Cm*+.

To go beyond static models, molecular dynamic, MD, simula-
tions have also been considered. However their predictive capa-
bility relies on the accuracy of the potential energy used to model
microscopic interactions. Potential energies computed from quan-
tum chemistry methods are the most relevant to investigate the
properties of any kind of microscopic systems. Regarding An",
we may cite MD studies focusing on the hydration process of
Th**, U**, and Pu*' using density functional theory (DFT)
methods.2>"22' However none of the available DFT methods is
able to describe accurately both water/water and cation/water
interactions, at least when comparing DFT results to those of
higher level quantum ab initio methods like the Mgller-Plesset
second-order perturbation theory, MP2, and above? (see discus-
sions of Section 1 of the Supplementary Material). As high end
quantum methods cannot be still considered to efficiently simu-
late bulk systems, even when used in hybrid quantum mechan-
ical/molecular modeling schemes,?132 molecular modeling ap-
proaches based on empirical interaction potentials, force fields,
are still the most suited to simulate such systems on significantly
long simulation times, and complex solution mixtures of different
ions and different solvents.

As discussed earlier by other authors, IV /water mi-
croscopic interactions result from a complex interplay between
mainly large electrostatic, non-additive polarization and charge-
donation effects whose relative magnitude is not obvious to quan-
tify. Moreover and as far as we know, most of the water force
fields proposed to date are not able to capture the magnitude of
the water/water repulsive interactions in cation first hydration
shells, at the exception of the TCPE/2013 one.2 This explains
the difficulty of building well balanced force fields to study the
hydration of An' and thus the very few An"Y MD bulk simula-
tions based on force fields reported to date,2230135137

Besides the choice of a physically meaningful functional form
for the force field, another critical issue is the strategy to assign
force-field parameters. The most promising and robust strategy
consists in assigning the parameters to reproduce only QM data
regarding a limited set of training molecular clusters. These train-
ing data sets usually comprise small molecular clusters optimized
in gas phase. We already built accordingly sophisticated force
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fields, hereafter name Gas-Phase Parameter (GP-P), to study the
hydration of Th!V and Cm!" 2937 However such an approach im-
plicitly assumes that all the features of bulk phase interactions
can be captured by investigating gas phase systems. In the partic-
ular case of UV, Atta-Fynn et al.2? showed using quantum com-
putations cation/water oxygen distances to be shifted by about
0.05 from gas phase to aqueous solution. Because of the +4
charge of An'V elements, such a distance shift yields a change
in the Coulombic interaction energy between An!V and each wa-
ter oxygen of its first hydration shell amounting to about 20 kgT
at ambient conditions. Hence a natural improvement, but more
costly in term of computational ressources, would be to consider
bulk phase cluster structures for building accurate force field. We
will denote this kind of force-field Bulk-Phase Parameter (BP-P).
The generation of an increasingly larger set of reference data en-
sure the robustness of the force-field, and opens-up the possibility
to handle complex mixtures of ions and solvents.

The most common parameter fitting process is a single step
procedure consisting in best reproducing the properties of a usu-
ally restraint training molecular cluster set. The ongoing increase
of the available computational resources yields research groups
to propose more and more sophisticated fitting procedures where
new QM target data are generated along the procedure cycles (see
Figure [1] as an illustration), the latter can be used in machine-
learning FF fitting process. We may refer here to Monte-Carlo
sampling approach of Galbis et al.,*8 or the Force Balance method
proposed by Wang et al.®? Inspired by the available literature, we
propose a coherent ab initio model associated to a self-consistent
iterative procedure to homogeneously and coherently built a class
of BP-P force fields for the whole An'V series, in order to ob-
tain metrical information on the coordination environment of the
tetravalent actinide series from Th up to Bk, as well as to explore
the evolution of the hydration free energies along the series, that
will be confronted to the available empirical data. For comparison
purpose, we also investigated the behavior of the lanthanide ele-
ment CelV that is often considered as a non radioactive surrogate
for pulV 4041

1 Methods and computational details

1.1 The force field

We use the rigid water model TCPE/2013.22 For the ion/water
interactions, we consider the ab initio based force field that de-
scribes the total interaction as the sum of four energy compo-
nents,

AU = U™ + U9 4yt 4 yPol, ¢h)

The first three correspond to repulsive U’*”, Coulombic U9 and
charge-transfer U' contributions, the latter accounting for the
partial "covalent" character of the actinide/water interactions. For
a system of N atoms, the additive terms U"?, U, and U are
defined as:

N N
, qiq; Tij

UeP 4y 4yt — Ajjexp (Bijrij) + —Dijexp(—2=)|,
i;,‘;i S Amegrij Bij
(2)



where r;; is the distance between atoms i and j, {¢;} are the static
charges located on the atomic centers, and (4;;, B;j, D;;, B;;) are
adjustable parameters.

Polarization effects are modeled using induced dipole moments
p; expressed as

Nu
E?JrZTij'Pj . 3
=1

pi =0

All the Ny, nonhydrogen atoms are polarizable centers, i.e., a sin-
gle point polarizability is located on each nonhydrogen atomic
center. Their isotropic polarizability is o;. E! is the electric field
generated on the polarizable center i by the surrounding static
charges ¢;, and T;; is the dipolar interaction tensor. They both in-
clude short-range Thole’s-like damping functions, 203542l with an
adjustable damping parameter k. All the ion-water force-field pa-
rameters optimized with the GP-P and BP-P procedures described
in the coming section are listed in Table S1 in the ESI.

1.2 QM reference data for GP-P and BP-P force fields

The QM reference data sets will be composed of total bind-
ing energies and fragment interaction energies. The first
ones correspond to the chemical reaction An" + nH0 —
AnY(H50), and are thus calculated according to the equation
BE = E, v (H,0), ~ E, v —nEp,o0. This energy is then corrected
from the basis set superposition error between the actinide and
the water molecules following the well established counterpoise
correction method with the equation:

An"Y (H,0),
(H20),

(H20),
_EH ) ) (4)

(H20),

v
BSSE = EL", O

v
— E::w +E
where the subscript refers to the fragment considered and the
superscript to the basis used. The corrected total binding energy
is then:

An'Y (H,0),

E,0),

v
BE® = EAnIV(Hzo)n - EAn (1O

Ja +Ewn,0), — "En,0,

)]
where the superscript has been omitted when the basis set used is
the fragment’s own basis set. The fragment interaction energies
are the counterpoise corrected interaction energies computed as:

B = B B ©®
with the fragments A and B corresponding, on the one hand to a
single water molecule of the AnY (H50),, cluster and on the other
hand to the remaining atoms.

For all the terms defined above, using the Turbomole package
(7.1 release)®3 we have performed RI-MP2 method##43 for the
closed-shell ThV or UMP2 for the open-shell systems (An'Y, An
= Pa to Bk), fixing the multiplicity of the computed state at the
highest value. For each gas-phase aggregates, the energy calcu-
lations were preceded by an initial geometry optimization. For
the actinides, the Stuttgart-Cologne "small core" relativistic effec-
tive core potential (60 e™) were used in conjunction with the
associated segmented basis set, 408 while the augmented cor-
relation consistent triple zeta basis sets of Dunning,42>% namely
the aug-cc-pVTZ, were used for the water molecules. The 1s core

electrons of the oxygen as well as the 5s, 5p, 5d electrons of the
actinides were not correlated in the MP2 step.

1.3 Self-consistent BP-P force field procedure for An'v

Initial Force Field

v

Classical MD sampling

Random extraction of clusters from the
trajectory (An'V + 1% solvation sphere)

2

Reference QM energy calculations

(total binding/ fragment interaction
energies)

2

| Force-Field optimization |

| Final Force Field, MD & Analysis |

Fig. 1 Chart for the self-consistent iterative parameter optimization pro-
cedure. Each MD simulation is at the 10ns scale. The sampling consists
in extracting each 1ps the An' plus its first hydration shell clusters. We
select then 20 of these clusters whose MM binding energies, BE, corre-
sponding to the reaction An'Y + nH,O — An'V/(H20),, cover the range of
the MM BEs corresponding to the full extracted cluster set. The reference
QM computations are performed at the MP2 level.

The force-field parameters are assigned from the self-consistent
iterative procedure, summarized in Figure All iterative pro-
cedure iterations consist in the sequence of: MD sampling, QM
reference energy calculation and fitting process. The parameter
initial guesses correspond to force-field parameters assigned from
the GP-P procedure, i.e. the training data set corresponds to small
hydrated An"V clusters comprising at most 10 water molecules
optimized in gas phase using QM methods. The training data set
at each iterative procedure’s iteration comprises all the clusters
from the previous two iterations, ensuring the BP-P convergence
stability to the final force field. As high end QM computations re-
garding An'V are still particularly computationally expensive, the
MD sampling consists in extracting 20 hydrated An'V clusters (the
cation plus its first hydration sphere) from a 5ns MD trajectory
(See Section ??); for each cluster, about 10 interaction energies
are computed to obtain the BEs and different fragment interaction
energies. i.e 200 QM energies per cycle. To ensure that the 20 se-
lected clusters at each iteration are representative, we checked
that the MM BEs of these small clusters set span over the range of
MM cluster BEs extracted from the full trajectory. At each iterative
procedure’s iteration, the evolution of the force-field parameters
as well as structural properties (radial distribution function, and
coordination number) is monitored, until the self-consistent so-
lution is reached. Convergence is usually reached in less than
6 iterations, as illustrated in Figure S2 in the ESI. Today all the
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computations of a single iteration of the procedure for the whole
An' series can be performed at the week-scale using a few per-
cents of a modern supercomputing system (made of about 100000
computing cores).

The improvement in the force-field quality arising from the it-
erative procedure may be assessed from the data plotted in Fig-
ure[2] In this figure, the classical BEs computed from the parame-
ter initial guesses (GP-P) and from the BP-P converged force field
are plotted with respect to their QM reference counterparts for a
training cluster set. If MM BEs from the initial parameter guesses
are linearly correlated with QM ones, a large systematic devia-
tion exists between the two BE sets, of about —22kcalmol 1. If
that represents only 2.5 % of the cluster BEs, that corresponds to
about 36 kgT at ambient conditions. With the BP-P force field,
the BE mean error is centered on O and its standard deviation is
reduced to less than 5kcalmol~!. These results support the ear-
lier conclusion made by Tazi et al.,”L' i.e. force-field parameter
adjustments relying on realistic bulk-phase structures ensures the
accuracy of the resulting force-field.

Total binding energies* Fragment interaction energies*

-740 - —~— BP-P _50 - —— BP-P
—=— GP-P —=— GP-P
T -760 - T oo
<] oofii"e o -30 %, %
E 3 £ Ay -
© -780 o K] °2 2 -
S . by A L -40 K "
< ‘ < .
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-820 o
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Fig. 2 Comparison of QM and MM binding energies BEs and of the
fragment interaction energies, i.e. the interaction energy of a single wa-
ter molecule of the An'V(HZO)n cluster with the remaining An'V(Hgo)n,l
fragment, for Th" when using the force-field parameter initial guess built
from QM data corresponding to clusters optimized in gas phase (GP-P)
and from the self-consistent iterative procedure (BP-P). The mean error
is reduced to less than 0.1 kcalmol~! with a standard deviation of respec-
tively 4.8 and 2.6 kcalmol~! for the total BEs and the fragment interaction
energies with the latter approach.

1.4 Molecular dynamics simulations

The MD simulations of the An'V in bulk water were conducted
with a cubic box containing only one actinide cation for 1000
water molecules with periodic boundary conditions in PolarisMD
package developed by one of us. The system is first equilibrated in
volume and temperature in the {N,P,T} ensemble with a Noose-
Hoover thermostat and barostat.?2 The different runs of produc-
tion used for the parametrization are then run in the canonical
ensemble®? during 5ns always preceded a 1ns re-equilibration.
The final step of the production from which thermodynamics
data and structural informations are extracted, ran for 10ns. It
should be recalled here that the water model used for the simu-
lations is the latest TCPE/2013 version.2>l The water molecule’s
structural parameters constrained to their bulk equilibrium val-
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ues thanks to the RATTLE algorithm (the convergence criterium
is set to 1 x 1079A). Since the constituents of the system have
no free internal motion, the simulation time-step is fixed to 1fs
and, in order to minimize the extra computational expense inher-
ent to the polarization model, the induced dipoles are accounted
for within the multiple time step r-RESPAp framework.2% The hy-
dration free energies, AGj,, are computed relative to Th'V using
the standard Thermodynamic Integration (TI) scheme of twenty
steps based on a linear interpolation of Hamiltonians. For each
step, we performed a 100ps run of equilibration followed by a
500 ps one during which the TI statistical average is computed.

2 Results and Discussion

The behavior of the whole An'Y series in 0.03M cation aqueous
solutions is studied by means of MD simulations at 10 ns scale us-
ing the BP-P force fields. We do not account explicitly for counter
ions in our bulk simulations. However as the simulations are per-
formed using an Ewald summation scheme with tinfoil bound-
ary conditions, the cations are accompanied by uniform canceling
background charge, acting as an implicit dilute counter ion cloud.
We also simulated accordingly the lanthanide Ce'V that is inferred
to present very close hydration properties to Pu'V. From MD tra-
jectories, relevant structural properties like the pair An'Y/water
oxygen radial distribution functions, RDFs, the position dy,o of
the RDF first peak, and the cation hydration number N, are esti-
mated.

—— Th —& Pa —+— U —% Np % Pu —% Am Cm —% Bk —¥— Ce

gAn—O(r)

2.0 25 3.0 35 4.0 45 5.0 55
o
fan-o0 (A)

Fig. 3 An" — O pair radial distribution functions.

As expected from the An'V large positive charge, MD simula-
tions show the tetravalent cation surrounding water molecules to
be organized in two well defined solvation shells (see Figure [3).
At the exception of Cm!V, the RDF first peak shifts in a very pro-
gressive fashion to shorter distances as the actinide gets heavier.
The d4,o distance decreases from Th!V to Cm!V, while the Bk
one is found to be slightly longer than for Cm"V. Our dyu,o dis-
tance agree within at most 0.02A compared to available EXAFS
data (see Table [I). We plot on Figure [] the dy,0 distances as a
function of the AnV ionic radii estimated from crystallographic
data.2055 The two series of data are linearly correlated. Follow-



ing the idea of Warren and Patel,2® the ionic radii can be esti-
mated from the distances dj,o to which the water molecular ra-
dius is subtracted. For the TCPE/2013 model, the water radius
is 1.393 A.2% That yields a nice agreement between our computed
radii and the crystallographic ones, within less than 0.02A (see
Table S3 in the ESI).
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Fig. 4 (a) Distances d4,0 (red circles) as a function of ionic radii.225°
The N, estimates, computed by integrating the first RDF peak shown as
blue squares in Figure[3] are reported on that plot (as the RDFs are null
between their first and second peak the N, error bar is zero).(b) An'
hydration free energy relative to Th" (AAG),,) versus the An"Y ionic radii.
In dashed lines, the linear regression fit, the regression coefficients are
0.99 and 0.99 for (a) and (b) respectively. Experimental data taken from
the work by David et al.?%21 and Bratsch and Lagowski.24

The computed N,’s start at 9.4 for Th and decrease until they
reach a plateau of about 9 for the series Pa—Pu, Bk with Am and
Cm moving down away from the series with a coordination num-
ber of respectively 8.7 and 8.3, see Figure Compared to ex-
perimental data regarding solutions for which the counter ions
are known to not enter the An'V first hydration shell (i.e. mainly
perchlorate anions), N,.’s for the {Th! - NpIV} series are included
within the experimental range, while the N, values for Pu'V and
Bk are one unit above the experimental values. However, the
EXAFS uncertainty regarding N, values being 10 % to 20 %, our
N, values for PulV and BkY may be considered as agreeing with
experiment, within the error bars.

(a) Biaugmented Trigonal Prism
(CN=8)

(b) Square Antiprism (CN=8)

(c) Triaugmented Trigonal Prism
(CN=9)

(d) Monocapped Square Antiprism
(CN=9)

(e) Sphenocorona (CN=10) (f) Bicapped Square
(CN=10)

Antiprism

Fig. 5 Observed polyhedra for the coordination numbers (CN) ranging
from 8 to 10.

The fractional N,’s for ThTV, PalV, Am!Y, Cm!V and Bk, reveal
the existence of an equilibrium between two coordination modes.
An analysis of the coordination polyhedra has been made with
ChemNetworks>? and shows that the 8 coordination mode is as-
sociated with the formation of either a square anti-prismatic or a
biaugmented trigonal prismatic geometry of the water molecules
around the actinide cation. The identified polyhedra for the 9 co-
ordination number are either a triaugmented trigonal prism or a
mono-capped square anti-prism and for the 10 coordination num-
ber either a bicapped square anti-prism or a sphenocorona. The
corresponding structures for the observed polyhedra extracted
from the MD trajectories can be found in Figure |5} These coordi-
nation modes are in line with the ones observed for some studied
An", in particular for Th'V and UV 26128129

We computed the mean residence time, MRT, of a water
molecule within An'V first hydration shell along the MD trajec-
tories from the approach of Impey et al..°Y The computed MRTs
(See Table S2 in the ESI) range from a few hundreds of picosec-
onds for Cm", Am!V and Th™ up to 1.5 ns for UV. Experimentally,
only the UV MRT has been reported,®l about 185 ns, as well as
an upper bound limit for Th'V: 20 ns.L Our estimates are a priori
from one to two orders of magnitude smaller than experiment.
This discrepancy may come from some deficiencies of our model
to reproduce accurately the energy barriers in the water exchange
reaction. On the other hand, we simulated here a single actinide
cation surrounded by pure water whereas, in the experiment, very
salty solutions are used (around 4 M of perchlorate). The presence
of concentrated salts and counter-ions may also alter the cation
hydration structure and affect the water dynamics at its vicinity. 22
The quality of the present BP-P force field cannot be incriminated
yet to explain the apparent disagreement between the computed
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Table 1 Comparison of structural MD computed data for the series of An'Y —water with GP-P and BP-P to experimental EXAFS data and other MD

simulations.
GP-P BP-P Other MD simulations Experiment

Elt CN dy 0@ CN dy,0 @A) CN  dy,_o (A Refs. CN ds,0 (A)  Refs.
Th 10.0 2.48 9.4 248 8-11.4 2.40-2.50 21293036371 90-12.7 2.44-2.46 4r8
Pa 10.0 244 9.1 245 - - - - 243 2
U 9.9 241 9.0 2.42 8.7-9 245 20157 8.7-10.6 2.40-2.42 HIUIL
Np 9.9 240 9.0 240 - - - 8.7-10.4 2.37-240 1214
Pu 10.0 2.39 9.0 2.38 8.1 241 27 7.8- 84 2.38-239 [15l6
Am 9.0 2.33 8.7 2.35 - - - - - -
Cm 89 232 8.3 2335 - - - - - -
Bk 9.5 2.34 8.9 2.34 - - - 7.9 232 17
Ce 9.1 2.365 8.8 2.38 9 244 b <9 242 18

and the rare experimental MRT estimates and further investiga-
tions should be carried on.

We computed the change in hydration free energies for the An'v
series relative to ThIV (AAGyy4) using the thermodynamic inte-
gration method. As for the distances dy,p, we obtain a linear
correlation between our AAG,, values and the crystallographic
ionic radii (see Figure [4). Our purely ab initio approach (BP-
P force fields) predicts the AAGy,; values to smoothly decrease
along the An! series. This is in line with the expectation that the
continuous decrease of the dy,o distances along that series yields
a reinforcement of An'V/water interactions. These results com-
pare very well to David et al.’s estimates2%2l' which all exhibit a
decreasing trend much steeper than the one reported by Bratsch
and Lagowski.2% The discrepancies between the empirical mod-
els question the available data reliability and prove the challenges
addressed to ab initio modelling approaches.

We also assigned BP-P parameters from the iterative procedure
for the lanthanide element Ce'V. We simulated then that element
in an aqueous solution using the same computational protocol
and simulation conditions as above. From our simulations, CelV
exhibits a very similar behavior to Pu!V in bulk water, with an
identical d4,o distance of 2.38 A and close N, values, of respec-
tively 9.0 and 8.8, for Pu!V and Ce!V. The similarity is further
consolidated while comparing the respective RDFs of both ele-
ments that can be almost superimposed. Lastly, concerning the
AGyy, values, the Ce!V estimate is found to be in between Np'V
and Pu!, still closer to the latter with a difference of 8 kcalmol~!.
Such a level of similarities between hydrated Ce'V and Pu'V have
been also reported from QM and experimental studies./02/63

Finally, considering the previous MD simulations reported in
the literature, on the one hand, we find out that DFT-based
MD generally underestimate the coordination number,%® while
exhibiting the largest computed interaction distances (Table [I));
while on the other hand, different classical MD for Th'V give very
large ranges of coordination numbers (from 8 to 11.4) and in-
teraction distances (from 2.40A to 2.48 A). This disparity further
proves the need for highly accurate force-field parameters assign-
ment protocols to reduce as far as possible all the drawbacks men-
tioned in Introduction about building force fields.

6| Journal Name, [year], [vol.],1

3 Conclusion

In conclusion, we report the first polarizable An'Y—H,0O classi-
cal potentials derived from a self-consistent iterative ab initio
methodology for the series from thorium to berkelium. We em-
phasize that the specific inclusion of sampled condensed phase
reference structures in a self-consistent manner enables to reach
an adequate accuracy necessary to simulate the actinide aque-
ous condensed phase systems. The hydration study from clas-
sical molecular dynamics with our newly developed force field
reveals that, except for Am'Y and Cm!V which sit aside the se-
ries, the structural and thermodynamical properties change in a
very smooth fashion along the studied series. The first compar-
isons to experimental data exhibit a very good overall agreement.
The increase of the hydration energies along the tetravalent ac-
tinide series has some impact on their geomobility. Indeed, one
might expect all An(IV) to form like Th(IV) outer-sphere inter-
actions with muscovite-like minerals,? while strongly complexing
surfaces with carbonate, phosphate, or carboxylic acid may form
inner-sphere complexes, calling for further extensions of force-
field interaction models to such anionic ligands. Thus, this study
will be extended in a near future by considering counter anions to
achieve a thorougher comparability to experimental conditions.
Finally, this results and methodological developments made here
for the most highly charged ions of the periodic table are strictly
transferrable to any ion or cation in solution for which an explo-
ration of several properties in water or other solvent is envisaged,
being either related to biological or atmospheric issues.
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