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Collecting high-order interactions in an effective pairwise intermolecular
potential using the hydrated ion concept: The hydration of Cf3+
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This work proposes a new methodology to build interaction potentials between a highly charged
metal cation and water molecules. These potentials, which can be used in classical computer simu-
lations, have been fitted to reproduce quantum mechanical interaction energies (MP2 and BP86) for
a wide range of [M(H,0),]"+(H,0), clusters (n going from 6 to 10 and ¢ from O to 18). A flex-
ible and polarizable water shell model (Mobile Charge Density of Harmonic Oscillator) has been
coupled to the cation-water potential. The simultaneous consideration of poly-hydrated clusters and
the polarizability of the interacting particles allows the inclusion of the most important many-body
effects in the new polarizable potential. Applications have been centered on the californium, Cf(III)
the heaviest actinoid experimentally studied in solution. Two different strategies to select a set of
about 2000 structures which are used for the potential building were checked. Monte Carlo simula-
tions of Cf(II1)4-500 H, O for three of the intermolecular potentials predict an aquaion structure with
coordination number close to 8 and average Rcs o in the range 2.43-2.48 A, whereas the fourth one
is closer to 9 with Rcro = 2.54 A. Simulated EXAFS spectra derived from the structural Monte
Carlo distribution compares fairly well with the available experimental spectrum for the simulations
bearing 8 water molecules. An angular distribution similar to that of a square antiprism is found for

the octa-coordination. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4879549]

. INTRODUCTION

The solution chemistry of actinides ions, or actinoids, is
one of the most relevant domains related with some of the
fundamental and practical fields of the nuclear technology,
its environmental implications, and medical and engineering
applications.!:? There are opening questions regarding the be-
havior of the heaviest actinoids known such as their experi-
mental complexity, the lack of material, and their usual haz-
ardness. These issues have precluded systematic studies along
the series and knowledge of the physicochemical trends has
not been completely fulfilled.? This framework of experimen-
tal restrictions makes theoretical methods particularly appro-
priate given that they offer a safe and inexpensive way to help
in the achievement of a complete body of knowledge on this
series.

The microscopic perspective provided by molecular
methodologies usually facilitates a deeper understanding of
the system and helps in proposing simple models. When deal-
ing with solutions containing highly charged metal cations, it
is widely accepted that statistical ingredients are needed
together with a quantum-mechanical description of the inter-
and intra-molecular interactions. Ab initio molecular dynam-
ics techniques offer an appropriate tool to satisfy the demand-
ing requirements for a reasonable description.* However, the
highly computational resources demanded by this type of sim-
ulations limits the information obtained, because of small sys-
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tem sizes and short simulation times. This is the reason why
sometimes the consideration of classical computer simula-
tions appears as an alternative to obtain practical answers.
In the context of classical simulations, a key-point is the use
of reliable inter- and intra-molecular potentials.” There are
many strategies proposed to solve this question going from
operative empirical fitting to thorough decomposition of the
interaction potentials in a series of many-body contributions
and/or defining ways for updating molecular geometry and
charge polarization of the particles defining the system.®’
A few actinide-water intermolecular potentials to be used in
classical MD simulations have been reported in the bibliog-
raphy. For Cm(III), Yang and Bursten® developed an inter-
molecular potential based on our hydrated ion model,’!! as-
suming a rigid ennea-coordination (nine-fold coordination)
of the cation. Gagliardi et al.'> developed a Cm(III)-H,O in-
termolecular potential from high-level ab initio computation
of this system where many-body interactions are included by
means of the polarizable character of the water molecules and
the ion, that are described by a perturbation theory-derived
intermolecular potential (the NEMO approach).'?

Atta-Fynn et al.'* have developed another interaction po-
tential including three-body corrections by fitting a ROHF
potential energy surface. Spezia et al.'> have proposed a po-
larizable interaction potential for the series of trivalent ac-
tinides, based on a previous systematic study carried out for
the lanthanoids(III) series.'® Taking as a reference the case
of La(III),'” an intermolecular potential is built based on ab
initio interaction energies of the symmetric deformation of

© 2014 AIP Publishing LLC
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[La(H,0)3]® *. For the rest of the series is extended the ap-
proach assuming a systematic dependence of part of the func-
tional form on tabulated ionic radii.

Midways strategies combine quantum-mechanical de-
scriptions for the closest solute’s environment and a classical
representation for the rest of the solution, these are the hybrid
QM/MM methods. '3

It must be pointing out that in the absence of detailed
physicochemical data for actinide series in aqueous solution,
it has been usually assumed that the changes on the prop-
erties should be analogous to those observed for the Ln3*
series.”?! This experimental view has also been adopted
by recent theoretical studies, when results derived for ac-
tinides and lanthanides trivalent cations in solution have been
compared.’>?? Thus, the systematic comparison between the-
oretical results obtained from actinide and lanthanides solu-
tions, helps in getting insight into the experimental assump-
tion on the use of Ln(III) ions as models of An(III) ions in the
study of their chemistry in solution and solid state.

An intermolecular metal cation-water interaction model
based on the old electrochemical concept of the hydrated ion
was developed by our group some years ago. This model as-
sumed that the entity interacting in aqueous solution is the hy-
drated ion, [M(H,0),,]"", rather than the bare cation M Its
development implied the [M(H,0),]"*-H,O interaction po-
tential building, that intended to reproduce the ab initio inter-
action energies computed quantum-mechanically.®~!! An ad-
ditional intramolecular potential describing the internal dy-
namics of the aquaion was coupled to the intermolecular
potential.>* These potentials have been used in Monte Carlo
and molecular dynamics simulations of some transition-metal
cations showing the correct behavior of this model when com-
pared to experiment.”>~>° The good agreement points out that
the main many-body contributions are properly collected. For
instance, the partial metal-water charge transfer and the strong
polarization of the first-shell water molecules were pretty well
described as they reproduced the QM calculations. Neverthe-
less, the model definition of an aqua ion leads to include two
different types of water molecules in the simulation system,
those belonging to the first-shell and those of the bulk. As a
result the exchange of first-shell water molecules with outer
hydration shells is precluded. Whereas in practice this is not a
limitation when describing stable aqua ions, that is, hydrates
having slow first-shell water molecule release kinetics,*” it be-
comes a serious shortcoming when dealing with metal cations
that exchange quickly water molecules in their first hydration
shell.

In a previous communication on the Cf(IIT) hydration?'
we combined experimental EXAFS data on an aqueous so-
lution of this actinoid with theoretical data coming from a
Monte Carlo simulation which used a first proposal for a Cf-
H,0 intermolecular potential. This was based on an exten-
sion of our hydrated ion model where the exchange of wa-
ter molecules between the first hydration shell and the bulk
was allowed. The development of such type of intermolec-
ular potential involved the consideration of a large number
of [Cf(H,0),]3" structures, where both the number of water
molecules and their relative orientations must change a lot in
order to assure a good sampling of the collective interactions.

J. Chem. Phys. 140, 214104 (2014)

This new methodology incorporates the explicit considera-
tion of many-body contributions via the inclusion in the set
of structures to be fitted of many symmetric and asymmetric
geometries with a significant number of water molecules.

Because the first-principles nature of the fitting procedure
of the classical Cf(III)-water potential developed, it was tested
at the cluster level by comparing with quantum-mechanical
computations, as well as by analyzing different properties de-
rived from classical Monte Carlo simulations. Two potentials
were obtained from MP2 or BP86 potential energy surfaces
(PES). They gave a quite different coordination number, 8 vs.
9, as well as different Cf-O first-shell distances, AR = 0.1 A.
The open question was whether it had been due to the different
quantum-mechanical level, another uncontrolled factors, such
as the functional form or PES sampling, or simply the dis-
crepancy was due to the intrinsic methodological uncertainty
associated to the intramolecular potential building, since there
is not a unique way to define the set of clusters to be included
in the fitting. To help in elucidating this question, the experi-
mental EXAFS spectrum of a Cf(III) aqueous solution®' was
used as a reference for the simulated EXAFS spectrum which
can be calculated from the structural information provided by
the different Monte Carlo simulations. The present work pro-
poses a refined methodology in order to build in a systematic
way effective pair-potentials with high-order many-body con-
tributions included both in an implicit average manner, and by
the use of a polarizable model for the water molecule and the
metal cation. The aim of this work is to provide a thorough
analysis of the interaction potential building process, as well
as the structural analysis of Cf(III) hydration.

Il. METHODOLOGY

In order to carry out classical computer simulations of
Cf(IIT) in water, the cation-water intermolecular potential
must be built on the basis of a chosen water model. This sec-
tion presents the previous hydrated ion model, on which the
new potential model has been built, the upgrades introduced
in the new potential, the quantum mechanical details of the
PES used to fit the interaction potential, and the computer
simulation conditions.

A. Extension of the HIW model

The Hydrated Ion-Water potential, HIW,!! is suitable to
describe highly charged metal cations in water, especially in
such cases where the residence time of water molecules in the
first solvation shell is longer than the simulation time.

The consideration of the cation with its first hydration
shell as the species interacting in solution prevents the prob-
lems of charge transfer and electronic state crossing, which
may appear when dealing with the ab initio computation
of a set of ion-water structures where distances and rela-
tive orientations change a lot.’> Differing from the simpler
bare ion-water case (M""—H,0), the hydrated cation is sta-
ble enough against the interaction with an additional water
molecule (M(H,0),]"*t-H,0) to avoid a charge transfer or
an electronic state change with distance.
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FIG. 1. Schematic representation of MCDHO model for the water molecule
and the californium cation.

The improvements to the HIW model, on the basis of a
flexible hydrated ion model**?> were:

e To take into account different hydrated ions
[Cf(H,0),1*] (where n = 6-10),

* To employ a flexible polarizable water model, the
Mobile Charge Density Harmonic Oscillator model
(MCDHO),*

® To define only one type of water molecule.

Now the possibility of water release between the first hy-
dration shell and the bulk is permitted, as water molecule can
change its polarization degree in a great extent, and differ-
ing from the previous model, there are not two types of wa-
ter molecules (first-shell and bulk) defined in the system any
more.

The monoatomic cation, Cf(III), is described by a posi-
tive charge, Zcy = 4, and a mobile negative charge density,
pcr with a total charge, gcf = —1, joined to the nucleus by a
spring of force constant, kcr (see Figure 1). The intra-atomic
energy is defined by

1 2
Uintra = Eka s, (1)

where r is the distance between the nucleus and its associated
mobile charge density. In the absence of an external field, the
equilibrium position of the oscillator is located on the nucleus
and U, = 0.

The incorporation of the MCDHO model to the new po-
tential needs the consideration of the following intermolecular
terms for the Cf(IIT)-H, O interaction:

® (lassical interaction between the mobile charge densi-
ties, go and gct, given by a two-exponential function:

Uinter(q0, gct) = Acto - € %070 4 By - e~ Feroreo,
(2
where rcqo is the distance between the mobile charge
densities. Acfo, ®cfo, Bcro, and Bcro are fitting
parameters.
e (lassical interaction between the Cf nucleus, Z¢¢, and
those of the water molecule, Z; (i = O, H), is given by
a two-exponential function as well:

Uinter(Zi, Zcx) = Cegi - € 7" R 4 Dy - e R
(3
where R; is the distance between the Cf nucleus and
each ith nucleus of the water molecule, and Ccy;, ¥ c1i,
Dcyi, and S¢y; are fitting parameters.

J. Chem. Phys. 140, 214104 (2014)

e Electrostatic interaction between the water mobile
charge density, go and the Cf nucleus, Zcy:

qoZct v’ o
Uimer(QOs ZCf) = - |:] — <; + ]) e 2r /)\i| ,

“)
where 1’ is the distance between the center of po and
the Cf nucleus and A’ is the intermolecular screening
described in the original MCDHO model.*?

¢ Electrostatic interaction between the Cf mobile charge
density, gcf, and each of the charges on the water
molecule nuclei, Z; (i = O, H):

Zi i Y
Uinter(zia CICf) = Gt [1 - (A'rT + 1) e 2"/)‘ij| s
Cf
(5)

where r; is the distance from the pcf center to Z; and
A¢y is the corresponding intermolecular screening.

1

Thus, the interaction energy for a cluster with N water
molecules is computed by the expression

N
U= (Z Z[Ui”"?r(ziv Zj) + Uinter(qi, C]j)
S=1

ieS jeT
+ Uinter(qia ZJ) + Uinter(qjv Zl)]

1 1
+Z§ki"’i2,»+§kcj""’2), (6)

ieS

where S runs over the water molecules and T over the Cf.

It is worth commenting at this point that the set of struc-
tures chosen to be included in the fitting contain the funda-
mental ion-water interactions mediated by the presence of
other water molecules either on the same shell or in a sec-
ond shell. A wide range of distances and a number of water
molecules are covered. Thus, the many-body ion-water inter-
actions are implicitly included in the water interaction po-
tential in a thorough way. Additionally, the flexible and po-
larizable character of the chosen water model guarantees the
good behavior of perturbed water-water interactions of solva-
tion shells beyond the second one.

B. Definition of the sets of structures

Two different methodologies have been used to select the
set of structures to be fitted. The first one, which was used
in our previous communication,’! could be called “Heuristic
method,” as we adopted a practical iterative way of improv-
ing the interaction potential. The second one, developed in
this work, has been defined by avoiding the iterative process,
following a systematic choice of representative structures. It
will be called “Systematic method.”

1. Heuristic method (A)

1. Optimization of the hydrated cation for several coordi-
nation numbers, [Cf(HzO)n]3+ (n = 6-9), and these hy-
drates solvated by several water molecules in their sec-
ond hydration shell, [Cf(H,0),]1**)H,0). (see Fig. 2).
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FIG. 2. QM-optimized structures for several californium clusters.

2. Taking as starting point the optimized structure of the
Cf(III) octahydrate, one of its water molecules is moved
along its Cf-O direction, scanning the Cf—O distance
in the range 2.0-7.0 A. From the optimized structure
of the Cf(III) enneahydrate, we perform the scanning
twice, one for an axial and another for an equatorial wa-
ter molecule (see Fig. 3).

3. Steps 1 and 2 generate 200 geometries approximately.
An iterative process such as sketched out in Fig. 4 is ap-
plied. The fitted potential is employed in a Monte Carlo
simulation from which a set of structures is taken and
their interaction energies compared to the QM values. If
they are not reproduced by the potential, then they are
incorporated to the structure set and a new fitting is car-
ried out.

Two interaction potentials using this methodology (here-
after called A) were built. One is derived from the BP86 PES
(hereafter called a) and the other from the MP2 PES (hereafter
called b). Then Pot_Aa and Pot_Ab potentials are built after

&y

[CHH,0),1"

ecuatorial

[CIH,0),* ©

FIG. 3. Schematic representation of some structures employed in the devel-
opment of the potentials.
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FIG. 4. Schematic representation of method A.

some iterations including in the final fitting a total number of
structures of 1431 and 2849, respectively.

2. Systematic method (B)

Bearing in mind the application of this model to other
actinoids, and other cations in general, a second method has
been considered to establish a systematic way of generating
an appropriate structure set:

1. Step 1 of method A.

2. Taking as starting point the optimized structure of the
Cf(III) octahydrate, one of its water molecules is moved
along its Cf—O direction, scanning the Cf-O distance in
the range 2.0-7.0 A, for nine evenly distributed orienta-
tions of the water molecule. The quaternion representa-
tion for the orientation was linked to the uniform distri-
bution of nine points in an hyper-sphere.** Fig. 5(a) plots
an example of the nine orientations for a given Cf—O dis-
tance. The same set of structures is generated for the two
types of water molecules in the Cf(IIT) enneahydrate (not
shown in Fig. 5).

3. From the optimized geometries of the cation plus its first
and second hydration shells, [CE(H,0)6]** - (H,0)12,
[Cf(H20)51*" - (H20)16  and [Cf(H,0)o]*" - (H,0)ss,
several structures with only a few molecules of the
second shell are included [Cf(H,0)s]** - (H,0), (where
=0, 2,3, 4), [Cf(H,0)5]*" - (H,0), (where £ = 0,
1, 2) and [Cf(H,0)o]*" - (H,0), (being £ = 0, 1) (see
Fig. 5(b)).

4. A set of structures following the normal mode deforma-
tions of the Cf(IIl) octa- and ennea-hydrate were taken
into account as well (see Fig. 5(c)). The asymmetric in-
formation on the aqua ions supplied by these structures
is relevant to reach a robust interaction potential.

5. The previous steps of the protocol supplied about 1800
points for the fitting. 200 of these points were structures
having high enough repulsive interaction energies to be
excluded from the fit.

The resulting interaction potential was combined
with the water MCDHO potential to carry out a MC
simulation. 500 snapshots were extracted from this MC
run, 250 of them corresponded to snapshots where the Cf
first-hydration shell was formed by one Cf(III) plus eight
water molecules, and the other 250 ones to Cf(IIl) plus
nine water molecules. Their quantum mechanical ener-
gies were computed, and the ensemble of points were
added to the structure set, which becomes formed by
about 2100 points. The new fit obtained did not differ
significantly from the previous one and was chosen as
the final potential. Thus, two new potentials, Pot_Ba and
Pot_Bb, were obtained. This methodology is denoted by
the letter B and the quantum-mechanical method used to
obtain the set of ab initio interaction energies is again
labeled by a (BP86) and b (MP2).

The scan of potential energy surfaces for the different hy-
drated ion-water clusters was carried out at BP863>3¢ and
MP237-38 levels using the Gaussian GO3 program.** For O
and H atoms the aug—cc—pVDZ**#! basis sets were chosen.
For Cf(III), Relativistic Effective Core Potentials (RECPs)
specifically developed for this oxidation state by the Stuttgart-
Koln group (ECP87MWB*?) and its associated QZ quality
basis sets (ECP87TMWB-AVQZ) were employed. This 5f-
in-core-pseudopotential belongs to a set of quasi-relativistic
pseudopotentials for trivalent actinide elements, An(IIl). The
inclusion of the 5f shell into the pseudopotential prevents
the complexity of quantum mechanical calculations associ-
ated to the great number of low-lying states derived from
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FIG. 5. Schematic representation of the different types of structures em-
ployed in the development of the potential using method B.

the 2L term. The high oxidation state for which the 5f-
in-core pseudopotential was developed together with the fact
that Cf is a heavier actinide guarantees the core-like character
of the 5f shell in this particular case. Previous studies includ-
ing quantum mechanical calculations of the aqua ion series of
actinoids support this assumption.*?

Because of the large number of structures to be included
in the fitting, it seems of interest to provide an idea about
the computational cost of the quantum mechanical clusters.
The whole set of single points of [Cf(H,0),]** clusters lasted
about 40(BP86)-270(MP2) days of cpu-time/processor on an
ALTIX-450 supercomputer, which in practice running par-
allel on this computer implies 2—14 wall-time days. Geom-
etry optimizations of the different clusters took 70(BP86)—
400(MP2) days of cpu-time/processor, which means 3.5-20
days.

J. Chem. Phys. 140, 214104 (2014)

TABLE I. Total and partial standard deviations (in kcal/mol) and numbers
of structures associated to each of them.

Pot_Aa Pot_Ab Pot_Ba Pot_Bb
Nsor 1431 2849 2167 2117
T o1 6.76 5.46 3.58 6.11
np 881 2089 1384 1074
o? 2.79 4.89 2.75 341
ny 550 760 783 1043
o,° 11.59 5.32 5.15 7.56

201 ¢ Emin < E < (Emin + 60kcal/mol).
%5y ¢ (Emin + 60 kcal/mol) < E < Epay.

C. Fitting procedure
The interaction energies were calculated as follow:
AEine = E(cin,0),13+ — Ecp+ —nEnyo, (N

and parameters in equation (6) were fitted to reproduce them.

The total number of geometries evaluated in the fitting
procedure depended on both the quantum-mechanical PES
and the method employed to build the intermolecular poten-
tial. Figure S1 of the supplementary material®* shows a plot
of fitted vs computed energies for the four potentials obtained.
Their corresponding potential parameters are collected in
Table S1 in the supplementary material. Standard deviations
(SD) of the different fittings are summarized in Table 1. In
addition to the total SD for every fit, its distribution between
the set of structures corresponding to the more attractive inter-
actions (Epjn < E < Enin + 60 kcal/mol) and to the rest of
selected points, (Enin + 60 kcal/mol < E < Ep,4) has been
included. It is seen that potentials give a better SD for the most
attracting region which is in fact the most visited one during
the statistical simulations.

Ill. RESULTS AND DISCUSSION
A. Minimizations

Numerical minimizations and Monte Carlo simulations
were performed using the MCHANG program.*

In order to check the behavior of the new developed po-
tentials, numerical minimizations of a set of representative
structures were carried out. The selected structures included
the Cf(III) hydrates, [Cf(H,O)n]*t for n = 1-9, as well as the
clusters with water molecules in the second hydration shell
represented in Figure 2. The comparison among the clusters
optimized by the classical intermolecular potentials and the
quantum-mechanical methods is a test on the quality of the
fitted potentials. In the supplementary material®* Tables S2
and S3 collect the Cf-O distances obtained by using the four
intermolecular potentials and the quantum-mechanical meth-
ods, BP86 and MP2. Their corresponding interaction ener-
gies are collected in Tables S4 and S5 in the supplementary
material.>* The standard deviations for both magnitudes have
been collected in Table II.

The comparison of quantum and classical geometries for
the smaller hydrated ions (n = 1, 2, 4) is not as good as
for the aqua ions with larger hydration numbers. This may
be understood on the fact that the small hydrates have not
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TABLE II. Standard deviations for Cf—O distances and interaction energies
for [Cf(H,0),,1> T - (H,0); clusters collected in Tables SI and S2 in the
supplementary material >*

Standard deviations

Set of structures Reference Rceo (A) A Ejy (kcal/mol)
Pot_Aa BP86 0.11 15
Pot_Ba BP86 0.06 12
Pot_Ab MP2 0.04 9
Pot_Bb MP2 0.03 11
BP86 MP2 0.03 27

been included in the fitting structure set. The general behav-
ior is quite satisfactory for both distances and interaction ener-
gies (see Tables S2-S5 in the supplementary material>*). The
largest SD value for the structures is found for Pot_Aa and it
is mainly due to the structure [CEf(H,0)6]? * - (H,0),,, where
the second hydration shell appears to be too much distant
from the hexahydrate. If these data are excluded, the standard
deviation goes down to 0.09 A. The resulting classical struc-
tures for the octa- and ennea-hydrated ion are in good agree-
ment not only with our quantum optimized hydrated ion but
also with previous quantum results published by Dolg et al.*
(2.495 A for the octahydrated and 2.537 A for the enneahy-
drated ion). Moreover, when we consider the hydrated ion
with its second solvation shell, the distance and orientation
agreement is remarkable, as shown in Figure 6, where MP2
optimized structures are compared with those optimized with
the Pot_Bb potential.

In that concerning the interaction energies, the SD values
show the quality of the different fits, in particular bearing in
mind that the average values for the interaction energies are
—494 and —510 kcal/mol for BP86 and MP2, respectively.

A 2

[Cf(H,0)]*

[Cf(H,0),]*

M gd
2%
A

&

[CH(H,0),]*"-(H,0),,

[Cf(H,0),]:(H,0).,

FIG. 6. Comparison between MP2 (QM) and Pot_Bb (MC) geometries.
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For comparative purposes, Table II includes the SD asso-
ciated to the structural and interaction energy comparison be-
tween both quantum mechanical methods, i.e., BP86 vs. MP2
results.

B. Monte Carlo simulations

Monte Carlo simulations were performed in the canon-
ical ensemble (NVT) using the Monte Carlo-Metropolis*
algorithm implemented in the MCHANG program.** Peri-
odic boundary conditions*® were applied and Ewald sum
technique*®*’ was employed to calculate the electrostatic in-
teractions. The system was formed by one Cf3* and 500 wa-
ter molecules in a cubic box of side length L = 24.860 A.
The new developed potentials were employed to describe the
Cf-water interaction and the MCDHO potential®} was used to
describe the water-water interaction. Equilibration run of 10°
configurations was carried out for each simulation preceding
to the production runs.

1. Simulations performed using potentials derived
from method A

Structures for analysis were taken from a statistical sam-
pling of 10° configurations. The Radial Distribution Func-
tions (RDFs) for Cf—O and Cf-H are shown in Figure 7(top).
Hydration numbers and average Cf—O and Cf-H distances
were also extracted and summarized in Table III.

The MC simulation using the Pot_Aa potential leads
to an average coordination number for the first solvation
shell close to 7.5, the Cf—O distance for this first-shell ap-
pears at 2.43 A, whereas the MC simulation which uses the
Pot_Ab potential gives a larger hydration number, 8.6, and a
longer Cf-O distance of 2.54 A. The second hydration shell
is formed by 18 (Pot_Aa simulation) and 19 (Pot_Ab sim-
ulation) water molecules at an average distance of 4.65 and
4.70 A, respectively. Cf—H RDFs show the peaks correspond-
ing to the first and second hydration shell shifted by about
0.6-0.7 A with respect to the Cf—O peaks. This indicates that
an ion-dipole orientation is adopted by these water molecules,
as expected for the high charge of the cation.

2. Simulations performed using potentials derived
from method B

Structures for analysis were taken from a statistical sam-
pling of 4 x 10° configurations. Cf~O and Cf-H RDFs are
shown in Figure 7 (bottom). Hydration numbers and Cf-O
and Cf-H distances are collected in Table III.

Both simulations lead to a first-shell coordination number
close to 8 (Pot_Ba:7.8 and Pot_Bb:8.0). The first-shell C{~O
distances are 2.47 and 2.48 A, respectively. The second hydra-
tion shell is formed by ~19 (Pot_Ba) and ~18 (Pot_Bb) water
molecules at average distances of 4.69 and 4.72 A, respec-
tively. The shifted peaks of Cf—~H RDFs with respect to the
Cf-0 ones, also support the ion-dipole orientation adopted by
water molecules in the second shells. Spezia et al.'> from MD
simulations give three Cf—O estimations for the first shell, in
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FIG. 7. Cf-0 and Cf-H radial distribution functions (RDFs) and their corre-
sponding running integration numbers (dotted lines) derived from the differ-
ent MC simulations.

the range 2.39-2.44 A, assuming three possible coordination
numbers, 8, 8.5, and 9. For the second-shell Cf-O distance
the values found are in the range, 4.56—4.62 A.

In addition to the site-site pairwise information provided
by the RDFs, the three-body information given by the O—
Cf-O angle distribution is valuable to get insight into the
type of geometry adopted by the hydrated ion for a given
coordination.'41%48 The comparison of the angle distribution
function (ADF) extracted from the simulation with the dis-
tribution exhibited by an ideal polyhedron may be useful to
identify an average symmetry for the aqua ion in solution.

TABLE III. Cf-O and Cf-H distances and hydration numbers correspond-
ing to the first and second hydration shells.

Potential Pair Ry (A) ny R, (A) ny
Pot_Aa Cf-O 243 7.5 4.65 18
Cf-H 3.14 15.0 5.28 49
Pot_Ab Cf-O 2.54 8.6 4.70 19
Cf-H 3.15 18.8 5.35 53
Pot_Ba Cf-O 247 7.8 4.69 19
Cf-H 3.15 16.4 5.31 57
Pot_Bb Cf-O 2.48 8.0 4.72 18
Cf-H 3.11 19.6 5.34 57
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FIG. 8. O-Cf-0 angle distribution functions (ADFs) derived from the differ-
ent MC simulations, for the 7-, 8-, and 9- coordination. The delta functions
correspond to the more similar distributions of ideal polyhedra of the dif-
ferent N-coordination: for N = 7: Augmented Triangular Prims (ATP) and
Dipyramid pentagonal (DPy5); for N = 8: Square Antiprism (SA); for N
= 9: Trigonal Tricapped Prism (TTP) and Gyro-elongated Square Pyramid
(GESPy).

Figure 8 plots the ADFs for the different coordination num-
bers together with the distributions corresponding to the most
similar ideal polyhedron. For clarity reasons, Figure 8 has
been split into three plots, which correspond to the three co-
ordination numbers observed along the simulations for each
potential. Given that the different interaction potentials lead
to different coordination numbers (see Table III), there is not
a significant number of structures of the 7-coordination for
simulations with Pot_Ab and Pot_Bb. The 9-coordination is
almost absent for the cases of Pot_Aa and Pot_Ba.

The first interesting result is that for a given N-
coordination the ADF is the same regardless the potential em-
ployed in the simulation. This means that the water molecule
distribution around Cf(III) follows the same pattern, even
though the effective pair-interaction potentials were as differ-
ent as leading to hydration number values differing in more
than one unit. Regarding the preferred symmetry, Figure 8
includes only the delta ideal polyhedron ADFs correspond-
ing to the most similar distributions to the simulation ADFs.
Thus, 8-coordination ADFs resemble the ideal distribution
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corresponding to a Square Antiprism (SA), as suggested by
several authors who had previously examined other octa-
coordinated aqua ions of lanthanoids and actinoids.'*'6:48
For the 9-coordination the direct comparison of ideal poly-
hedra delta functions and the simulation ADFs cannot give
an unambiguous answer on either Tricapped Trigonal Prism
(TTP) or Gyroelongated Square Pyramid (GESPy) is the pre-
ferred coordination. Other authors have suggested that TTP
is the preferred one,'*!>%8 although as claimed by Atta-Fynn
et al.'* when studying the Cm(III) aqua ion, the strong ther-
mal effects and the intrinsic dynamics of the liquid medium
make difficult a simple comparison between the distorted
structures of the aquaion in solution and the ideal crystal unit.
Further insights are needed on this issue. When dealing with
the 7-coordination, the comparison leads to a situation sim-
ilar to that of the 9-coordination, i.e., the Augmented Trian-
gular Prism (ATP) and the Dipyramid5 (DPy5) ideal polyhe-
dra are close to ADFs obtained from simulations, provided
that significant distribution broadening should occur in angu-
lar regions close to 90°, 120°, and 160° when passing from
the ideal crystal to solution.

C. EXAFS spectrum simulation

As mentioned in the Introduction, among the very
scarce experimental information on Cf(II) in solution, X-
ray absorption spectroscopy is one of the experimental tech-
niques giving structural information.>3"#° In our previous
communication,®' it was shown that the comparison between
the k’-weighted experimental EXAFS spectrum of an 1mM
Cf(III) aqueous solution and that theoretically computed from
the MC simulations could shed light on the structural elucida-
tion of Cf(III) hydration. 500 configurations taken from each
MC simulation have been used to compute individually the
EXAFS spectrum by using the FEFF code (v.8.4) developed
by Rehr et al.’*3! The average spectrum obtained from each
simulation is plotted in Figure 9 (method A (top), method B
(bottom)). Details of the procedure employed to simulate the
spectra can be found elsewhere.?%31:32 A typical input FEFF
file has also been included in the supplementary material>* for
details on the spectrum computation conditions. It is worth
pointing out that the comparison among the experimental and
theoretical results is based on the EXAFS spectrum in the -
space. This means that no aprioristic preferred Cf hydrate has
been introduced in the structural analysis, as usually is done
by Fourier Transform leading to the EXAFS spectrum in the
R-space, when a standard experimental EXAFS fit is carried
out.

Using two Cf-O cutoffs to select the number of hydration
shells around the Cf(III) cation, it has been shown that the
second hydration shell does not contribute significantly to the
computed EXAFS signal.

The simulated EXAFS spectra derived from method A,
Pot_Aa and Pot_Ab, differ in both the frequency and the
intensity of the signal. The first one reflects the gap of
~0.1 A exhibited by Rcr_o, (2.43 A for Pot_Aa and 2.54 A
for Pot_Ab), as may also be checked examining the first peak
in Cf—O RDFs in Figure 7(top). The second one runs parallel
to the structural and dynamical disorder which may be quanti-
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FIG. 9. Comparison of the experimental EXAFS spectrum for Cd(III) with
the computed spectra obtained from the set of snapshots of the MC simula-
tions using Pot_Ba and Pot_ Bb potentials.

fied by the Debye-Waller (DW) factor. The value correspond-
ing to the first-shell Cf—~O contribution can be computed as
the second-order cumulant of Rcr_o, distribution®”3

0o, = (Ret—o, — Rer—0,)). 3

DW factor is larger for Pot_Aa (aéf_oI =0.013 /°\2) than

for Pot_Ab (aéf_ol = 0.009 Az), and its average coordina-
tion number is smaller in one unit (7.5 vs 8.6 for Pot_Aa
and Pot_Ab, respectively). Both factors favor a signal inten-
sity lower in the Pot_Aa simulated EXAFS spectrum than
in the Pot_Ab one. The Pot_Aa spectrum is more similar
to the experimental one than the spectrum derived from the
Pot_Ab simulation. The spectra derived from the applica-
tion of method B are mutually more similar than those of
method A, in particular in the frequency of the signal. The
difference in the signal intensity comes from the gap in the
DW factor value which is smaller for Pot_Bb (0.006 A2?)
than for Pot_Ba (0.011 A2), since the first-shell coordina-
tion number is almost the same in both simulations (~8 in
Table III). The comparison with the experimental spectrum
supports a better agreement with the Pot_Ba simulated spec-
trum. If we examine the slight differences between the simu-
lated and experimental spectra around 8-9 A=, it is notice-
able how the Aa and Ba simulations delimit the experimental
signal. Thus, these data extracted from both MC simulations
suggest that the experimental Cf— Oy distance should be be-
tween 2.43 and 2.47 A, with an average hydration number
of 8, and a DW factor value of about 0.012 A2, D’ Angelo
et al.** have worked out the same EXAFS spectrum on two
different models of coordination number, obtaining a Cf—O
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distance range of 2.37-2.49 A for a TTP geometry or
2.42 A for a symmetric ennea-coordination, together with a
DW factor of 0.007-0.008 A2,

IV. CONCLUDING REMARKS

This work has established a new method of inter-
action potential building between highly charged metal
cations and water to be used in classical computer simula-
tions. No empirical parameters are included in the develop-
ment, the interaction potential has been fitted to reproduce
quantum-mechanical information derived from a wide set of
[Cf(H,0), ]’ - (H,0), clusters. The extension of our primi-
tive hydrated ion-water model (HIW),”252° that allowed us
to collect a significant part of the many-body contributions,
has been based on the combined use of a polarizable and flex-
ible water model, the MCDHO one,>* and the selection of
a set of ion-water structures for the building potential with
a representative number of water molecules (6-27). This has
overtaken the previous limitation of first-shell water exchange
with outer hydration shells. This is the reason we propose to
call “Exchange-HIW potential” to this new type of interaction
potential.

It has been shown the quality of potentials by performing
numerical minimizations for the hydrated ions with its first
and second solvation shells and their comparison with results
from the two quantum levels considered (DFT and MP2). The
application of the Systematic method (B) for the potential
building has shown that there is not a significant conflict be-
tween the BP86 and MP2 quantum-mechanical methods, as
seemed to rise in our previous communication,’! in predict-
ing a given coordination number. It is rather a subtle question
associated to the [Cf(H,0),,]1° * (H,0), cluster choosing way,
which appears to present a large sensitivity to the ion-water
coordination.

From the comparison among experimental and computed
EXAFS spectra it has been shown that the preferred hydration
number is 8. The use of potentials derived from the System-
atic methodology confirms the initial results, and allows the
proposal of a Cf—Oy average distance in the range 2.43-2.47
A. The agreement is particularly noticeable for the signal in-
tensity between the simulated EXAFS spectrum derived from
Pot_Ba and the experimental spectrum. There is also a good
description of the structural fluctuation and dynamic disor-
der, which can be quantified by a DW value of ~0.010 A2 for
the Cf— Oy paths. Analysis of OCfO angle distributions shows
that these are common for a given coordination number, re-
gardless the intermolecular potential employed. For the 8-
coordinated clusters in solution, distributions suggest a square
antiprism polyhedron.

The combination of experimental X-ray absorption spec-
troscopy and computer simulations allows us a quite confident
assignment of the coordination number and the metal-oxygen
distance. Beyond this particular case of Cf(IIl), a system-
atic theoretical and experimental examination on other exper-
imentally known actinoids treated on the same manner must
be performed to get insight into the trend along the series, as
it has already been initiated by other authors.!>??
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