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Structural and electronic properties of La** immersed in bulk water have been assessed by means of
density functional theory (DFT)-based Car—Parrinello molecular dynamics (CPMD) simulations.
Correct structural properties, i.e., La(Ill)-water distances and La(III) coordination number, can be
obtained within the framework of Car—Parrinello simulations providing that both the La
pseudopotential and conditions of the dynamics (fictitious mass and time step) are carefully set up.
DFT-MD explicitly treats electronic densities and is shown here to provide a theoretical justification
to the necessity of including polarization when studying highly charged cations such as
lanthanoids(IIT) with classical MD. La>* was found to strongly polarize the water molecules located
in the first shell, giving rise to dipole moments about 0.5 D larger than those of bulk water
molecules. Finally, analyzing Kohn—Sham orbitals, we found La** empty 4f orbitals extremely
compact and to a great extent uncoupled from the water conduction band, while the 5d empty
orbitals exhibit mixing with unoccupied states of water. © 2010 American Institute of Physics.

[doi:10.1063/1.3460813]

I. INTRODUCTION

In the past decades, a great amount of work has been
devoted to the understanding of the hydration structure of
metal cations in liquid water, using both experimental and
theoretical approaches.l_5 Among these metal cations, lantha-
noids play an interesting role since they have the same
charge (3+) but two coordination structures as a function of
their atomic number: light lanthanoids possess a ninefolded
structure, while heavier lanthanoids have an eightfolded
arrangement.ﬁ’7 Recently, experimental and theoretical stud-
ies have focused on a fine determination of first shell
polyedra.g_10 In particular, different classical interaction po-
tentials were developed at this aim. A class of it includes
polarization that was found to be a key physical effect to
correctly address hydration behavior.'" ™ Another class of
effective potentials was obtained for NdA(IIT), Gd(III), and
Yb(III) from fitting ab initio calculations in the polarizable
continuum model.'*'®

As a price to pay, classical simulations do not provide
any information on the metal electronic structure and rela-
tionship with its environment (solvent and ligands) and can-
not take into account chemical reactivity as hydrolysis17 or
ligand binding. In groundwaters as studied in the framework
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of nuclear storage, lanthanoid cations are generally liganded,
for instance, with carbonate'®!” or sulfate ions,20 and, as al-
ready observed for the metal aqueous hydration, the number
of ligands can depend on the metal atomic number.”' The
investigation of such lanthanoid-ligand ionic complexes with
a surrounding solvent using classical molecular dynamics
simulations would require a large parameterization effort but
in any case would not be suitable to study the breaking of
covalent bonds as for hydrolysis. Any theoretical attempt in
these directions thus requires a full ab initio representation of
lanthanoid metal ions that will be able to take care of the
metal immersed in aqueous solution as well as its complex-
ation and chemical reactivity in different environments.
Density functional theory (DFT)-based molecular dy-
namics (MD), for instance, in the Car—Parrinello molecular
dynamics (CPMD) scheme,? is a well suited method to treat
reactivity and complexation in solution, and it has been suc-
cessfully employed to describe solvation of different cations
in liquid water™ *® and to study metal complexation in
solution.””* A key aspect for a correct description of the
metal-solvent or metal-ligand potential energy surface is the
choice of the functional and of the metal pseudopotential.
For on-the-fly DFT dynamics, only generalized gradient ap-
proximation functionals are computationally doable, and the
Becke-Lee-Yang-Parr (BLYP) functional’'*? has been shown
to satisfactorily describe the structure of liquid water”* as
well as the solvation of a variety of ions in aqueous
solution.**° The pseudopotentials are used to reduce the
number of explicit electrons (and to use a reasonable cutoff
radius in the plane wave expansion), but we have to pay the
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price of finding the good form and parameters. Three such
pseudopotentials will be tested in the present work.

Hydration is a good reference test case for different rea-
sons. (i) Many data from simulations and experiments are
available. (ii) Explicit modeling of hydration is a first step in
the investigation of the aqueous chemistry of these ions at
the molecular level, which is our primary interest. Note that
DFT-MD can be also applied to characterize the hardness
and softness of cations.*' La®* is generally considered as a
hard cation, and the characterization of its hardness in water
from an electronic structure point of view is of interest for its
subsequent aqueous chemistry. (iii) The metal-water interac-
tion is generally more difficult to describe than metal-ligand
interactions, as the results are generally more sensible to
DFT performances and simulation conditions. (iv) Last but
not least, La’* hydration study via DFT-MD will provide
useful information on the nature of La**-water interactions
and on the role of f orbitals, as La’* can be seen to be at the
edge between d and f elements in the series.

The hydration structure of La’* is experimentally well
known. The La—O distance was found in the 2.54-2.56 A
range by recent extended X-ray absorption fine structure
(EXAFS) experiments,8 confirming the earlier x-ray diffrac-
tion experiments“z’44 that gave a 2.48-2.58 A range. Con-
cerning the coordination number (CN), the question was a
subject of a debate from experimental side. In fact, early
experiments‘u_45 provided a large range of possible CNis,
from 8 to 12. Finally, in the past years, they converged to the
value of 9, which should be considered nowadays as the
correct CN for La®* hydration,&%’47 and we will use this
result as reference to compare our simulations. Further, La’*
hydration can be correctly described by one structure only,
CN=9, because of rare self-exchange events'™*® and also
because other intermediate structures are not stable enough
to be crucial for EXAFS or XRD interpretation.

Few ab initio or DFT-based MD of aqueous lanthanoids
have been reported in the literature. Rode and co-workers
used a mixed quantum mechanics/molecular mechanics
(QM/MM) MD approach to investigate La(IIT) hydration, but
results are not in full agreement with experiments as they
provide a too long La—O first shell distance of 2.65 A and
consequently an overcoordinated ion with CN =9.5.% Two
main investigations using DFT-based molecular dynamics
have been reported in the literature, on Gd(III) (Ref. 50) and
La(IIl),”" the last one employing a biased metadynamics
sampling. Note that the Gd(III) study reported a stable coor-
dination number of eight that appears to be too small in the
light of recent experimental data.® The experimental value
very likely arises from the statistical coexistence of CN=8
and CN=9 in the solution via an interchange that occurs in a
time scale larger than sampled by the CPMD simulations.’
On the other hand, a Gd(II)-O distance of 2.37 A is com-
patible with the different experimental data,'#%%3 although
on the lower side of the experimental range. This probably
reflects the use of a Vanderbilt ultrasoft pseudopotential with
a [Xel4f! core configuration with f electrons included in the
core. The metadynamics study of aqueous La** by Ikeda et
al’' explored different possible CNs, finding CN=8 and
CN=8.5 few kcal/mol lower in free energy with respect to
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CN=9. Finally, CPMD simulations were found to satisfacto-
rily address the behavior of La** in a highly concentrated
(14M) lithium chloride solution.>

Not constrained DFT-MD simulations able to reproduce
La** hydration properties are thus still missing. The present
work aims at filling that gap in order to be able of using
DFT-MD to study chemical reactivity. To that end, we have
built three different La pseudopotentials to be combined with
the BLYP functional. With the correct choice of pseudopo-
tential and employing a small enough fictitious mass that
commits the system as close as possible to the true Born—
Oppenheimer hypersurface, we are able to reproduce the cor-
rect La—O distance and CN=9 with DFT-based Car—
Parrinello dynamics. As a first application, we provide here
information on the polarization induced to the surrounding
solvent molecules by this highly charged La(III) ion and on
the La®* ion itself and on the electronic structure of the sys-
tem.

The outline of the remainder of the text is as follows. In
the next section, we describe the simulation setup and the
data analysis procedure. Section III describes structural re-
sults, while Sec. IV deals with La®* electronic properties. We
summarize and conclude in Sec. V.

Il. COMPUTATIONAL DETAILS
A. Car—Parrinello molecular dynamics

All CPMD calculations consist in one La** ion and 64
water molecules located in a cubic box of 12.43 A edge so as
to reproduce the water density at 300 K. Periodic boundary
conditions were applied in order to mimic bulk conditions.
The electronic structure of the valence electrons was de-
scribed with DFT/BLYP functional,31’32 and the wave func-
tion was expanded in plane waves with an energy cutoff of
110 Ry. Note that more usual values are generally in the
range of 60—80 Ry, and the relatively high value employed in
the present work is needed to ensure a proper energy conver-
gence (see text afterward). For the same reason, the fictitious
mass used for the propagation of the electronic wave func-
tion has been chosen to 150 a.u., which is low in comparison
to usual values of the literature (generally in the range of
400-700 a.u.). With that choice, the wave function is there-
fore able to adiabatically follow the Born—Oppenheimer sur-
face much more easily. Note that these two requirements
make our CPMD simulations more computationally expen-
sive in comparison with other simulations of metal cations in
bulk water from the literature.

Inherent to the use of a plane wave basis set, only va-
lence electrons were considered, and pseudopotentials were
thus employed for the electron-nuclei interaction. Medium
soft norm-conserving pseudopotentials of the Troullier—
Martins (TM) type were used here for all atoms.” These
numerical pseudopotentials are obtained by fitting coeffi-
cients of a set of polynomials given reference, all electrons,
atomic orbitals, and cutoff radii for the pseudopotential
range. For lanthanum, we have generated here three different
TM pseudopotentials for the description of the La** ion.
These pseudopotentials differ in the number of core states
and in the electronic state of isolated lanthanum taken as
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TABLE I. Details on pseudopotentials.

J. Chem. Phys. 133, 044509 (2010)

PP1 PP2 PP3
Number of valence electrons 11 11 3
Reference configuration 552 5p° 5d° 4f° 552 5p° 5d' 4f° 65° 6p° 5d° 4f°
Nonlinear core corr. No No Yes

Cutoff radii (a.u.)

1.36, 1.54, 2.03, 1.50

1.36, 1.54, 2.08, 1.50 3.18, 3.69, 2.03, 1.50

reference to fit the numerical TM pseudopotentials. The first
pseudopotential (PP1) is a semicore potential where the 5s
and 5p electrons are not included in the core, and the La(III)
oxidation state was considered as reference electronic con-
figuration. This leaves only eight semicore electrons, and the
pseudoatom has a configuration 55> 5p% 54° 4f°. This is the
electronic configuration of La(IIl) solvated in water, and we
thus expect that this pseudopotential leads to a correct de-
scription of the lanthanum orbitals in this situation. The cut-
off radii (in au.) for the TM scheme are R(5s)=1.36,
R(5p)=1.54, R(5d)=2.03, and R(4f)=1.50, chosen so as to
reproduce the exact atomic orbitals up to the region of the
outest maximum. The Kleinman—Bylander56 semilocal
scheme has been applied with p taken as the local channel in
the simulation.

The second pseudopotential generated (PP2) is similar to
PP1, but a different reference state was chosen. For PP2, the
reference electronic configuration was the oxidation state
La(Il): 55> 5p® 5d' 4f°. The aim is to test the influence of
this reference state on the end result, thus testing the trans-
ferability of these pseudopotentials for heavy metals from
one oxidation state [here La(II) taken as reference] to another
[La(ITI) for solvated La*]. The cutoff radii for PP2 are (in
au.) R(5s)=1.36, R(5p)=1.54, R(5d)=2.08, and R(4f)
=1.50, respectively, very similar to PP1. The same semilocal
scheme as for PP1 was applied.

Finally, as a third test, we generated a third pseudopo-
tential (PP3) with again La(III) as reference state for the fit
of the parameters but with a different choice of core-orbitals.
This third pseudopotential (PP3) is not a semicore pseudo-
potential as PP1 and PP2 are but includes 5s and 5p orbitals
in the core, and the valence orbitals used to construct PP3 are
thus 6s, 6p, 5d, and 4f orbitals. Since for heavy metals there
is a spatial overlap between the core and the valence shell,
which prompted us in generating semicore pseudopotentials,
nonlinear core corrections are however employed with PP3.
With La(III) oxidation state taken as reference, the reference
configuration is 6s° 6p° 5d° 4f°. The corresponding cutoff
radii are (in a.u.) R(65s)=3.18, R(6p)=3.69, R(5d)=2.03, and
R(4f)=1.50, respectively. Here again the Kleinman—
Bylander semilocal scheme was used with /=p as the local
channel. Details for the three pseudopotentials are summa-
rized in Table L

For the three simulations, the total number of electrons is
determined such that the total charge is +3. For both PP1 and
PP2, La contributes eight electrons to this total number,
while it contributes no electrons for PP3 as all valence states
are empty in this case. For the three pseudopotentials, the
final lanthanum electronic configuration is 54° 4f° as ex-
pected for La(IIT) (discussed later). All Car—Parrinello simu-

lations were carried out with the program package CPMD
(Ref. 57) in the NVT ensemble using the Nosé-Hoover
thermostat’® ™ with 300 K as target temperature. Initial
structures were obtained from classical molecular dynamics
equilibration using our polarizable potential.” The system
was further re-equilibrated via 1 ps CPMD with initial ve-
locities obtained from a Maxwell distribution centered on
300 K. Car—Parrinello data were then collected over 30 ps of
simulation runs. Since we used a very small fictitious elec-
tron mass of 150 a.u., we also used a small time step of 2 a.u.

B. Data analyses

Structural analyses of the hydration patterns of the
La(III) ion were done using standard radial distribution func-
tions (RDFs) and coordination numbers (CNs). CNs are ob-
tained through the integration of RDFs between r,,;, and r,,,,
with r,;,,=0 and r,, corresponds to the first minimum of
RDF for first shell CN (CN!), and 1, =1, used for CN(
and r,, corresponds to the second minimum of RDF for
second shell CN (CN@). Radial distribution functions are
complemented with angular distribution functions: (i)
O-La-O angle formed by the La ion and two oxygens from
its first hydration shell, (ii) @ the angle formed by the La-O
vector (again O from first hydration shell) and the vector
sum of the two O—H bonds [see Fig. 4(b)], and (iii) tilt angle
formed by the La—O vector and the plane defined by the
water molecule [see Fig. 4(c)].

As La®* is highly charged, it is expected to polarize its
surrounding. To assess these effects, we have estimated mo-
lecular and ions dipole moments. The molecular charge dis-
tribution was studied using maximally localized Wannier
functions. These provide an unambiguous way to assign di-
pole moments to molecules.®’ The dipole moment of water
molecules in pure water has been previously estimated with
Car—Parrinello molecular dynamics as being on the order of
3.0 D by Silvestrelli and Parrinello.® This value is very close
to the value proposed by Badyal et al.,”® 29+0.6 D, for
pure water from an analysis of the experimental x-ray dif-
fraction form-factor. Other theoretical values were also pro-
posed (see, for instance, Refs. 33, 64, and 65).

To further investigate the electronic structure of solvated
La** in water, we have computed the electronic density of
states (DOS) of the whole system and the projected density
of states (pDOS) on the lanthane atomic states. The DOS for
liquid system is the probability density that Kohn—Sham en-
ergies are found in an energy range €, e+de. The DOS here
was computed similar to previous studies of the electronic
structure of pure water"®® as a normalized histogram of the
Kohn—Sham energies. The bin width was chosen as 0.05 eV;
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TABLE II. Structural properties: distances are in A and angles in degrees.

J. Chem. Phys. 133, 044509 (2010)

i CN P 20 CN@ P O-La-0
PP1 2.58 (2.54/2.67) 9.0 (5.2/3.8) 48 19 69/135
PP2 2.58 (2.56/2.70) 8.45 (6.27/2.18) 47 19.5 71/139
PP3 2.84 (2.81/2.93) 9.16 (6.19/2.97) 47 19 69/133/172
P-CLMD® 2.52 (2.50/2.58) 9.0 (5.3/3.7) 4.65 18.8 70/137
QM/MM MD* 2.65 9.55 5.0 234 67/131
MD-Cluster® 2.56 8.90 4.68 15.9
CPMD' 2.52 8.5 e
EXAFS? 254 9.20
EXAFS" 2.56(2.515/2.64) 9 (6+3) 4.63 18
EXAFS' 2.545 9
EXAFS’ 2.55(2.52/2.62) 9 (6/3)
XRD* 257 8 47 13
XRD' 2.58 9.13 5
XRD™ 248 8 47

“First (r(LI;O) and second (rﬁ)fo) maximum peak of La—O RDFs (in A).
®Coordination number of the first (CN) and second (CN@) hydration shells.

“Polarizable classical MD from Ref. 11.
4QM/MM MD from Ref. 49.
°MD on the La(H,0)3¢ cluster from Ref. 48.

fCPMD with metadynamics and HCTH functional from Ref. 51.

fEXAFS L;—Ly-edge from Ref. 68.
"EXAFS and LAXS L;-edge from Ref. 46.
'EXAFS Ly-edge from Ref. 47.

JEXAFS K-edge from Ref. 8.

“XRD from Ref. 42.

'XRD from Ref. 43.

"XRD from Ref. 44.

a further Gaussian smearing with 0=0.1 eV was employed
to smooth the resulting histograms. The pDOS were obtained
by projecting the Kohn—Sham orbitals (occupied and unoc-
cupied) of the whole system on the basis of the pseudo-
atomic orbitals used to generate the lanthanum pseudopoten-
tials.

lll. STRUCTURAL PROPERTIES

Hydration properties are characterized experimentally by
La-O distances and first shell coordination numbers. X-ray
absorption (EXAFS or X-ray absorption near edge structure)
and x-ray diffraction (XRD) experiments are the most com-
mon techniques able to shed light on these questions.
On La* hydration, earlier EXAFS and XRD
experiment58’42_44’46’47’68 report La—O distances in the 2.48—
2.56 A range and first shell coordination number CN=8 or 9.
Recently, CN=9 was established as the water coordination
number around La** cation by both experimental and theo-
retical studies.****7970 1 evaluating our results, we will
first use the acceptable La—O distance range as an indicator
of results quality and then the CN, keeping in mind that
CN=9 is the major species in the time scale relevant for such
experiments.

In Table II, we summarize different structural data on
first and second hydration shells as obtained by our CPMD
simulations with the three different pseudopotentials devel-
oped for the present work (PP1, PP2, and PP3). In the same
table, we also show values as obtained from other theoretical
and experimental studies and also, for completeness, the old
one providing results that are nowadays refined, in particular,

for CN for which experiments are now well established on
the value of nine.”*® For the first shell, we report the first
peak position of the La—O radial distribution function (RDF)
and the associated coordination number obtained by integrat-
ing this peak. We also report in parenthesis the La—O dis-
tances and first shell coordination number (CN'") obtained
by fitting the RDF’s first peak with two Gaussian functions.
This fitting was done in order to compare our results with
new EXAFS data® and our polarizable classical MD
simulations."’ Pseudopotentials developed in the present
work have to be able to reproduce both La—O distance within
the first hydration shell and first shell coordination number of
La(Ill) as established in the literature [i.e., 2.54-2.56 A
range by recent EXAFS experiments8 and CN=9 (Refs. 8,
46, and 47)].

As a first result from the CPMD simulations, we can see
that the PP3 pseudopotential provides a La—O first hydration
shell distance that is too large in comparison to experiments
and simulations. The coordination number of 9.16 is about
correct, but the error in the La—O distance is too large for this
pseudopotential to be considered reliable. Consequently, we
do not consider this pseudopotential in the following struc-
tural analyses nor obviously in future use.

On the other hand, PP1 and PP2 provide La—O distance
in very good agreement with experiments. Coordination
numbers are different, in particular PP1 provides CN=9,
while PP2 provides an average value of 8.45. This noninte-
ger value arises from a molecular dynamics where a single
change in CN is obtained along the trajectory. First 15 ps of
the PP2 trajectory provides CN=9, at which point one water
molecule from the first hydration shell is lost (goes to the
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FIG. 1. Snapshot from CPMD simulation of La** in bulk water. First hy-
dration shell water molecules are shown in ball-and-stick and outer sphere
molecules in lines.

second hydration shell), thus providing CN=8 for the rest of
the 30 ps trajectory. Note that we do not see any water mol-
ecule coming back to the first shell re-establishing the CN
=9 structure during the rest of the dynamics. Water ex-
changes can be very slow with respect to the time length of
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FIG. 2. La—O (upper panel) and La—H (lower panel) radial distribution
functions obtained from PP1 (solid line) and PP2 (dashed line) at 300 K. In
the dotted lines, we show experimental data from Ref. 71. Also, coordina-
tion numbers are shown.
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FIG. 3. Probability of finding water molecules in the first and second hy-
dration shells. Upper panel: PP1 results; lower panel: PP2 results.

DFT-based simulations, and it is remarkable that such an
exchange has been seen during the PP2 trajectory. The fact
that there is a single change from CN=9 to CN=8 during the
length of the trajectory and that there is no coming back to
CN=9 during the length of the dynamics can be due to a lack
in simulation time or from an intrinsic failure in the water-La
interaction description due to the pseudopotential. Figure 1
shows a snapshot from the PP1 simulation with nine water
molecules in the first hydration shell of La*.

Details on La-water RDF are reported in Fig. 2 where
we show La-O and La—H RDF obtained from simulations
using both PP1 and PP2. We can see that the first hydration
shell is well determined in both cases since the first peak is
very sharp and goes to zero before raising up again for the
second hydration shell. The La—H RDF does not reach zero
exactly—even if very small values are reached—since a hy-
drogen bonding network is established between first and sec-
ond shell water molecules. Note that the RDFs reproduce
well the experimental positions and also the maximum val-
ues obtained by fitting EXAFS expelriments71 that we report
in the same Fig. 2. In particular, EXAFS provides a La-O
RDF maximum value of about 13 that is slightly higher than
the present value of 10-11 and definitely smaller than the
value of 15 obtained from polarizable classical MD. As pre-
viously found for Co?* in water,25 classical MD tends to
overestimate the maximum of RDF, while CPMD has the
opposite behavior of providing a smaller value. This reflects
the steeper behavior of interaction potential as a function of
metal-water distance in classical MD with respect to weaker
interactions reported by DFT-based dynamics, as also pro-
vided by the typical shift in the vibrational density of
states.

We should pause here in order to discuss possible rela-
tionships between our simulation conditions and experimen-
tal data. We have one cation in a box of 64 water molecules
that was found to be a good compromise between computing
time and results reliability for 2+ and 3+ cations.”"*" In
fact, the dependence of RDF peak position with box size can
be important below this value,27 while after it, it almost
converges.25 Of course, an important point is to have enough
sampling (in terms of simulation time) to obtain a good RDF.
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lines) and PP2 (dashed lines) simulations. (a) O-La-O, (b) 6 angle (as
defined in the inset figure), and (c) tilt angle (as defined in the inset).

The 64 water boxes allow us to have quite long simulations
in CPMD framework. Classical simulations compared with
CPMD simulations on ion hydration have shown that the
peak position dependence is almost converged, while, as al-
ready remarked, CPMD results tend to provide lower values
for RDF at the maximum with respect experiments, corre-
sponding to a more labile metal-water interaction that seems
to come from BLYP description. Further, one can question
about La(IIl) concentration we simulate. In principle, study-
ing one cation in pure water with PBC should correspond to
ideal dilution conditions. Deviations come from box dimen-

J. Chem. Phys. 133, 044509 (2010)

sions and possible unphysical La—La correlations. Thus, the
studies of results convergence with respect to box size are
the typical way of estimate that. Moreover, often experi-
ments are interpreted in the spirit of infinite dilution and
compared with corresponding simulations.'®*~7® The role of
counterions, at high concentration, on Ln(IIT) solvation was
found to be important and interesting by both
theoretical®*””"® and experimental sides,” pointing out an
important role when moving to concentrate solutions. Here,
we are not interested in such effects, and we keep, as in
many experimental interpretations, the limit of infinite dilu-
tion (i.e., no role of counterions on structure). The good
agreement with respect to such experiments at low concen-
tration is a good sign of the reliability of our simulation
conditions.

The coordination number (CN) is displayed with respect
to the La—O distance in the figure and provides a plateau
region of CN=9 in the first hydration shell in the case of PP1
and about 8.45 in the case of PP2. In Fig. 3, we show the
probability of finding N water molecules in the first and sec-
ond hydration shell for both pseudopotentials. In the case of
PP1 simulations, we found always 9 water molecules in the
first hydration shell, in agreement with recent experimerltsg’46
and theoretical calculations'’’ for which CN=9 is the
prevalent species. The second hydration shell is, as usual,
less well defined, and we have a certain variation in the
number of water molecules. The two most abundant numbers
of water molecules in the second hydration shell are 18 (two
times the number of water molecules in the first shell) and
19. Experimentally, no clear information is present on the
second hydration shell, but our values are similar to what
was found in other simulations and deduced from certain
experiments.“’46 Simulations done with PP2 present a differ-
ent picture of the first hydration shell since we can see two
coordination numbers of 9 and 8, which reflect the change in
CN at about midtrajectory discussed above. Note that CN
=8.5 was also found in metadynamics simulations done with
the HCTH functional and a similar semicore
pseudopotential.51 On the other hand, the PP1 pseudopoten-
tial is able to provide the correct La—O distance and CN (at
least on the simulation time length), thus strengthening the
view that a good choice of pseudopotential is crucial to cor-
rectly describe the metal-solvent interaction. Note also that
the fictitious mass employed in the Car—Parrinello dynamics
framework has a crucial role on the final value of CN. Hence
the use of higher values of the fictitious mass together with
the PP1 pseudopotential lead to the loss of one water mol-
ecule in the first shell of La(IIl), thus giving rise to a CN
=8 hydration structure.

To characterize in more details the organization of the
nine water molecules around the central metal atom, we em-
ploy the O-La—O angular distribution function (ADF), re-
ported in Fig. 4(a). This ADF shows two peaks at about 70°
and 135° that correspond to the trigonal tricapped prism
structure as pointed out by previous studies."'*!* The curve
corresponding to PP1, for which we have CN=9 for the
whole simulation run, clearly shows only two peaks, while
the simulation done using the PP2 has a signal that includes
the coexistence of the two CN=9 and CN=8 stoichiometries.
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FIG. 5. Dipole distribution function on bulk water molecules (solid line),
first hydration shell water molecules (dashed line), and La (dot-dashed line).
In the inset, we show La dipoles obtained with PP1 (dot-dashed line) and
PP2 (solid line).

The sampling is not enough to have a statistically represen-
tative signal, but we can see that the two peaks are system-
atically shifted toward slightly higher values and a new peak
seems to be present around 100°-110°. This feature is com-
mon to CN=8 structures,>'* where the supplementary peak
corresponds more to a trigonal dodecahedron structure than
to a square-antiprism one.

From trajectory analysis, we can study how first shell
water molecules are spatially distributed around the metal
cation by means of two angular distribution functions: (i) the
0 angle [Fig. 4(b)] that is the angle between the O-La vector
and the vector resulting from the sum of the O—H bonds and
(ii) the tilting angle [Fig. 4(c)] formed between the La-O
vector and the plane defined by the water molecule. The
tilting angle is, as expected, centered at 0° with an almost
symmetric shape reaching zero at about =60°. This shows a
high degree of flexibility of first shell water molecules that
was already pointed out for La(IIT) (Ref. 49) and other cat-
ions such as Cu(II) (Ref. 80) and Zn(Il) (Ref. 81) (even if
less pronounced) but is atypical for instance for a smaller
trivalent cation like AI(III).* This property does not seem to
be dependent on the coordination number of the metal but
mainly due to the metal-water and water-water interactions
in the first shell that are to a large extent dependent on the
polarization induced by the cation. The 6 angular distribution
also shows this feature, with a peak at about 160° (PPI)-
170° (PP2) and a long tail. Note that the signal suffers also
from a lack in statistics due to the time scale accessible from
CPMD simulations that is, even in the present study of 30 ps
long simulations, small with respect to characteristic solvent
dynamics time scales.

IV. ELECTRONIC PROPERTIES

DFT-based simulations treat explicitly valence electrons
when determining interaction energies, such that we can ana-
lyze the obtained wave functions in liquid phase and make a
connection between electronic properties and hydration
properties.

J. Chem. Phys. 133, 044509 (2010)

In Fig. 5 we present the dipole moments on La(IIl), on
the water molecules from the first hydration shell of La(III)
and on the water molecules from the remaining bulk. The
highly charged La** cation significantly polarizes the water
molecules in its first hydration shell. These water molecules
acquire on average a dipole moment of about 0.5 D higher
than the water molecules in the bulk. Note that results on
water dipole moment, bulk or first shell, are not dependent
on the PP used; thus here we report only those obtained from
PP1. Such a polarization has also been found in the case of
other lanthanoids(IIT) immersed in liquid water."” The dipole
moment for bulk water molecules is similar to pure liquid
water with a mean dipole peaked around 3 D.% The large
difference in dipole of first shell and bulk water molecules
clearly explains the fact that, as was empirically shown in the
framework of classical molecular dynamics of lanthanoid-
(M) hydration, water polarizability must be taken into ac-
count in order to better reproduce structural and dynamical
plroperties.83

The lanthanum cation itself gets also polarized with an
approximate dipole around 0.2-0.3 D, as obtained in PP1
simulations. This shows that although highly charged, its po-
larizability arising from the eight semicore electrons 5s and
5p cannot be neglected. Note that these values are in agree-
ment with a previous study of the solvation of La** in highly
concentrated LiCl aqueous solutions.” In the same figure
(inset), we compare the La®* dipole obtained from PP1 with
that obtained from PP2. We should note that in average PP2,
providing a smaller CN, gives a smaller dipole and thus a
more compact cation. This is in agreement with the known
phenomenon in the lanthanoid series, such that a decreasing
in atomic radius and polarizability corresponds to a decrease
in coordination number.*'*

Figure 6 displays the DOS (density of states) and pDOS
(projected density of states) of the full system (La’* and
water molecules), where the zero corresponds to the Fermi
level. While valence occupied La3* orbitals, 55 and 5p, are
well distinct from liquid water “bands”—that is, dominating
but not per se interesting in this study—the 4f and 5d orbit-
als are unoccupied, being situated well above the Fermi
level, and have energies similar to unoccupied orbitals of
water, and thus we might expect some mixing. Note that here
we employ the concept of “water band structure” and DOS
for an aperiodic system as in Prendergast et al.,”” which
gives information about electronic structure of the liquid.
The two pseudopotentials provide similar DOS and pDOS.
The main difference resides in the fact that PP2 seems to
provide some bimodal peaks. By inspecting the different
snapshots producing them, we noticed that this shape does
not come from an orbital splitting of individual snapshots but
from a larger band mobility due to dynamics. This means
that using PP2, La®* orbitals have more difficulty in adapting
themselves as a function of water dynamics, while by using
PP1, these orbitals are individually broader, with a resulting
larger dipole moment, as noticed before. As for the unoccu-
pied orbitals of La**, the 4f orbitals are found lower in en-
ergy than the 5d orbitals, also in the case of PP2 where the
overlap comes from the different snapshots and not from a
real overlap noticed on individual configurations. To the best
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FIG. 6. Density of states (DOS) and projected DOS on the Lanthanum
pseudoatomic orbitals. The zero corresponds to the Fermi level. (a) PP1
simulations. (b) PP2 simulations.

of our knowledge, there are no data in the literature to di-
rectly compare this f-d gap to (experiments and simulations).
The best relevant comparison can be done with the DFT
calculations of Ce>*— (H20)9,84 the next cation in the lantha-
noid series, where the supplementary electron occupies the
4f orbital, being lower in energy than 5d. Of course, when
the La®* cation is subjected to stronger ligand fields, a stabi-
lization of the d orbitals can be observed.®*’ By inspecting
differences between DOS and pDOS (a small difference cor-
responds to a small coupling with water orbitals) and isoc-
ontour plots,88 shown in Fig. 7, for f and d orbitals, we can
notice that 4f orbitals are decoupled from water orbitals,
while 5d orbitals are mixed with those of water. All together,
the 5s, 5p, and 4f orbitals of La(Ill) are highly decoupled
from the solvent and can be seen as not “easily accessible,”
which suggests that La** is nonreactive and it is a hard ion in
the hard and soft acid base frameworks.*' This is indeed
expected for such a highly charged and compact ion. The
other valuable information from the electronic investigation
is that the La**-water interaction is mainly electrostatic.
Finally, the small size of the 4f orbitals also leads to a
small ligand field splitting. For an ideal tricapped bipyramid
of D3, symmetry, one expects a; ®a, D a,®e’ ®e” splitting
of the energy levels of the f band (see Table III). No such
splitting of the 4f band is visible on the pDOS, which points

J. Chem. Phys. 133, 044509 (2010)

=

(@) (b)

FIG. 7. Snapshots of Kohn—Sham orbitals. (a) and (b) are f-like orbitals at
€=2.80 eV and €=2.84 eV, respectively. The light isocontours correspond
to 95% of the orbital probability, and the darker isocontours correspond to
90% of the orbital probability. (c) is a d-like orbital (¢;,=4.25 eV), where the
light isocontours correspond to 90% of the orbital probability total charge
and the darker isocontours correspond to 50% of the orbital probability.

toward a ligand field splitting lower than the broadening due
to thermal fluctuations. For Gd**(H,0)g in D,, symmetry,
the ligand field splitting of the 4f orbitals has been predicted
to be of the order of 0.1 eV.*’ This is indeed significantly
smaller than the thermal broadening, which is about 0.5 eV
as estimated from the width of the S5s, 5p, and 4f bands
corresponding to CN=9 [Fig. 6(a)] and even bigger for
structures providing CN=8 [Fig. 6(b)]. We can thus conclude
that there is not a clear signature of water molecules on the
4f band. Similarly, the geometry of water molecules coordi-
nated to La** does not seem to be specially imposed by the
actually empty 4f and 5d orbitals. This is consistent with the
fact that the d element Y>* has a hydration structure similar
to those of the heavy lanthanoids(III) Tb** and Er**.**"!

V. CONCLUSIONS

In this paper, we report first-principle molecular dynam-
ics simulations of La** in bulk liquid water that are able to
reproduce structural properties of this system. This includes
not only the La-water distance in the first hydration shell but
also a stable coordination number equal to nine for the time
spanned by the simulation. To that end, three pseudopoten-
tials have been developed and tested, and we found that the
one using La(IIl) as reference state is the most accurate. A
small fictitious electronic mass, able to keep the Car—
Parrinello dynamics close enough to the Born—Oppenheimer
surface, is also necessary to correctly reproduce hydration
properties.

The large charge of La** is shown to strongly polarize
the water molecules located in the first hydration shell of the

Downloaded 20 Aug 2010 to 132.166.201.15. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



044509-9  La3* hydration by DFT molecular dynamics

J. Chem. Phys. 133, 044509 (2010)

TABLE III. Irreducible decomposition of the f orbitals according to the D5, symmetry. For each conjugacy class s, the image of the f orbitals by the

representant s of that class is exhibited.
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ion by about 0.5 D. The shift of dipoles between first shell
and bulk water molecules found here is of the same order of
magnitude as the one found for other lanthanoids(III),15 such
as Nd**, Gd**, and Yb*, as obtained from classical molecu-
lar dynamics with a polarizable force-field. Our DFT-based
study then justifies from an electronic structure point of view
the need of using polarizable classical force-fields for study-
ing the solvation of La** in liquid water. Furthermore, the
inspection of the electronic state of La** in water shows that
although the cation itself is also polarized by the solvent
electric field by about 0.5 D, it can be considered as a hard
cation with very little involvement with the lanthanum orbit-
als in the interaction with the surrounding water. The com-
pact f orbitals hybridize only minimally with water orbitals,
while the d orbitals, found here to be within DFT slightly of
higher energy, have noticeable hybridization with water or-
bitals. However, these orbitals are unoccupied and thus do
not participate to bonding.

It is essential to have at our disposal an accurate pseudo-
potential for La** and setup for first-principle Car—Parrinello
molecular dynamics simulations, as provided by the present
work. Investigations of the aqueous chemistry of La**, for
instance, hydrolysis, and the aqueous complexation of La’*
with ligands typically of interest in the context of nuclear
storage, including the chemical reactivity competition be-
tween the ligand protonation and the ligand-metal complex-
ation, can be envisaged with DFT-MD simulations using the
protocol tested in this work. Our research interests are indeed
going into these directions.
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