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ABSTRACT: Car−Parrinello molecular dynamics (CMPD) simulations and static computations are
reported at the BLYP level of density functional theory (DFT) for mixed [LaClx(H2O)y(MeCN)z]

3−x

complexes in aqueous and nonaqueous solution (acetonitrile). Both methodologies predict coordination
numbers (i.e., x + y + z) that are successively lower than nine as the Cl content increases from x = 0 to 3.
While the static DFT method with implicit solvation through a polarizable continuum model overestimates
the binding strength of chloride and erroneously predicts [LaCl2(H2O)5]

+ as global free-energy minimum,
constrained CPMD simulations with explicit solvent and thermodynamic integration reproduce the weak
binding of chloride in water reasonably well. Special attention is called to the dipole moments of coordinated
water molecules as function of coligands and solvent, evaluated through maximally localized Wannier
function centers along the CPMD trajectories. Cooperative polarization of these water ligands by the metal cation and the
surrounding solvent is remarkably sensitive to fluctuations of the La−O distances and, to a lesser extent, on the La-water tilt
angles. The mean dipole moment of water ligands is rather insensitive to the other coligands, oscillating around 3.2 D, 3.5 D, and
3.3 D in MeCN, water, and [dmim]Cl solution, respectively, the latter being an archetypical ionic liquid.

1. INTRODUCTION

Understanding the speciation of metal complexes in water and
in non-aqueous solvents is key to controlling their extraction
properties. This is particularly important for the rare earth
elements, which can be difficult to separate because of their
tendency to form three-valent cations with similar chemical
characteristics. The separation of lanthanides and actinides is an
important issue in nuclear waste reprocessing, where chelating
aromatic N-donors are emerging as promising extractants.1,2

Which complexes are formed in a given solution depends on
the mutual affinity between the metal cations and the potential
neutral and anionic ligands that are present, governed by their
respective solvation free energies. As the latter are vastly
different between aqueous, organic, or ionic solvents, a plethora
of coordination environments can be realized.3

During extraction from the aqueous into an organic phase,
the extractant has to displace water ligands from the aquo
complexes that are ubiquitous in water. The equilibria that are
involved can be delicately balanced by the counterions present.
Using static and dynamic density functional theory (DFT)
computations, we have recently studied the competition
between water and acetonitrile, a prototypical organic N-
donor, for coordination to uranyl ion.4 The preference of water
over acetonitrile coordination was found to depend on
solvation and on the presence of anionic ligands, specifically
chloride, bound to the metal. Cooperative polarization of water
ligands by the metal and by H-bonded solvent molecules from
the second solvation shell was identified as an important factor
in these studies. To probe for the transferability of these

findings to other metal complexes, we now report a similar
DFT study for the La3+/H2O/MeCN/Cl− system, calling
special attention to structural preferences as emerging from
first-principles molecular dynamics (MD) simulations.
This quaternary system is complex and only partially charted

by experiment or theory. In solution, the coordination
environment about La can be studied with neutron/X-ray
scattering or absorption spectroscopy such as EXAFS.5 In
aqueous solution with noncoordinating counterions (such as
perchlorate), it is commonly accepted that La3+ exists as nine-
coordinate [La(H2O)9]

3+,3 in accordance with the presence of
this ion in numerous solids characterized by X-ray crystallog-
raphy.6,7 This ion has also been studied in pure water through
Car−Parrinello-MD (CPMD) simulations using the HCTH
and the BLYP functionals,8,9 at the Hartree−Fock level in a
QM/MM-MD framework,10 and in numerous classical MD
studies.11

In the gas phase, anionic binary LanCl3n+1
− complexes show a

tendency for aggregation into larger oligonuclear clusters.12

Aqueous lanthanum chloride solutions have been studied with
X-ray absorption and/or MD simulations, which point to the
preference for nine-coordinated [LaCl(H2O)8]

2+ and eight-
coordinated [LaCl2(H2O)6]

+ at low13 and high chloride
concentration,14,15 respectively. For neat molten LaCl3,
coordination numbers around eight are obtained through
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neutron diffraction (ca. 8.2)16 and classical MD simulations (ca.
7.6).17

Mixed La3+/H2O/MeCN complexes have been studied in the
gas phase from electrospray ionization (ESI)-mass spectrom-
etry and DFT calculations, showing a preference for eight-
coordination.18 In the solid, [La(MeCN)9]

3+ has been
characterized,19 which has been found to be stable in dry
acetonitrile in classical MD simulations.20 Such simulations
have also been used to study the coordination sphere about

La3+ in imidazolium-based ionic liquids (ILs),21 an important
and highly promising22 class of nonaqueous solvents.
Speciation and La3+-anion interactions in organic solvents
have been studied through NMR and IR spectroscopy,23

although to our knowledge no direct structural information, for
example from EXAFS, is available for La complexes in
acetonitrile.
It is the purpose of this study to expand our knowledge of

structural and energetic properties of La(III) complexes

Scheme 1. Labelling of the Investigated Complexesa

aLabelled according to the number of chloro (first digit), aquo (second digit), and acetonitrile ligands (third digit).

Table 1. Solutions of La(III) Complexes Simulated with CPMDa

solute solvent box size (Å)3 starting config. time (ps)b

0.9.0 58 H2O 13 × 13 × 13 X-rayc →0.8.0·H2O
0.9.0·(3Cl−) 52 H2O 13 × 13 × 13 X-rayc 4.2 (NVE) + 2.0

35 MeCN 15 × 15 × 15 Amberd →0.8.0·H2O
0.8.0 53 H2O 13 × 13 × 13 from 0.9.0 3.0

35 MeCN 15 × 15 × 15 Amber (1.5) + 8.5
0.8.0 (3Cl−) 53 H2O 13 × 13 × 13 PTI1 end point 3.0

35 MeCN 15 × 15 × 15 Amberd → 0.8.1 (3Cl−)
1.8.0 (2Cl−) 59 H2O 13 × 13 × 13 PTI2 end point 1.5 then → 1.7.0·(2Cl−)·H2O
1.7.0 (2Cl−) 60 H2O 13 × 13 × 13 from 1.8.0 (2Cl−) (1.5) + 3.0
2.6.0 Cl− 80 H2O 13.75 × 13.75 × 13.75 Amberd (1.5) + 4.8

35 MeCN 15 × 15 × 15 from 3.6.0 (1.5) + 4.2
3.6.0 62 H2O 13 × 13 × 13 Amber →3.5.0·H2O

35 MeCN 15 × 15 × 15 Amber →3.3.1 or 2.6.0·Cl−e

3.5.0 63 H2O 13 × 13 × 13 from 3.6.0 2.7
35 MeCN 15 × 15 × 15 Amberd →3.4.0·H2O
36 [dmim]Cl 20 × 20 × 20 Amber 1.2

3.3.1···3 H2O 35 MeCN 15 × 15 × 15 from 3.6.0 7.0
3.5.0···2 H2O 35 MeCN 15 × 15 × 15 Adapted from 3.4.1 → 2.5.0 Cl− 2 H2O
3.2.2 35 MeCN 15 × 15 × 15 X-rayf 4.8

aBLYP functional, 80 Ry cutoff (see Method section for further details and Scheme 1 for labelling of the complexes), number of second-shell
chloride counterions are given in parentheses, when present. bAfter 0.5 to 1.5 ps of equilibration. cCation from reference 42, manually placed into
solvent box from equilibrated CPMD of [Co(H2O)6]

3+ (from reference 43). dThe final structure of the complex obtained in water is used as starting
structure for the construction of the systems in explicit acetonitrile. e3.4.1·(2 H2O) obtained without constraints, 2.6.0·Cl− after additional CPMD
pre-equilibration with constraints, where the differences of La−O distances of two opposite aquo ligands are fixed, as described in reference 4a.
fComplex from Er analogue, reference 44.
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through first-principles modeling of selected, as yet unexplored
islands in the La3+/H2O/MeCN/Cl− phase diagram, specifi-
cally for aqueous and acetonitrile solutions. Comparison with
previous results for the related system based on UO2

2+ 4 affords
insights into the general affinity of Mn+ ions toward water in
condensed phases as a function of charge and other coligands.
We considered a series of seven- to nine-coordinated complexes
involving different combinations of chloro, aquo, and
acetonitrile ligands (for labeling see Scheme 1).

2. COMPUTATIONAL DETAILS
Similar methods and basis sets as in our uranyl studies were
employed.4 Nonperiodic geometry optimizations were performed in
the gas phase using the BLYP24 functional, the small-core Stuttgart-
Dresden relativistic ECP together with its contracted [10s8p5d4f3g]
valence basis set on La,25 standard 6-31G(d,p) basis for all other
elements, and a fine integration grid (75 radial shells with 302 angular
points per shell), denoted SDD. The minimum character of each
stationary point was verified by computation of the harmonic
vibrational frequencies, which were all real. To model the changes in
entropy for the condensed phase, reflected in the changes between
corresponding ΔE and ΔG values (denoted δEG), the standard
expressions from statistical thermodynamics have been evaluated in
the gas phase at a pressure of 1354 atm26 (at T = 298 K). Refined
single-point energies were evaluated both in the gas-phase and in a
continuum using the PCM implementation of Tomasi and co-
workers27 (employing the united-atom UFF radii and the parameters
of acetonitrile and water) at the BLYP/SDD(+) level, that is, using the
geometries optimized in the respective medium, the same SDD ECP
and valence basis on La, and 6-311+G(d,p) basis28 on all other
elements (the resulting energies in the continuum are denoted Esolv).
Following the recommendation by Ho, Klamt, and Coote,29 free
energies in solution, ΔG(PCM), have been obtained from Esolv + δEG
+ δGnes, where Gnes denotes the sum of nonelectrostatic contributions,
that is, cavitation and dispersion-repulsion interactions.30 In addition,
estimates for the basis-set superposition error (BSSE) of individual
bonds were included, which were computed for complex 2.1a using
the Counterpoise method,31 employing the BLYP functional, SDD(+)
basis, and the BLYP/SDD geometry optimized in the continuum.
These corrections (denoted EBSSE), are detailed in the Supporting
Information, Table S1.
The BLYP functional was chosen for direct comparison with the

Car−Parrinello molecular dynamics (CPMD) simulations (see below),
which employed it for compatibility with our previous simulations of
aqueous solutions,32 where this functional performs better than most
other standard GGAs for describing the properties of liquid water.33

Selected atomic charges were obtained from Mulliken and natural
population analysis (NPA).34 These calculations were performed with
the Gaussian 0335 suite of programs, except for the NPA charges,
which were evaluated with Gaussian 09.36

CPMD37 simulations were performed using the BLYP functional
and norm-conserving pseudopotentials that had been generated
according to the Troullier and Martins procedure38 and transformed
into the Kleinman-Bylander form.39 For lanthanum, the semicore (or
small-core) pseudopotential was employed that had been generated
according to the recommendations in reference 9 (where it is denoted
PP1). Periodic boundary conditions were imposed using cubic
supercells (see Table 1 for details of the simulated systems). Kohn−
Sham orbitals were expanded in plane waves at the Γ-point up to a
kinetic energy cutoff of 80 Ry. Simulations were performed in the
NVT ensemble using a single Nose-́Hoover thermostat set to 320 K
(frequency 1800 cm−1), a fictitious electronic mass of 600 au, and a
time step of 0.121 fs. Selected simulations were run with a kinetic
energy cutoff of 100 Ry and a time step of 0.073 fs. To maintain the
time step, hydrogen was substituted with deuterium. Initial simulations
for 0.9.0 were performed in the NVE ensemble, after short pre-
equilibration keeping the temperature within 320 ± 50 K through
velocity rescaling. The somewhat higher temperature was chosen to

increase solvent mobility and improve the sampling. Long-range
electrostatic interactions were treated with the Ewald method.
Simulations of solutions started either from pre-equilibrated CPMD
simulations of related systems (replacing the solute with the La
complex) or from pre-equilibrated classical MD snapshots using the
AMBER force field40 (200 ps with frozen solute) and were continued
for 3−17 ps in each case; data were collected for analysis during the
last picosecond. A short simulation was also performed for 3.5.0 in
liquid [dmim]Cl (dmim = 1,3-dimethylimidazolium) at a temperature
of 425 K, following the protocol adopted previously.41 According to
the usual indicators (radial distribution functions, diffusion coef-
ficients), the simulated solutions remained liquid-like throughout.

Selected geometries were optimized in the gas phase using the same
setup as described above until the maximum gradient was less than
5.10−4 a.u (denoted CP-opt). The resulting charge distributions were
analyzed by transforming the Kohn−Sham MOs into maximally
localized Wannier functions characterized by their centers.45 For
dynamic ensembles, Wannier centers were evaluated for 50 snapshots
taken during the last picosecond.

Constrained CPMD simulations were performed along predefined
reaction coordinates (bond distances r) connecting complexes with
different coordination numbers, to evaluate the change in the
Helmholtz free energy by pointwise thermodynamic integration
(PTI)46 of the mean constraint force ⟨f⟩ along these coordinates via

∫Δ = − ⟨ ⟩→A f r r( ) da b
a

b

(1)

At each point, the system was propagated until ⟨f⟩ was sufficiently
converged (usually within 1.5−2 ps after 0.5 ps of equilibration, see
the Supporting Information, Figure S1. Each new point was continued
from the final, equilibrated configuration of the previous one, using
2000 steps of continuous slow growth to increase the constrained
distance. All CP-opt computations and CPMD simulations were
performed with the CPMD program.47

3. RESULTS AND DISCUSSION
3.1. CPMD Simulations. We begin our discussion with a

worked example, the prototypical nonahydrate, 0.9.0, in water
(labelling scheme see Scheme 1). Even though we used the
same functional and pseudopotentials as in reference 9, in our
hands the pristine trication (i.e., without counterions) was not
stable in pure water, but quickly (within less than 0.5 ps)48 lost
one water ligand to afford 0.8.0. This happened both with
cutoffs of 80 and 100 Ry (the latter being close to the 110 Ry
that have been used in reference 9)49 and is probably related to
the slightly different setup in both studies (NVE at ca. 320 K
with La3+ + 67 water in 13 Å box, ρ = 1.0, in this work,50 versus
NVT at 300 K La3+ + 64 water in 12.4 Å box, ρ = 1.1, in
reference 9).
The apparent instability of pristine 0.9.0 under our

simulation conditions may also be related to the general
tendency of DFT to underestimate metal−ligand binding
energies.51 Following indications from simulations for uranyl
complexes, where explicit inclusion of counterions can enhance
the binding strength of weakly bound water ligands,52 we
prepared a solution of 0.9.0 with three chloride ions placed in
the second solvation shell (at arbitrary positions in a roughly
trigonal array). Although it is difficult to achieve full
equilibration within the short time scales accessible, such a
contact ion pair is arguably a better model for solutions at high
concentrations (≈ 1 M) and/or ionic strengths than pristine
0.9.0 in pure water (which can be taken as a model for high
dilution). In any event, 0.9.0·(3Cl−) turned out to be
(meta)stable in water during several picoseconds (ps) of
unconstrained simulation. During the last 2 ps (in the NVT
ensemble), the mean La−O distance was 2.65(13) Å, similar to
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the recent QM/MM-HF value, 2.61 Å,10 but somewhat longer
than the CPMD value reported previously for pristine 0.9.0,
2.58 Å,9 or the recent EXAFS-derived range, 2.54 Å−2.56 Å.53

Subsequently the preference for eight- vs nine-coordination
was probed through thermodynamic integration using one La−
O distance as reaction coordinate. The resulting free-energy
profile is sketched on the left-hand side of Figure 1. After
passing a shallow barrier (ΔA⧧ = 3.3 kcal/mol at r ≈ 3.5 Å), the
overall driving force for water dissociation affording
0.8.0·(3Cl−) is ΔA = −0.7 (±0.7) kcal/mol.54 A slight
preference for coordination numbers less than 9 (namely
8.0−8.5) had already be noted in metadynamics simulations of
the same system, that is, 0.9.0·(3Cl−),8 at the CPMD/HCTH
level. In view of the accepted nine-coordination of La(III)-
hydrate, these findings again indicate the propensity of DFT to
underestimate metal−ligand bond strengths. On the other
hand, the thermodynamic sink of the nonahydrate cannot be
vastly deeper than that of the octahydrate, because the latter has
been found in some solids.7

To calculate the chloride binding energy of La3+(aq), a
quantity that can be compared to experiment, a second path
was constructed starting from the last point of the one just
discussed (snapshot labeled 0.8.0 in Figure 1). Using the La−
Cl distance to the nearest of the three chlorides as reaction
coordinate, this ion was pulled toward La to afford 1.8.0·(2Cl−)
(see right-hand side of Figure 1). Near the end of this path, the
nascent nine-coordinate complex appeared to become increas-
ingly labile, and it was occasionally necessary to freeze the La−
O distance to an individual water ligand to prevent its
dissociation. When the last point of this path (top right
snapshot in Figure 1) was continued with all constraints lifted,
the 1.8.0·(2Cl−) complex remained stable for about 1.5 ps, at
which point one water ligand dissociated completely, to form
1.7.0·(2Cl−), see the Supporting Information, Figure S2.55

Before this event, the La−Cl distance averaged to 2.98(10) Å.
Using classical Monte Carlo simulations biased to reproduce
cross sections from neutron and X-ray scattering experiments, a
somewhat shorter distance has been obtained, about 2.8 Å.13

Interestingly, this technique also pointed to a mean number of
coordinated water ligands of about 7.5 under the experimental
conditions (1 M aqueous LaCl3 at pH 1), that is, less than 8.

Apparently, water is indeed less strongly bound when one Cl−

is coordinated to La3+.
Chloride uptake by 0.8.0 is computed to be endergonic by

ΔA = 3.3 (±0.6) kcal/mol, involving a barrier of ΔA⧧ = 4.7
kcal/mol at r ≈ 3.5 Å (right-hand side of Figure 1). The two
paths in Figure 1 can be combined into a single reaction
describing the displacement of one water ligand by chloride:

→ +

Δ = ±

− −

A

0.9.0 (3Cl ) 1.8.0 (2Cl ) H O,

2.6( 0.9) kcal/mol
2

(2)

From equilibrium constants measured using different
techniques and under different conditions (ionic strengths
between 1 and 4 M, βLa,Cl = 0.67 to 1.6 mol dm−3),13,56 free
energies between ΔG = −0.3 to +0.2 kcal/mol can been
derived for this reaction. Extrapolation to zero ionic strength
has afforded an estimate of log β0La,Cl = 1.43 (±0.12) mol
dm−3,56 corresponding to ΔG0 = 2.0 kcal/mol. Despite the
shortcomings of our DFT level discussed above, the CPMD-
derived ΔA in eq 2 is in excellent agreement with this value,
apparently benefiting from fortuitous error cancellation.
CPMD/BLYP simulations are thus indicated to afford
reasonable relative La3+-ligand binding energies, similar to
what had been found for uranyl.32

Because of the high computational cost, however, this
technique was not applied to the other systems of this study.
We performed a few exploratory unconstrained simulations for
selected systems (Table 1) to probe for spontaneous processes.
Even if the latter are but singular events with little statistical
significance, they can give first insights into relative affinities
toward different ligands in mixed complexes.4a In all solution
simulations, overall neutrality of the boxes was afforded by
explicitly including the appropriate number of chloride
counterions.
In water, 2.6.0·Cl− remained stable, consistent with the

interpretation of EXAFS data14 and CPMD simulations at the
BP86 level.15 The latter had been performed for a concentrated
solution with high ionic strength (1 La3+, 5 Li+, 7 Cl− in 30
H2O). Under these conditions, one associative water exchange
had been observed, passing through a transient nine-
coordinated 2.7.0 species, which persisted for 2.5 ps. No

Figure 1. Change in free energy, ΔA, from constrained CPMD simulations and thermodynamic integration, including representative snapshots from
the indicated regions; left: dissociation of one water ligand in [La(H2O)9]

3+ (0.9.0, reaction coordinate: La−O distance); right: association of one
chloride to the resulting 0.8.0 (reaction coordinate: La−Cl distance).
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such exchange was observed in our more dilute system. The
mean La−Cl distance, 2.94(12) Å, is close to the EXAFS-
derived value, 2.92 Å.14 The apparent reduction in binding
strength to water on going from nine-coordinate La3+ to eight-
coordinate LaCl2

+ is similar to what had been predicted from
CPMD for five-coordinate UO2

2+ vs four-coordinate UO2Cl2,
57

and subsequently confirmed in a high-energy X-ray scattering
study.58 As expected, 3.6.0 turned out to be instable in water,
rapidly (within 1.4 ps) losing one water ligand; the resulting
eight-coordinated 3.5.0 proved (meta)stable for the remaining
3.5 ps.
Selected species were also run in acetonitrile (Table 1). With

fewer and more sluggish solvent molecules than in the aqueous
solutions, the relevance of these short-time simulations may be
more limited. Nonetheless, interesting variations were observed
on going from water to the organic solvent: 0.9.0·(3Cl−)
appeared to be slightly less stable in acetonitrile, where one
water dissociated already within 1.4 ps (after 1.5 ps of
constrained pre-equilibration), forming the transient 0.8.0
(3Cl−) complex, this is followed by a spontaneous coordination
of an acetonitrile molecule, affording 0.8.1, which remains

stable for the remaining 5.4 ps of MD. A similar process
occurred when a simulation of 3.6.0 in acetonitrile was started
directly from an Amber-pre-equilibrated configuration, two
water molecules detached within about 2 ps, affording seven-
coordinate 3.4.0 (first part of Figure 2). The latter persisted for
about 4.5 ps, when one solvent molecule spontaneously
attached to the metal (top of Figure 2), restoring eight-
coordination in the resulting 3.4.1, which after 11 ps lost
another water molecule, forming 3.3.1 (Figure 2).
When the CPMD run starting from the same 3.6.0

configuration is preceded by a short (1.5 ps) pre-equilibration
with fixed La−Cl and La−O distances, it is one chloride that
dissociates spontaneously within 0.6 ps after the constraints are
lifted, affording 2.6.0·Cl−. Similar “computational experiments”
were performed in the case of 3.5.0: when starting a CPMD
simulation from a pre-equilibrated system with constraints, a
spontaneous dissociation of one H2O ligand is observed. When
starting another CPMD from a complex 3.5.0 obtained by
substituting the coordinated MeCN molecule by H2O in the
transient 3.4.1 complex mentioned below, the spontaneous
dissociation of one Cl− ligand occurred, that is, affording

Figure 2. Time evolution (ps) of La-ligand interatomic distances (Å) during a CPMD simulation starting from 3.6.0 in explicit acetonitrile, showing
the spontaneous decoordination of two H2O ligands followed by the coordination of one MeCN molecule to the metal (at t ≈ 8 ps). At t ≈ 11 ps,
one more H2O dissociates to afford 3.3.1.
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2.5.0·Cl− after about 10 ps of MD. No conclusions can be
made regarding the relative stabilities of these resulting species,
that is, 3.3.1·(2 H2O) vs 2.6.0·Cl‑·(MeCN) and 3.4.0 (H2O) vs
3.4.1 (3 H2O), but apparently the nine-coordination is not
stable in the tris(chloro) species. A coordination number
between seven and eight may be favored (cf. the spontaneous
increase in coordination number from seven to eight, followed
by a decrease from eight to seven, cf. Figure 2). For a heavier
lanthanide, such a mixed complex has been characterized
through X-ray crystallography, namely, seven-coordinate
ErCl3(H2O)2(MeCN)2.

44,59 The La-analogue, 3.2.2 (Support-
ing Information, Figure S3) remained seven-coordinate in
explicit acetonitrile for up to about 5 ps, without attaching
another solvent molecule. From the general tendency toward a
decrease of coordination numbers across the lanthanide row,
however, a coordination number larger than seven would be
expected for La.
As a note on the side, structures with T-shaped LaCl3 units,

as found in ErCl3(H2O)2(MeCN)2, are not formed sponta-
neously in explicit acetonitrile. Even when starting from 3.6.0
with a planar LaCl3 moiety, the chloride ligands move into syn
positions with a pyramidal LaCl3 core (see Figure 2). Similarly,
no T-shaped isomers are obtained in gas-phase optimizations
(see below), because H2O ligands tend to form bridging
Cl···HOH···Cl interactions, dragging the chlorides out of the
equatorial plane.60

3.2. Dipole Moment Analysis. As in previous CPMD
simulations of aqueous La hydrate and chloride complexes,
charge distributions were analyzed in terms of localized
Wannier functions. Assuming the electronic charge is
concentrated in points located on the centers of the Wannier
functions (corresponding to electron pairs of bonds or lone
pairs), dipole moments of fragments within a molecule or a
periodic array of molecules can be calculated.61 This approach
has been used successfully to evaluate the dipole moments of
individual water molecules in bulk water,62 to reproduce the
experimental dipole moments of pristine H2O and MeCN
molecules,4 and to evaluate dipole polarizabilities of a series of
ions in aqueous solution.63 The results are collected in Table 2.
In the static minima in the gas phase, the water dipole

moment increases with decreasing coordination number
(compare for example, 0.9.0 and 0.8.0 in Table 2), and
decreases with increasing chloride content (see series from
0.8.0 to 3.5.0). As found previously for uranyl complexes,4 the
charge donation from the negative chloride ligands makes the
metal center less electrophilic, thus causing less polarization in
the other coordinated ligands. This effect is also reflected in the
NPA charges of La and O, which become less positive and
more negative, respectively, with increasing Cl content (Table
3).
In aqueous solution, the mean dipole moments of water

ligands are remarkably similar for all species, at μ ≈ 3.5 D
(Table 2), about 0.5 D larger than that of bulk water (ca. 3
D).62 Similar averages had been reported for pristine aqueous
0.9.09 and 2.6.0 in concentrated LiCl,15 as well as for the
related aqueous curium(III) hydrates [Cm(H2O)n]

3+ (n = 8,
9).64 In acetonitrile, the mean dipole moments is about 0.3 D
lower than in water, and tend to decrease slightly when three
chlorides are coordinated (compare 0.8.0 vs 3.5.0).
Possible correlations between selected geometrical parame-

ters and the dipole moments of coordinated water molecules
along the trajectories are analyzed in terms of scatter (density)
plots shown in Figure 3. Plotting the dipole moment vs the

La−O distance reveals that the induced polarization from the
metal occurs mainly at very short-range and vanishes very fast
as La−O increases. For instance, moving 0.25 Å away from the
equilibrium distance leads to a value of μH2O close to that of
water molecules in the bulk (ca. 3.0 D in water), irrespective
whether there is no chloride at all (top left in Figure 3),
chlorides are present in the second shell (middle left) or
coordinated to the metal (bottom left). The same effect is also
observed in the case of acetonitrile solutions (see Supporting
Information, Figure S4).
Correlating the dipole moment with the La-water tilt angle

(i.e., the La−O-MHH angle, where MHH denotes the midpoint
between the two H atoms, see Supporting Information, Scheme
S1) shows a slight tendency for higher polarization of the H2O
ligands when they are less strongly tilted away from a “linear”
coordination mode (where θtilt would approach 180°),65 see
plot at the bottom of Figure 3. Because there is a slight
tendency for smaller tilts at shorter distances (see Supporting
Information, Figure S5), this slight angle dependence of μH2O
may actually be related to the distance dependence just
discussed. Overall it appears that cooperative polarization

Table 2. Average Dipole Moments (in D) of Aquo Ligands
within the Complexes As Obtained from CP-opt in the Gas
Phase, and from CPMD in Explicit Water and Acetonitrile
(Standard Deviations in Parentheses)

⟨μH2O⟩, D

gas phasea in acetonitrileb in waterb

H2O
c 1.84 2.20(12) ∼3.0

0.9.0 3.31(3) 3.32(34) 3.44(32)
1.8.0 3.07(6) 3.35(31)
0.8.0 3.48(2) [3.41(27)]d 3.59(34) [3.53(35)]d

1.7.0 3.17(5) 3.56(29)
2.6.0 2.89(3) 3.23(31) 3.52(35)
3.5.0 2.67(3) 3.05(36) 3.49(28)
3.3.1···3 H2O 3.22(27)e

0.8.1 3.25(3) 3.24(32)
aAverage of all the H2O ligands, on a single configuration (CP-opt;
reoptimization of BLYP/SDD geometries). No second shell Cl−

counterions are included. bAverage of all H2O ligands and over the
last picosecond of CPMD (50 snapshots). All system are neutralized
by the required amount of Cl− counterions, present in the second
shell. cIndividual water molecule in the gas phase, acetonitrile and
water; values from references 4a, 4b, and 62, respectively. dIn square
brackets: without second-shell Cl− (+3 charged system). eAverage
dipole moment of the three second shell H2O molecules: 2.61(22) D.

Table 3. Atomic Charges (in e) from Natural Population
Analysisa

La O H2O
b Cl

0.9.0 1.72 −0.91 0.14
1.8.0 1.39 −0.90 0.14 −0.50
2.7.0 1.12 −0.89 0.14 −0.54
3.6.0 0.97 −0.87 0.14 −0.61

0.8.0 1.86 −0.93 0.14
1.7.0 1.50 −0.91 0.14 −0.44
2.6.0 1.21 −0.90 0.13 −0.50
3.5.0 1.03 −0.88 0.13 −0.56

aBLYP/SDD(+) level on gas-phase BLYP/SDD geometries; for seven-
coordinate complexes and Mulliken charges see Supporting
Information, Table S3. bSum of H and O atoms.
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depends on the orientation of the H2O ligands and is more
effective when the water is close to the metal and untilted,
rather than when it is more distant and tilted. The high mobility
of aquo ligands (where La−O distances oscillate much and
H2O rotates) gives rise to the large standard deviations
obtained in the ⟨μH2O⟩ values in Table 2. That the tilt angles
systematically deviates from 180° in all studied complex,
regardless of the nature of the solvent may explain the weak
extra polarization stemming from the solvent, in particular for
the highly charged complexes 0.9.0 and 0.8.0 (Table 2). These
have essentially the same μH2O throughout, but this stems from
two opposing effects: The strong La−H2O polarization in the
pristine complexes (gas phase) is reduced in solution because of
the more tilted orientation of the aquo ligands; however, this is
compensated for by the extra polarization from the surrounding
solvent (see for instance 0.8.0 in the gas vs MeCN, Supporting
Information, Figure S4).
This analysis is complicated by the presence of the

counterions. Closer inspection of the results for 0.8.0 in Figure
3 indicates that the presence of chloride ions in the second
solvation shell not only serves to “contain” the water ligands in
the first shell (i.e., escapes to distances beyond 3 Å are less
frequent, in accordance with the simulations for 0.9.0 discussed
above) but also tends to reduce the tilt angle somewhat
(compare top right and middle right plot in Figure 3).66 The
presence of Cl− ligands in the first coordination sphere seems
to flatten the distribution of tilt angles, but without pronounced
effect on the overall average (compare top right and bottom
right plot in Figure 3).

Illustrative snapshots are shown in Figure 4, providing an
impression of the extent of tilting for the different species in the
different environments. Some bias in selecting such snapshots
notwithstanding, it is apparent that, for instance, 0.8.0 or 0.9.0
with counterions (top of Figure 4) have a less pronounced
tendency for tilted aquo ligand than, for example, 3.5.0 (see
rightmost water molecule in the bottom left structure in Figure
4). The mean geometrical parameters describing this tilt are
collected in Supporting Information, Table S4.
Cooperative polarization effects should also occur in humid,

chloride-based ILs, where water may compete with the solvent
anions for coordination to the metal cations.67 In such a case,
both first- and second- shell Cl− anions can be present and
affect the induced polarization effects. To explore this question,
we also simulated 3.5.0 in an ionic liquid, [dmim]Cl (Table
1).68,69 Because of the large box size, only a short run of 1.2 ps
was accomplished. Though arguably too short for proper
equilibration of the dynamical properties, this should be
sufficient for a qualitative description of the dipole moments.
During the last 0.8 ps and over 13 snapshots, the mean dipole
moment of the water ligands was 3.30(42) D, that is, between
the values in water and acetonitrile (Table 2). Thus, in terms of
their capability to polarize ligands, chloride-based ILs do not
appear to be special compared to conventional solvents. This
finding is somewhat counterintuitive (because an Mn+-O(H)-
H···Cl− array as in the lower middle structure in Figure 4 might
have been expected to induce a stronger polarization than, for
example, Mn+-O(H)-H···OH2), but is consistent with the
insensitivity of ⟨μH2O⟩ in 0.8.0 toward the presence or absence

Figure 3. Scatter plots of the dipole moments of aquo ligands vs selected geometrical parameters along CPMD trajectories in water: results are
shown as density maps in rectangular bins, (color-coded according to occurrences over 50 snapshots during the last ps of MD). See Supporting
Information, Scheme S1 for the definition of θtilt.
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of chloride counterions in the second coordination sphere
(Table 2).
3.3. Static Computations. We now assess the relative

stability of selected water vs acetonitrile chloro complexes via
energies for cumulative ligand displacement reactions obtained
from static optimizations in the gas phase and solvation and
free-energy corrections. At this point, some of the limitations of
this methodology should be recalled. Besides shortcomings
inherent in the BLYP functional (which for instance tends to
overestimate metal−ligand bond distances significantly70) there
are uncertainties in the computed free energies, because
entropic contributions in solution are notoriously difficult to
model with the underlying ideal-gas/harmonic-oscillator
approximation, in particular for dissociative processes.71 The
simple continuum model applied72 may also entail notable
errors, especially for reaction energies involving free chloride
(eq 3) and the associated huge differential solvation effects.
As we are, thus, now mainly interested in global trends, no

extensive search for stereoisomers was undertaken. Rather, the
anionic chloro ligands were placed as far apart of each other as
possible, affording the structures shown schematically in
Scheme 1.
First, in context with the constrained CPMD simulations

discussed in section 3.1, chloride affinities are evaluated
according to

+ → +

= =

+ −
−

−x x

x y

[La(H O) ] Cl [La(H O) Cl] H O;

( 1, 2, 3, 7, 8, 9)

y y x
x

2
3

2
3

2

(3)

The results are summarized in Table 4. As expected, the
metal binds chloride better in acetonitrile than in water and
when fewer other coligands are present. The first entry (x = 1, y
= 9, ΔG = 5.4 kcal/mol) can be compared to the free energy of
chloride binding according to the CPMD value discussed above

Figure 4. Typical snapshots of complexes in explicit acetonitrile, water and [dmim][Cl]. Dashed blue lines indicate the HH2O atoms that are oriented
toward counterions, the other ones interact with the solvent (hidden for clarity). In acetonitrile, aquo ligands are solvated by second shell H2O
molecules (if any) and acetonitrile molecules, see Supporting Information, Figure S3 for the case of 3.2.2.

Table 4. Reaction Free Energies (kcal/mol) for the
Exchange of x H2O by x Cl− Ligands from [La(H2O)y]

3+

(0.9.0 - 0.7.0) According to eq 3, in the Gas Phase (ΔG Gas)
and in Solution (ΔG PCM)a

ΔG gas
ΔG
PCM ΔG PCM

reaction gas
aceto
nitrile water

Ninefold Coordinated Complexes
0.9.0 + 1 Cl− → 1.8.0 + 1 H2O −254.7 1.4 5.4
0.9.0 + 2 Cl− → 2.7.0 + 2 H2O −438.3 −3.9 4.4
0.9.0 + 3 Cl− → 3.6.0 + 3 H2O −548.6 −2.9 2.5

Eightfold Coordinated Complexes
0.8.0 + 1 Cl− → 1.7.0 + 1 H2O −263.6 −5.7 −0.8
0.8.0 + 2 Cl− → 2.6.0 + 2 H2O −448.6 −6.8 0.1
0.8.0 + 3 Cl− → 3.5.0 + 3 H2O −561.0 −6.9 1.6

Sevenfold Coordinated Complexes
0.7.0 + 1 Cl− → 1.6.0 + 1 H2O −274.3 −10.2 −7.3
0.7.0 + 2 Cl− → 2.5.0 + 2 H2O −466.9 −18.8 −11.6
0.7.0 + 3 Cl− → 3.4.0 + 3 H2O −579.9 −17.0 −9.6

aBLYP/SDD/6-311+G** single point energies on BLYP/SDD/6-
31G** gas phase optimized structures. See Supporting Information,
Table S5 for thermodynamic and BSSE corrections.
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(eq 2, ΔA = 2.6 kcal/mol) and to experiment (ΔG0 = 2.0 kcal/
mol). Despite the methodological limitations just discussed, the
overall qualitative agreement between all these numbers is
rather good.
Next, the relative affinities toward water and acetonitrile as a

function of chloride content are assessed through the following
reactions:

+ →

+ = − + = −

− −y

y x x y

[LaCl (H O) ] MeCN [LaCl (MeCN) ]

H O ( 1 3, 7 9)

x y
x

x y
x

2
3 3

2 (4)

According to the data collected in Table 5, acetonitrile is
intrinsically (i.e., in the gas phase) favored over water for all
cationic complexes, wheras it is the other way around for the
neutral complexes (i.e., x = 3), similar to what had been found
for related uranyl species.4 In collision experiments in a mass
spectrometer, it is indeed very difficult to replace acetonitrile
ligands in 0.0.8 by water.18 The preference for H2O binding
over MeCN increases with the amount of coordinated Cl−, and
this behavior can be rationalized by the formation of
intramolecular hydrogen bonds between aquo and chloro
ligands in the first coordination sphere. This feature can be seen
on geometrical data reported in Supporting Information, Table
S4, where H2O exhibits very large tilt angles (e.g., 116° in
3.5.0) resulting from attractive Cl−··HOH··Cl− interactions. A
similar feature has been obtained in the case of [UO2Cl3L]

− (L
= H2O vs MeCN).4b

In solution, water is indicated to be the better ligand
throughout, again as found for uranyl.4 Normalized per entering
water ligand (for aqueous solution see last column in Table 5),
the driving force for displacement decreases with increasing
chloride content, with decreasing coordination number, and on
going from aqueous to acetonitrile solution. Thus, only a weak
preference of 3.4.0 over 3.0.4 is computed in acetonitrile,
namely, 3.0 kcal/mol (Table 5), that is, less than 1 kcal/mol per
neutral ligand. This small value is certainly within the
uncertainty of the methodology employed, and can still be
regarded as compatible with the CPMD simulation of 3.4.0 in
explicit acetonitrile, where one water ligand was exchanged

spontaneously against a solvent molecule to afford 3.3.1
(Figure 2).
Finally, selected ligand binding energies were evaluated (see

Table 6 for water ligands). Unlike the reactions discussed so far,

in which the coordination number about La was preserved,
such dissociation energies may suffer from the general tendency
of standard density functionals to underestimate metal−ligand
bond strengths.51 For both 0.9.0 and 3.6.0, the first water is
rather weakly bound in solution. This result is in qualitative
accord with the CPMD simulations discussed above, where this
ligand is essentially unbound (cf. ΔA = −0.7 kcal/mol for
ligand dissociation from 0.9.0 in water, Figure 1, and
spontaneous water dissociation from 3.6.0 in acetonitrile,
Figure 2). Dissociation of the next water ligand is indicated to
be more difficult than the first one for the hydrate (compare
first and second row in Table 6), but easier for the trichloro
species (compare third and fourth row). This finding, which is
consistent with the spontaneous formation of 3.4.0 from 3.6.0
in acetonitrile (Figure 2), is probably related to the better
solvation of the less symmetrical 3.4.0 with its higher dipole
moment. In water (PCM), the dipole moments of the
complexes effectively increases in the following order 3.6.0
(0.11 D) < 3.5.0 (2.88 D) < 3.4.0 (3.88 D).

Table 5. Reaction Free Energies (kcal/mol) for the Exchange of All H2O Ligands by MeCN Ligands in Aquo Complexesa

ΔG gas ΔG PCM ΔG PCM ΔG water

reaction gas acetonitrile water per ligandb

Ninefold Coordinated Complexes
0.9.0 + 9 MeCN → 0.0.9 + 9 H2O −113.8 33.4 37.7 4.2
1.8.0 + 8 MeCN → 1.0.8 + 8 H2O −51.4 22.4 25.7 3.2
2.7.0 + 7 MeCN → 2.0.7 + 7 H2O −1.6 24.9 24.9 3.6
3.6.0 + 6 MeCN → 3.0.6 + 6 H2O 31.8 19.1 20.9 3.5

Eightfold Coordinated Complexes
0.8.0 + 8 MeCN → 0.0.8 + 8 H2O −116.5 29.5 33.4 4.2
1.7.0 + 7 MeCN → 1.0.7 + 7 H2O −55.7 19.5 22.1 3.2
2.6.0 + 6 MeCN → 2.0.6 + 6 H2O −14.1 9.6 11.8 2.0
3.5.0 + 5 MeCN → 3.0.5 + 5 H2O dissocc dissocc dissocc

Sevenfold Coordinated Complexes
0.7.0 + 7 MeCN → 0.0.7 + 7 H2O −120.3 24.9 25.8 3.7
1.6.0 + 6 MeCN → 1.0.6d + 6 H2O −59.5 17.8 21.6 3.6
2.5.0 + 5 MeCN → 2.0.5 + 5 H2O −15.9 10.6 11.2 2.2
3.4.0 + 4 MeCN → 3.0.4 + 4 H2O 9.9 3.0 5.0 1.3

aAccording to eqs 4. Values computed in the gas phase (ΔG Gas) and in solution (ΔG PCM). BLYP/SDD/6-311+G** single point energies on
BLYP/SDD/6-31G** gas phase optimized structures. See Supporting Information, Table S6 for thermodynamic and BSSE corrections. bΔG PCM
water value divided by the number of water ligands. cOne acetonitrile ligand dissociated from 3.0.5 during the optimization. dPentagonal bipyramidal
structure with axial Cl.

Table 6. Selected Free Energies (kcal/mol) for the
Dissociation of H2O Ligandsa

gas acet. water

ΔGgas ΔGPCM ΔGPCM

0.9.0 → 0.8.0 + H2O 14.0 3.4 2.4
0.8.0 → 0.7.0 + H2O 20.4 6.2 6.8
3.6.0 → 3.5.0 + H2O 1.8 −0.4 1.7
3.5.0 → 3.4.0 + H2O 1.5 −3.8 −4.4

aValues computed in the gas phase (ΔG Gas) and in solution (ΔG
PCM). BLYP/SDD/6-311+G** single point energies on BLYP/
SDD/6-31G** gas phase optimized structures. See Supporting
Information, Table S7 for thermodynamic and BSSE corrections.
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When the water-chloride displacement and water dissocia-
tion energies (including those from Tables 4 and 6) are
combined into a “speciation diagram”, 2.5.0 is obtained as the
lowest free energy minimum in both aqueous and nonaqueous
solution (see Supporting Information, Table S8 and Figure S6).
Because this finding is clearly at odds with experimental
observations in water, it will not be discussed further.

4. CONCLUSION
Absolute and relative binding energies of chloride, water, and
acetonitrile ligands with La3+ have been studied in aqueous and
acetonitrile solution, using a combination of static and dynamic
DFT methods. La3+ strongly prefers MeCN over water as a
ligand in the gas phase if less than three chlorides are
coordinated. Otherwise, and especially for the static minima in
a polarizable continuum, water is computed to bind more
strongly than MeCN. The presence of chloride in the
coordination sphere of La affects the binding of other ligands,
arguably through the significant charge transfer from chloride
to lanthanum in the mixed complexes. Very likely, the tendency
toward lower coordination numbers with increasing chloride
content is driven by this charge transfer. The affinity of La3+

toward chloride is much reduced on going from water to
acetonitrile as solvent. All these findings are in qualitative
agreement with experimental observations, but quantitative
prediction of the speciation in this complex system remains a
challenge. For instance, the trichloro complex in acetonitrile
appears to be a borderline case: Predicted to be seven-
coordinate in this medium, static PCM calculations slightly
favor water over MeCN coordination, whereas a spontaneous
exchange of water by MeCN is observed in a CPMD
simulation. Static PCM results also favor, erroneously,
[LaCl2(H2O)5]

+ as the global minimum in aqueous solution.
Quantitative modeling of speciation is likely to require free-

energy simulations with explicit solvent. We have opened the
way into that direction with the first CPMD simulations
reproducing the known chloride binding energy of [La-
(H2O)9]

3+. Explicit inclusion of counterions in the second
solvation sphere and the bulk has been shown to be crucial.
The success of this technique for 5f complexes (i.e., uranyl)32

thus appears to carry over to 4f compounds as well. Short
unconstrained CPMD simulations have been performed for
selected mixed complexes in water and acetonitrile, to probe for
spontaneous processes that would inform on structural and
energetic preferences. The results provide evidence that seven-
or eight-coordination is preferred for mixed La3+/H2O/MeCN/
Cl− complexes in MeCN, in qualitative overall agreement with
the static PCM computations.
Attempts to rationalize these findings through the extent of

cooperative polarization of water ligands have met variable
success. For uranyl complexes, immersion into a polar solvent
had been found to increase the dipole moment of water ligands
by about 1 D, almost irrespective of the other coligands.4 For
the La3+ complexes, this “extra” polarization is much more
variable, decreasing with the chloride content and essentially
vanishing for the binary aquo complexes, [La(H2O)n]

3+ (n =
8,9). As a consequence, very similar water dipole moments are
obtained for all La complexes studied, around about 3.5 and 3.2
D in water and acetonitrile solution, respectively (and in
between for a model ionic liquid, [dmim]Cl). The extent of
extra polarization has been traced back to the fluctuations of
key structural parameters during the MD, and turned out to be
more pronounced at shorter La−O distances and smaller La−

OH2 tilts. This possible link between structural dynamics and
electrostatic interactions, which are at the heart of ion solvation
in polar solvents, is intriguing and deserves further scrutiny.
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(43) Bühl, M.; Grigoleit, S.; Kabrede, H.; Mauschick, F. T. Chem.
Eur. J. 2006, 12, 477−488.
(44) Errington, W.; Spry, M. P.; Willey, G. R. Acta Crystallogr., Sect.
C. 1998, 54, 290 (refcode NIDQAS).
(45) (a) Marzari, N.; Vanderbilt, D. Phys. Rev. B 1997, 56, 12847.
(b) Silvestrelli, P. L.; Marrzari, N.; Vanderbilt, D.; Parrinello, M. Solid
State Commun. 1998, 107, 7. Wannier functions are a generalization
to infinite periodic systems of the Boys localized orbitals: (c) Boys, S.
F. In Quantum Theory of Atoms, Molecules, and the Solid State; Löwdin,
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Roques, J.; Simoni, E.; Madden, P. A.; Turq, P. J. Chem. Phys. 2011,
134, 014511.
(64) PBE functional, CPMD and QM/MM-MD: Atta-Fynn, R.;
Bylaska, E. J.; Schenter, G. K.; de Jong, W. A. J. Phys. Chem. A 2011,
115, 4665−4677.
(65) θtilt = 180° would correspond to coordination via the 2a1 (“sp

2”-
type) lone pair of water; coordination via an sp3 “rabbit ear” would
occur at θtilt ≈ 125°. Alternatively, a tilt angle can also be defined as the
angle between the La-O vector and the bisector of the HOH angle,
which would correspond to 180° − θtilt.
(66) Tilt angles of aquo ligands from first-principles MD simulations
in water have been discussed, but without taking counterions into
account, for example, for aqueous La3+ and Cm3+ see references 9 and
64, respectively, for [Gd(H2O)8]

3+ see: Yazyev, O. V.; Helm, L. J.
Chem. Phys. 2007, 127, 084506.
(67) See for example the cases of UO2

2+ and Eu3+ cations in humid
[bmim][PF6]: Chaumont, A.; Wipff, G. Inorg. Chem. 2004, 43, 5891.
(68) For CPMD simulations of the pristine IL see reference 41
(BP86 level) and Bhargava, B. L.; Balasubramanian, S. Chem. Phys.
Lett. 2006, 417, 486−491.
(69) This system is intended as a model containing both chloride and
aquo ligands and is not necessarily representative of the actual species
present under experimental conditions; for example La3+ salts in ILs
with chloride anions tend to form ate complexes such as [LaCl6]

3−.
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