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We report a molecular dynamics (MD) study on M3+ lanthanide (La3+, Eu3+, and Yb3+) cations in dry
acetonitrile solution and in M(MeCN)n

3+ clusters (n ) 1-15) where two classical force-field representations
of the cations are compared, in conjunction with the OPLS model of acetonitrile. It is shown that a set of van
der Waals cation parameters (set2) fitted from free energies of hydration overestimates the cation coordination
numbers (CNs). Another set of parameters (set1), where the size of cations is scaled down by 21/6 (using the
σ van der Waals value forR*) yields better results. Quantum mechanical calculations performed on
M(MeCN)n3+ aggregates (n ) 1-9) demonstrate the importance of charge-transfer and polarization effects.
They confirm the preferred coordination number of eight for Yb3+, the Yb(MeCN)8+1

3+ species with one
MeCN molecule in the outer coordination sphere being somewhat more stable than Yb(MeCN)9

3+ D3h. Adding
a polarization term for the 1-6-12 OPLS acetonitrile to the force field (set2+pol) indeed markedly improves
the calculatedCNs. In all MD simulations, a remarkable dynamic feature is observed in the first solvation
shell where the lifetime of acetonitrile molecules increases from Yb3+ to La3+, that is, inversely to the cation-
solvent interaction energies and to the aqueous phase behavior. Rare-earth salts with ClO4

- and F3CSO3
-

anions and the question of ion binding selectivity byL ligands (formation of ML 3
3+ complexes, whereL is

a pyridine-dicarboxamide ligand) in acetonitrile solution are investigated by free-energy perturbation
simulations, comparing theset1, set2, andset2+pol models. It is found that selectivities are markedly determined
by the change in solvation-free energies of the uncomplexed cations, with pronounced counterion effects.
The two simplest models (set1or set2without polarization) predict the correct order of complexation (Yb3+

> Eu3+ > La3+), whereas addition of polarization contribution leads to the inverse order, because of
overestimation of the cation-anion interactions in the salt solutions.

I. Introduction

Characterization of solvation properties of lanthanide cations
represents an important theme per se, but also is a reference
for further studies on cation complexation, because first shell
solvent molecules generally are replaced by binding sites of
the ligand upon complexation.1 It is therefore crucial to identify
the solvation patterns of uncomplexed cations. So far, most of
the experimental studies focused on water as solvent.2 Non-
aqueous polar solvents, such as dimethylsulfoxide (DMSO),
amides, alcohols, nitromethane, or acetonitrile, where lanthanide
salts are soluble, received less attention.3,4 As shown for alkaline
and alkaline earth cations,5-7 computer simulations contribute
to our understanding of ion solvation. Aqueous solutions of M3+

lanthanide cations have been simulated by Monte Carlo
methods8,9 or molecular dynamics (MD).10-12 Recently, fol-
lowing a procedure developed for alkali and alkaline-earth
cations,13 van Veggel et al. fitted van der Waals parameters on
the free energies of hydration of M3+ lanthanide cations,9 using
pairwise additive 1-6-12 potentials that can be used in
common software such as AMBER, CHARMM, or BOSS. This
set of parameters, referred to later asset2, also gives reasonable
results for the M3+...Owater distances and for the corresponding

hydration numbers. With the exception of the methanol solu-
tion,9 the performance of these parameters in a nonaqueous
solvent environment has not been established. We therefore
decided to compare the solvation patterns of lanthanide cations
of decreasing size (La3+, Eu3+, Yb3+) in acetonitrile solution,
using the widely used OPLS model fitted on the properties of
the pure liquid phase for the solvent.14 For the cation, two sets
of Lennard-Jones parameters are compared, with “small” (set1)
and somewhat larger cation radii (set2), respectively. In addition,
given the importance of polarization effects induced by the hard
and highly charged cations,12,15we investigate the role of solvent
polarization, using theset2of cation parameters in conjunction
with the OPLS model of acetonitrile, to which polarization
energy contributions have been added (set2+pol model).

There are few experimental results that can be used to assess
the quality of the simulated lanthanide models. In contrast to
aqueous solvation, the cation solvation numbers (CNs) and the
corresponding M3+...NMeCN distances have not been determined
consistently in acetonitrile solution. Solid-state structures,
however, may provide valuable information of the cation
solvation.23,24 Concerning hydration, M3+...OH2O distances de-
termined in aqueous solution [by X-ray, extended X-ray
absorption fine structure (EXAFS), or neutron diffraction
techniques16-20] are within 0.1 Å the same as in the solid-state
structures,21,22and theCNs differ by at most one unit for a given
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ion. Recently, Deacon et al.25 described the solid-state structure
of Yb(MeCN)83+ and M(MeCN)93+ (M ) Pr; Sm; La) homo-
leptic lanthanoid complexes.25 In this series, the cation coor-
dination numbers range from 8 to 9 (as do the corresponding
hydration numbers), whereas the average M3+...NMeCN distances
increase from 2.39 to 2.63 Å. Athough the coordination
polyhedron in solution may differ somewhat from the one in
the solid state,26 one can reasonably assume that these structures
depict the behavior of the “naked” cations in acetonitrile
solution. Because the characteristics of the first solvation shell
may be influenced by long-range forces, we also simulated
M(MeCN)15

3+ clusters with M) La, Eu, Yb, whose first shell
is saturated, allowing for exchange with MeCN molecules of
the second shell. Further insights into ion-acetonitrile interac-
tions will be presented from quantum mechanical calculations
on M(MeCN)n3+ aggregates.

An important difference of acetonitrile, compared with
aqueous solution is the status of neutralizing counterions, some
of them remaining in close contact with the M3+ cation.3 We
thus next examine the role of perchlorate and triflate counterions,
where the M(ClO4)3 and M(F3CSO3)3 salts are simulated in
acetonitrile. We want to investigate whether simulations starting
from intimate or dissociated ion pairs converge to similar ion-
pairing patterns. The structural features of simulated intimate
ion pairs will be described shortly.

Another important aspect of solvation concerns the energetics,
which is cation and model dependent. To our knowledge, no
related experimental data for M3+ ions in nonaqueous solvents
are available. Thus, computational results have to be compared
from one model to another one. Using free-energy perturbation
(FEP) calculations, we calculate the solvation free-energy
differences between La3+, Eu3+, and Yb3+ as a function of the
cation model (set1vs set2vs set2+pol). This is first achieved
in the absence of counterions in bulk acetonitrile solution, as
well as in the M(MeCN)15

3+ clusters for comparison. Then, FEP
simulations are reported in solution in the presence of neutral-
izing counterions. Finally, the question of ion-binding selectivity
in a recently characterized ML3

3+ complex (L is a pyridine
dicarboxamide ligand) will be presented.

II. Methods

Molecular Dynamics.The MD simulations were performed
with the AMBER4.1 software27 where the potential energyU
is given by:

The electrostatic and van der Waals interactions between
nonbonded atoms are described within a pairwise additive
scheme by a 1-6-12 potential. Parameters for the solutes were
taken from the AMBER force field28 and from previous studies.
Two sets of Lennard-Jones parameters (set1and set2) were
used for the La3+, Eu3+, and Yb3+ cations. Theset2has been
developed (R*La ) 2.105;R*Eu ) 1.852;R*Yb ) 1.656 Å;εLa

) 0.06; εEu ) 0.05; εYb ) 0.04 kcal/mol)9 to reproduce the
free energies of hydration of these cations. We derivedset1from
set2by scaling down theR* radii by 21/6, using thus the original
σ values forR* (R*La ) 1.875;R*Eu ) 1.650;R*Yb ) 1.475
Å) and keeping the sameε parameters as inset2. Thus, the
cation size increases fromset1to set2. The acetonitrile solvent
was modeled with the OPLS model fitted by Jorgensen and

Briggs14 on the bulk liquid properties. The Lorentz-Berthelot
mixing rules were used for unlike atoms:εij ) (εii * εjj )1/2 and
R* ij ) R* i + R* j.

The atomic charges used for the ClO4
- and F3CSO3

- anions
have been fitted on electrostatic potentials calculated at the HF
level on the optimized structures with a 6-31G* basis set. They
are given in Figure 1 with the corresponding AMBER atom
types. In a third energy representation of the system (referred
to asset2+ pol) we used theset2parameters for M3+ cations
while adding polarization terms to the OPLS acetonitrile model
and to the anions. The polarization energy was calculated as
described in ref 29. The atomic polarizabilities used for the
solvent (RMe ) 0.878,RN ) 0.520, andRC(CN) ) 0.360 Å3)
and on the anions (RO ) 0.434,RS ) 1.70,RCl ) 1.91,RF )
0.32,RC ) 0.616 Å3) were adapted from Applequist et al.30 A
residue-based 12/15 Å twin cutoff was applied to the nonbonded
interactions, using 3D periodic boundary conditions. Some tests
with PME Ewald correction of the long-range electrostatics have
been performed on the M(ClO4)3 salts.

The characteristics of the simulated systems are described in
Table S1. A typical solvent box is shown in Figure 2. After
1000 steps of energy minimization, MD simulations were
performed at constant volume and at a temperature maintained
at 300 K by coupling to a thermal bath with a relaxation time
of 0.1 ps. The solvent bonds were constrained with SHAKE,
using a time step of 1 fs.

FEP calculations were performed to calculate the difference
in Helmholtz free energies (∆G) between two systems, using
the windowing technique, based on the following equations:

The mutations from one cation to the other (or from one
model to the other) were achieved in 51 equally spaced
windows, performing at each window (i.e., at eachλ) 2 ps of
equilibration and 3 ps of data collection. The variations of the
potential energyUλ were calculated using a linear combination
of theεij andRij* parameters of the initial state (λ ) 1) and the
final state (λ ) 0):

Figure 1. Atomic charges and AMBER atom types on MeCN (a),
ClO4

- (b), F3CSO3
- (c) and the pyridine-dicarboxamide ligand (d)

used for the MD simulations.

∆G ) Σ∆Gλ and ∆Gλ ) RT log〈exp
(Uλ - Uλ+∆λ)

RT 〉
λ

ε(λ) ) λε(1) + (1 - λ)ε(0) and
R*(λ) ) λR*(1) + (1 - λ)R*(0)

U ) ΣbondsKr(r - req)
2 + ΣanglesKθ(θ - θeq)

2 +
ΣdihedralsΣnVn(1 + cosnφ)

+ Σi<j [qiqj/Rij - 2εij (Rij*/Rij )
6 + εij (Rij*/Rij )

12] (1)
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∆G values were accumulated and averaged from “forward”
(increasingλ) and “backward” (decreasingλ) calculated ener-
gies.

Analysis of MD Results. Average structural features and
energy components were analyzed from the trajectories saved
every 0.2-0.5 ps using the MDS and DRAW software.31,32

Quantum Mechanics (QM).The QM ab initio calculations
on M(MeCN)n3+ aggregates were performed at the HF level
using the Gaussian-9433 and Gaussian-98 packages.34 The 46
+ 4fn core electrons of the lanthanide cations were described
by the quasi-relativistic effective core potential (ECP) of Dolg
et al.35,36 and the valence electrons by a (7s,6p,5d)/[5s,4p,3d]
Gaussian basis set supplemented by one f polarization function
of exponent 0.591.37 The H, C, and N atoms of MeCN were
described by the standard Dunning-Hay double-ú basis set.38

The M(MeCN)n3+ systems were fully optimized, without
imposing symmetry. The M(MeCN)3

3+ species moved fromD3h

to C3V, as noticed in related systems.39 For n ) 8 and 9 we
started with the X-ray structure of the La(MeCN)9

3+ and Yb-
(MeCN)83+ complexes.25 For the Yb(MeCN)93+ and Yb-
(MeCN)8+1

3+ complexes, optimizations were repeated with the
density functional theory (DFT) method using the B3LYP
functional.

III. Results

We mainly focus on the comparison of the simulation results
obtained with theset1, set2, andset2+pol parameters. We first
consider structural features for uncomplexed M3+ cations in the
absence of neutralizing counterions as a reference state. Then
the cation solvation of lanthanide salts is compared with two
types of neutralizing counterions (perchlorate ClO4

- and triflate

F3CSO3
-, respectively) from a structural point of view. We next

move to energy features and compare the change in solvation
free energies in the cation series as a function of the model
used for the cation (set1vs set2) and for the solvent (OPLS vs
polarized OPLS model, used with theset2cation parameters,
noted hereafterset2+pol).

1. Characteristics of M3+ Cation Solvation in Acetonitrile
(No Counterion): Static and Dynamic Aspects. Cation
Coordination Numbers. Because the size and behavior of Eu3+

are intermediate between those of Yb3+ and La3+, we mainly
consider the latter. The M3+....NMeCN solvent radial distribution
functions (RDFs) of Yb3+(set1) and La3+(set2) in solution are
shown in Figure 3. They show a first narrow peak, followed by
more diffuse peaks. In the largest modeled cation, La3+(set2),
the RDF drops to zero between the first peak (at 2.85 Å) and
the broad second one (at about 6 Å), which indicates the absence
of solvent exchange between the first and second shell during
the whole simulation (1 ns). This feature contrasts with the
smallest simulated cation, Yb3+(set1), whose RDF displays a
smooth hump between the first shell peak (at 2.30 Å) and the
second shell (at about 5.10 Å), indicating solvent exchange
between the two shells. This exchange is visualized in Figure
4, which shows a cumulated view of solvent molecules during
the last 0.2 ns. It confirms the lack of exchange around
La3+(set2) and the extensive exchange around Yb3+(set1), some
of the MeCN molecules diffusing from far beyond the second
shell.

The running coordination numbers of the La3+, Eu3+, and
Yb3+ cations, obtained by stepwise integration of the RDFs,
are plotted in Figure 5. For the La3+(set2) cation, the horizontal
plateau between 3.3 and 4.8 Å confirms the lack of solvent
exchange withset2, whereas with all other models, as well as
with all other cations, the positive slope indicates some solvent
exchange between the first and second shell. This feature is
quite surprising, if one refers to the water coordination case,
where according to experimental and simulation data,12,40 the
lifetime of solvent coordination decreases from Yb3+ to La3+,
following the decrease of ion-water interactions. According
to the energy component analysis (Table S2), the M3+...acetonitrile
interaction energies also decrease from Yb3+ to La3+ with both
sets of cation parameters, whereas solvent-solvent attractions
remain comparable.

In Table 1 are reported the cn1 and cn1-2 coordination
numbers of MeCN molecules, which correspond, respectively,
to the first sharp peak of the RDFs (inner coordination sphere)
and to the smooth hump of the exchanging solvent molecules
(see Figure 3), as well as the average total number〈CN〉 of “first
shell” solvent molecules, where〈CN〉 ) cn1 + cn1-2. For a given
cation, the coordination number is markedly model-dependent.
For Yb3+(set1), the total〈CN〉 is 9.8, including the contribution
of the 1.8 molecules in the “intermediate shell” and a cn1 number
of 8.0 as in the solid state.25 With theset2parameters, the〈CN〉
of Yb3+ would be too high (8.5+ 1.0), as would be the〈CN〉
of La3+ (12 + 0). Thus, theset2 parameters lead to an
overestimation of the CNs in acetonitrile, when used with the
standard OPLS model. When polarization energy is added to
acetonitrile (compareset2 and set2+pol models), the total
coordination numbers〈CN〉 of Yb3+ and La3+ decrease to 8.75
and 9.80, respectively, mostly because of the decrease of solvent
molecules in the first shell (∆cn1 ) 0.50 and 2.25, respectively).
The resulting cn1 values of 7.95 and 9.75 become closer to the
experimentalCNs of 8 and 9, respectively. As the size of the
cation increases, the three models lead to the same qualitative

Figure 2. Acetonitrile box with the dissociated Eu3+ triflate salt.
Characteristics of the simulated systems are given in Table S1.

Figure 3. Radial distribution functions (RDFs) of NCN around the Yb3+-
(set1) and La3+(set2) cations and corresponding coordination num-
bers: cn1 (first shell), cn2 (second shell), and cn1-2 (intermediate shell,
due to molecules exchanging between the first and second shell).

M3+ Lanthanide Cation Solvation by Acetonitrile J. Phys. Chem. A, Vol. 104, No. 32, 20007661



conclusion concerning the acetonitrile exchange, that is, a
decrease from Yb3+ to La3+ (see cn1-2 in Table 1 and Figure
5).

Concerning the cn1 number of inner sphere solvent molecules,
we notice that some values are close to an integer number [e.g.,
8 for Yb3+ with set1andset2+pol models, or 12 for La3+(set2)].
In other cases, cn1 is a noninteger. For instance, Eu3+(set1) and
Yb3+(set2) have cn1 close to 8.5, whereas La3+(set1) or
La3+(set2+pol) have cn1 close to 9.7. Following the procedure
of Kowall et al.,12 we therefore dissected the contributions of
the acetonitrile molecules in the inner shell (cn1), second sphere
(cn2), and intermediate shell (cn1-2), as a function of their

instantaneousdistances with M3+. The resulting distribution
(Figure 6) confirms that integer numbers of cn1 correspond to
a unique type of coordination, whereas noninteger cn1 numbers
correspond to contribution of two types of coordination only.
This contrasts with the second shell, whose average composition
cn2 results from a large number of coordination types (e.g., for
La3+(set1) the 14.9 value of cn2 results from an average of 12-
18 coordinated species). In the intermediate shell, several
contributions may be similarly recognized. For instance, for
Yb3+(set2) the cn1-2 average number of 1.05 results from nearly
equally populated forms having 0, 1, and 2 solvent molecules,
respectively, instead of a dominant population of 1.

Cation-Acetonitrile Distances.With the three models, the
average M3+...solvent distances in the first coordination shell,
determined byRmax(the maximum of the first peak in the RDFs),
increase from Yb3+ to La3+, following the cation radii (by about
0.30 Å with set1, 0.45 Å withset2, and 0.4 Å withset2+pol).
For a given cation,Rmax is also larger withset2than withset1
(by about 0.10 Å for Yb3+ and 0.25 for La3+). In keeping with
the fact that Yb3+(set2) and Eu3+(set1) cation models have close
R* van der Waals radii, the correspondingRmax values are very
close (2.40 and 2.45 Å, respectively). When acetonitrile
polarization is added to the model (set2+pol parameters),Rmax

somewhat shortens (by about 0.1 Å), as expected from enhanced
interactions with the cation (Table S2). Another characteristic
distance is the average distance〈d1〉 of the cn1 molecules which
sit instantaneouslyin the first shell.〈d1〉 values are about 0.08
Å larger than the correspondingRmax ones and follow the same
trends. Again, this small difference is in the order of statistical
fluctuations.

We now compare the calculated MeCN...M3+ distances with
the average values determined in the solid state for Yb-
(MeCN)83+ (2.39 Å) and La(MeCN)93+ (2.63 Å), as well as
with data for other complexes retrieved from the Crystal-
lographic Cambridge Structural Database.41 The results dis-
played in Figure 7 show that in the latter complexes, the
MeCN...M3+ distances are longer than those reported by Deacon
et al.25 This is due to the presence of neutralizing X- counterions
and ligands in the former case, where MeCN formally binds to
a neutral MX3 salt, and is therefore less attracted than by a
“naked” M3+ cation. Steric effects caused by the coordinated
ligands also weaken the cation-acetonitrile “bonds”. Thus,
Deacon’s structures (details are given in Table S3) are most
directly comparable with the simulated ones. Figure 7 makes
clear that theset2parameters give the poorest agreement with
experiment, whereas theset1gives the best. Thus, the parameters
fitted on the hydration energies markedly overestimate the
MeCN...M3+ distances, as well as the corresponding coordination
numbers. Adding the acetonitrile polarization energy (set2+pol
model) leads to a nice agreement for Yb3+, but still yields

Figure 4. Cumulated views of MeCN molecules around the Yb3+(set1) and La3+(set2) cations during the last 0.2 ns, based on a selection of
solvent molecules which sit in the first solvation shell at the end of the dynamics (1 ns).

Figure 5. Yb3+, Eu3+, La3+ cations in acetonitrile solution. Running
coordination numbers as a function of the distanceR (Å) from the
cation. From MD simulations withset1 (top), set2 (middle), and
set2+pol (bottom).
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distances that are too large for La3+, which suggests that this
modeled cation is somewhat too big.

It is instructive to compare the first shell characteristics in
bulk solution with those in the M(MeCN)15

3+ aggregates (Table
1). For a given cation and model, the RDFs of the solution and
of the aggregate peak at the sameRmax values, and the
corresponding coordination number〈CN〉 is nearly identical. The
largest differences (about 0.3) are close to the statistical
fluctuations. The average static characteristics of the first
solvation shell in solution are thus not critically influenced by
the second shell or more remote MeCN molecules. In the series
of Eu(MeCN)n3+ aggregates (n ) 1-15; Table 2), the average
MeCN...Eu3+ distances increase by about 0.18 Å (set2) and 0.22
Å (set2+pol) when the number of solvent molecules increases
from 1 to 15, because of the solvent-solvent repulsions in the
first shell.

Orientation of Acetonitrile Molecules Induced by M3+ in
Solution. In this section, we analyze the orientation of the
acetonitrile molecules in the vicinity of the cation, as defined

by theR-angle (< M-N-C; see Figure 8). At a given M3+...N
distanceR, optimal charge-dipole interactions correspond to
R ) 180°. Figure 8 represents the populations of MeCN
molecules as a function of (R, R) parameters, where the N atoms
were selected between spheres of radiiR and R + 0.25 Å,
centered on M3+. Figure 8 reveals two well-defined zones for
three cations and parameter sets, corresponding to the first and
second shell, respectively. TheR-orientation of first shell
molecules (R between 3 and 4 Å) peaks as expected at 180°,
but displays significant flexibility, of about(40° in all cases.
The second shell molecules (at about 6 Å) also display a marked
orientation, which peaks near 150°. Then, a third shell is
observed at about 9 Å for the three cations, whereR peaks near
120° and displays still larger orientational flexibility (from about
40° to 170°).

Figure 8 gives another illustration of solvent exchange
between the first and second shell. La3+(set2) is the only case
where no such exchange is observed during the simulation, and
the two first “spots” corresponding to the first and second shell,

TABLE 1: M 3+ Cations in Acetonitrile (No Counterions) and M(MeCN)15
3+ Aggregatesa

RDF in acetonitrile RDF for M(MeCN)15
3+ aggregates

solute R* b Rmax cn1 + cn1-2
c 〈CN〉 Rmax cn1 + cn1-2

c 〈CN〉
Yb3+ set1 1.475 2.30 8.00+ 1.80 9.80
Eu3+ set1 1.650 2.45 8.50+ 1.00 9.50
La3+ set1 1.875 2.60 9.65+ 0.50 10.15
Yb3+ set2 1.656 2.40 8.45+ 1.05 9.50 2.40 8.25+ 1.45 9.70
Eu3+ set2 1.852 2.60 9.60+ 0.35 9.95 2.60 9.30+ 0.40 9.70
La3+ set2 2.105 2.85 12.00+ 0.00 12.00 2.90 12.00+ 0.00 12.00
Yb3+ set2+pol 1.656 2.30 7.95+ 0.80 8.75 2.30 7.95+ 0.70 8.65
Eu3+ set2+pol 1.852 2.50 8.70+ 0.40 9.10 2.50 8.70+ 0.50 9.20
La3+ set2+pol 2.105 2.70 9.75+ 0.05 9.80 2.70 9.80+ 0.05 9.85

a Main characteristics of their first solvation shell, from the analysis of the RDFs. See Figure 3 for definitions of cn1 (inner first shell) and cn1-2

(intermediate shell).b Cation van der Waals parameter in Å.c Number of MeCN in the first shell and in the intermediate shell

Figure 6. M3+ cations in acetonitrile (no counterions). Analysis of the first (0-c1) second (c2-c3), and intermediate (c1-c2) solvent shells, as
defined by instantaneous distances taken from the RDFs. Populations of solvates as a function of the number of MeCN molecules instantaneously
present in these shells.
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respectively, are well separated. This is not the case for the other
systems, in particular for Yb3+(set1), where an important
population of MeCN molecules between these two shells is seen
clearly. The correspondingR-values are intermediate between
those of the first and second shells, as anticipated.

Quantum Mechanical Optimization of M(MeCN)n
3+ Ag-

gregates. Comparison with MD Results.Force-field calcula-
tions do not take into account electronic and structural rear-
rangements of the ligands upon coordination. These effects are
demonstrated by the QM optimizations of Eu(MeCN)n

3+ (n )
1-9; Table 2), La(MeCN)n3+ and Yb(MeCN)n3+ aggregates (n
) 1, 8, and 9; Table 3). According to these calculations, asn
increases from 1 to 9, the MeCN...M3+ distance increases (by
about 0.41 Å), whereas the geometric and electronic perturba-
tions of the MeCN molecule with respect to the free ligand
decrease.

Electronic perturbations are illustrated by changes in Mulliken
charges. In all systems, the net charge on the cation is less than
+3.0 e because of electron transfer∆q from all MeCN ligands.
The transfer, mostly arising from the coordinated nitrogen atom,
increases with the numbern of ligands. For instance, in the
Eu(MeCN)n3+ series,∆q increases from 0.23 (n ) 1) to 1.10 e
(n ) 9), whereas theqN charge changes from-0.64 to-0.10
e. For a given size of aggregate,∆q increases with the cation
hardness. For instance, forn ) 9, ∆q is 0.71 for La and 1.34 e
for Yb.

In most complexes (the only exception being Eu(MeCN)9
3+

and Yb(MeCN)93+) theqN charge on the nitrogen atom is more
negative than in the isolated MeCN molecule (qN ) -0.10 e),
because of dominant polarization effects. The latter become less
important than charge transfer when the number of ligands
increases. For a given size of aggregate,qN becomesless
negative with Yb3+ than with La3+, following the charge transfer
to the cation rather than polarization effects.

The geometry perturbations of MeCN molecules depend on
the cation’s size and coordination number (Tables 2 and 3).
They are largest in the smallest aggregates and increase with
the cation hardness (from La3+ to Yb3+). We notice (Table 2)
that CtN and C-Me distances in Eu(MeCN)5

3+ are ap-
proximately the same as in the free ligand. In smaller aggregates
(n < 5), CtN is longer, whereas in higher aggregates (n > 5),
CtN is shorter, in full agreement with spectroscopic observa-
tions where MeCN coordination to M3+ cations leads to a shift
to higher frequencies in solution.42 Thus, shifts of vibrational
frequencies in the condensed phase, where the first coordination
shell is saturated, do not follow those of unsaturated complexes,
where polarization effects are magnified.

The optimized La(MeCN)93+ and Yb(MeCN)83+ complexes
(Figure 9 and Table 3) can be compared with the corresponding
X-ray structures (Table S3).25 In both complexes, the calculated
MeCN...M3+ distances are about 0.08 Å longer than in the
crystal. About 0.05 Å of this difference may be ascribed to
environment effects in the condensed phase, as suggested by
calculations on lanthanide43 and actinide44 complexes “in
solution” (mimicked by a reaction field correction). Without
imposing any symmetry, the structures converged to symmetrical
forms (D3h andD4d, respectively). We notice that in all three
M(MeCN)93+ complexes the three equatorial distances are
somewhat longer than the six apical ones, following the same
trend as in the solid-state structures.

The Yb(MeCN)93+ complex, optimized starting from the
optimized Eu(MeCN)93+ one, retained aD3h symmetry (Table
2). Because the coordination number of nine for Yb3+ is larger
than the value observed in the crystal, we decided also to
optimize a Yb(MeCN)8+1

3+ complex. The latter was built from
Yb(MeCN)83+ of D4d symmetry to which a ninth ligand was
added in the second shell along aC′2 symmetry axis. After
minimization at the HF level, the coordination remained of 8+1
type (Figure 9 and Table 3), leading to a species more stable
than Yb(MeCN)93+ D3h (∆E ) 4.0 kcal/mol). Repeating the
geometry optimization of the 9 and 8+1 coordinated species at
the DFT level yields a smaller∆E (1.7 kcal/mol) and structures
somewhat more compact (Yb...N distances are about 0.03 Å

Figure 7. MeCN...M3+ distances (d, Å) as a function of the ionic radius
(R, Å) for structures calculated in bulk acetonitrile solution (withset1,
set2, andset2+pol), for those observed in the solid-state structures of
Deacon et al.,25 or those found in the Cambridge Crystallographic
Structural Database (CCSD).41

TABLE 2: Eu(MeCN) n
3+ Aggregates Optimized by QM and MD Calculations (Distances and Atomic (Mulliken) Charges)

MeCN Eu(MeCN)n3+

n 1 1 2 3 4 5 6 8 9 15

QM calculations: Optimized distances (Å) and mulliken charges
symmetry C∞V C∞V D∞h C3V

a Td D3h Oh D4d D3h

d Eu...N - 2.192 2.320 2.334 2.376 2.417/2.449b 2.475 2.560 2.639/2.592c -
d CtN 1.152 1.173 1.163 1.158 1.155 1.152/1.151b 1.149 1.147 1.146/1.146c -
d C-C 1.468 1.456 1.463 1.466 1.467 1.468/1.468b 1.469 1.470 1.470/1.470c -

qN -0.100 -0.645 -0.497 -0.494 -0.431 -0.322/-0.282b -0.233 -0.147 -0.100/-0.094c -
qC -0.020 +0.445 +0.298 +0.303 +0.249 +0.154/+0.128b +0.090 +0.047 +0.034/+0.015c -
qMe +0.120 +0.429 +0.368 +0.334 +0.304 +0.279/+0.273b +0.253 +0.214 +0.194/0.200c -
qEu - +2.772 +2.662 +2.572 +2.509 +2.433 +2.345 +2.091 +1.895 -

MD (AMBER) simulations: average distances (Å)
d Eu3+...Nd - 2.475 2.478 2.487 2.491 2.506 2.513 2.581 2.627 2.660
d Eu3+...Ne - 2.320 2.329 2.352 2.366 2.387 2.408 2.495 2.560 2.543

a The optimization started with aD3h complex and converged to aC3V symmetry.b Equatorial/axial MeCN.c Equatorial/apical MeCN.d With
set2. e With set2+pol.
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shorter) than those optimized at the HF level. These QM
calculations confirm that the preferred coordination number of
Yb3+ is eight, and that Yb(MeCN)9

3+ likely corresponds to a
transition state for ligand exchange, energetically close to the
“ground state”.

Concerning the comparison of Eu3+...N distances in the QM
vs MD optimized Eu(MeCN)93+ aggregate, there is good
agreement with theset2parameters (differences are less than
0.03 Å). The agreement with X-ray extrapolated data is better

than in pure liquid solution or in Eu(MeCN)15
3+ (Figure 7),

where the cation coordination numbers are higher. In smaller
aggregates, QM distances are much smaller than MD ones
because of the polarization effects described above, whereas in
saturated aggregates, QM and MD converge to similar values.
Thus, force-field parameters to be used in condensed phases
should not be fitted on unsaturated complexes.

Some energy features of the M(MeCN)n
3+ aggregates ob-

tained from different methods are illustrated in Figure S3 as a

Figure 8. Orientation of MeCN solvent molecules around M3+ cations in acetonitrile (no counterions): population of configurations for given (R,
R) values (R distance, Å, in ordinate andR-angle, degrees, in abscissa). Simulations withset1, set2, andset2+pol. Normalized populations are
coded from 0.000 (white) to 0.006 (black). A color version of this figure is given as Supporting Information (Figure S1).
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function ofn for theset2andset2+pol MD results (n ) 1-15)
and for the QM results (n ) 1-6, 8, and 9). All methods show
qualitatively that addition of one MeCN molecule to a
M(MeCN)n-1

3+ aggregate is energetically favorable, although
starting to reach a plateau atn ) 10. Compared with QM
stabilization energies∆E, MD values are underestimated for
the smallestn, but become similar atn ) 6, because of a
compensation of the increasing cation/ligand(s) attractions and
ligand-ligand repulsions. Among the MD results,∆E is larger
with theset2+pol than with theset2parameters before saturation
of the first coordination shell, but becomes comparable after
saturation.

2. MX3 Salts in Acetonitrile: Ion Pairing and Cation
Solvation. Where Are the Anions? From Dissociated to
Intimate Ion Pairs. In acetonitrile solution, many anions interact
with lanthanide cations. According to Bu¨nzli et al.,42,45 the
apparent stability constants (LogK1) for the formation of
monoperchlorato species in 0.05 M anhydrous acetonitrile
solutions of M(ClO4)3 are in the order of 2.0, and increase by
about 0.5 unit from Tb3+ to Yb3+. For tris-triflate species formed
in solutions of M(F3CSO3)3 salts, LogK3 is in the order of 2.5
and the number of uncoordinated anions is greater than two.45

Conductometric measurements show M(ClO4)3 (M ) Nd, Eu,
Er) to be 2:1 electrolytes in anhydrous acetonitrile,46 whereas
Yb(F3CSO3)3 is a 1:1 electrolyte.3 In anhydrous acetonitrile,
only the heavier lanthanide complexes are soluble, and according
to IR spectroscopy studies of M(ClO4)3 salts, the number of
coordinated perchlorate anions ranges from 1.6 (for La3+) to
0.9 (for Yb3+).3,47-49 We therefore decided to simulate some
of these salts, to gain insights into the question of ion pairing,
focusing mainly on the extreme cases, that is, Yb3+(set1) and
La3+(set2).

We first conducted several MD simulations, ranging from
0.2 to 1.6 ns, which started with intimate 1:3 ion pairs, to test
whether they spontaneously dissociate to complexes of lower
stoichiometries. In contrast to what was simulated in water,50,51

all salts remained fully associated, as previously found for the
Eu(NO3)3 or Eu(Picrate)3 salts in acetonitrile.50 It is unclear
whether such association results from a thermodynamic equi-
librium, or from a metastable state trapped by a dissociation
energy barrier too high to be overcome at 300 K.

We therefore proceeded to other tests, starting with fully
dissociated M3+/X- ion pairs, to investigate whether these ions
would spontaneously pair in acetonitrile. Two typical examples
are given in Figure 10, for the smallest Yb3+(set1) and largest
La3+(set2) ions, respectively. These simulations started with
ClO4

- or F3CSO3
- anions at about 12 Å from the cations (i.e.,

at 3 Å less than the cutoff distance), forming X-M-X angles
of about 120°. Although the Coulombic interactions were similar
in all starting systems, the systems evolved somewhat differ-
ently. The Yb3+ perchlorate or triflate salts and the La3+ triflate

TABLE 3: La(MeCN) n
3+ and Yb(MeCN)n

3+ Aggregates (n ) 1, 8, and 9) Optimized by HF QM Calculationsa

OPLS QM calculations

MeCN La(MeCN)n3+ Yb(MeCN)n3+

n 1 1 1 8 9 1 8 9 8+1

symmetry C∞V C∞V C∞V D4d D3h C∞V D4d D3h C1

d M...N - - 2.300 2.669 2.728/2.703b 2.097 2.468 2.583/2.495b 2.465/6.060c

d CtN 1.157 1.152 1.171 1.148 1.147/1.147b 1.174 1.146 1.146/1.145b 1.146/1.155c

d C-C 1.458 1.468 1.460 1.470 1.470/1.470b 1.454 1.470 1.470/1.470b 1.469/1.472c

qN -0.43 -0.100 -0.645 -0.192 -0.144/-0.139b -0.622 -0.111 -0.069/-0.068b -0.110/-0.226c

qC +0.28 -0.020 +0.430 +0.041 +0.030/+0.010b +0.457 +0.055 +0.028/+0.024b +0.059/+0.050c

qMe +0.15 +0.120 +0.412 +0.218 +0.201/+0.205b +0.441 +0.207 +0.187/+0.193b +0.200/+0.194c

qM - - +2.804 +2.457 +2.288 +2.724 +1.793 +1.664 +1.789

a Data for the uncomplexed MeCN molecule (OPLS model and QM optimized) is given for comparison. Distances and atomic (Mulliken) charges.
b Equatorial/apical MeCN.c First shell/second shell MeCN molecules.

Figure 9. Optimized structures of Yb(MeCN)9
3+ (D4d symmetry), Yb(MeCN)8+1

3+ (no symmetry), and La(MeCN)9
3+ (D3h symmetry).

TABLE 4: M(ClO 4)3 and M(F3CSO3)3 Salts Simulated in
Acetonitrilea

salt binding modeb NO NMeCN CNtotal

Yb(ClO4)3 set1 m 3.0 5.0+ 1.0 9.0
La(ClO4)2

+ set2 m 2.0 10.0 12.0
La(ClO4)3 set2 m 3.0 9.0 12.0
Yb(F3CSO3)3 set1 b 6.0 2.0 8.0
La(F3CSO3)3 set2 t, (b) 8.5 3.3 11.8

a NumberNO of coordinated O atoms of the anion, and numberNMeCN

of coordinated MeCN molecules. The total coordination number is
CNtotal ) NO + NMeCN. b Themstands for monodentate,b for bidentate,
and t for tridentate binding mode of the anions.
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salt rapidly formed intimate ion pairs (in less than 200 ps),
leading to M(ClO4)3 and M(F3CSO3)3 species, respectively. In
La3+ perchlorate, ion pairing was slower and partial only. A
first ClO4

- anion coordinated to La3+ at about 450 ps, a second
one at 1.6 ns, whereas the third one dissociated beyond the cutoff
distance to the bulk. These simulations are not sufficient to
conclude on the stability of ion pairs either, because the
trajectories are driven by the potential energy, as well as by the
velocities of ions and molecules. We performed other simula-
tions, starting at lower M3+...X- distances (about 7 Å), or
resetting the velocities to random values along the dynamics,
or starting with partially formed pairs (e.g., MX2

+). Other tests
used the PME Ewald method to take into account the long-
range electrostatic interactions. No firm conclusion could be
obtained, because most of them converged to different types of
ion pairs, where the anions were partially bound. The “reality”
is likely an equilibrium between the different states, which
remains a challenge for future computational approaches.

Solvation and Structure of M(ClO4)3 and M(F3CSO3)3

Salts Forming Intimate Ion Pairs. In all cases, the cation of
the associated 1:3 salts is solvated by additional MeCN
molecules, leading to somewhat different binding and solvation
patterns depending on the anion type, cation size, and model.
Typical structures of the Eu3+ salts are shown in Figure 11 and
typical cation coordination numbers (NO of anionic oxygen
atoms andNMeCN of acetonitrile molecules) are summarized in
Table 4. With theset1andset2calculations, the three perchlorate
anions are mostly monodentate, allowing for coordination of
six (Yb3+,set1) to nine (La3+,set2) MeCN molecules. This
binding mode somewhat differs from the one inferred from IR
spectroscopic studies, according to which ClO4

- anions coor-
dinate mono- and bidentately.3 Such discrepancy has already
been noticed with NO3- counterions.51,52The latter are generally
considered to be bidentate, whereas according to the MD
simulations in aqueous solution, they are monodentate.51

The simulated triflate anions display mono-, bi-, and tridentate
binding to Eu3+ (Figure 11), whereas the number of coordinated
MeCN molecules is generally lower than with ClO4

-: from 2
with Yb3+(set1) to 3 with La3+(set2). To our knowledge, the
corresponding binding patterns have not been investigated
experimentally.

Taking into account polarization (set2+pol) favors bis- and
even tridentate coordination modes of both ClO4

- and F3CSO3
-

anions. As a result, the number of coordinated MeCN molecules
drops by one to two units, relative to theset2results.

3. Relative Free Energies of Solvation of M3+ Cations in
Acetonitrile. The Role of the Model and of X- Counterions.
In this section, based on FEP calculations, we investigate the
role of cation model (set1vs set2) and solvent model (set2vs
set2+pol) on the changes in solvation free energies∆G3 from
one cation to the other (La3+ vs Eu3+ and Eu3+ vs Yb3+) in dry
acetonitrile solution. First, the cations are modeled without
counterions and the changes in free energies are compared with
those obtained in M(MeCN)15

3+ aggregates. Then the role of
counterions is investigated in solutions of MX3 and MX1

2+ salts
forming intimate ion pairs. Results are reported in Table 5. In
all cases,∆G3 becomes more positive when the size of the cation
increases (Yb3+ < Eu3+ < La3+), following trends of the
lanthanide, alkaline-earth, and alkali cation hydration energies.53

Changes in Free Energies of Solvation of M3+ Cations (No
Counterions). The difference∆G3 between two consecutive
cations amounts to about 30 kcal/mol with bothset1andset2
models, and to about 50 kcal/mol with theset2+pol model.
These numbers are lower than, or comparable to the differences
in the corresponding hydration energies.53 The differences
betweenset1and set2results are small. For instance, for the
Eu3+ f La3+ mutation, ∆G3 is 33.2 and 34.1 kcal/mol,
respectively. Adding polarization on MeCN (set2+pol) leads
to a spectacular increase of∆G3 (by about 24 kcal/mol for the
Eu3+ f La3+ mutation and 21 kcal/mol for the Yb3+ f Eu3+

mutation). Another interesting observation is the similarity of
the ∆G3 energies in the pure liquid and in the M(MeCN)15

3+

aggregates (Table 5) with all three models. The∆G3 values are
only 0.4 to 3.0 kcal/mol larger in the liquid than in the aggregate,
likely due to the contribution of MeCN molecules of the second
or intermediate shells. The changes in cation coordination
numbers are also very similar in the two systems.

Changes in Free Energies of Solvation of MX3 and MX2+

Salts.The role of neutralizing counterions on the relative free
energies of lanthanide cation solvation∆G3 has been examined
with the three models, for MX3 and MX2+ salts.

We first discuss the neutral MX3 salts (Table 5). Adding three
counterions to the naked M3+ cation leads to an increase of the
∆G3 energies, the largest effects being observed with triflate

Figure 10. Perchlorate (PCL) and triflate (TFL) salts of Yb3+(set1)
and La3+(set2) cations in acetonitrile: M3+...anion distances (Å) as a
function of time (ps). The MD simulations start with fully dissociated
ion pairs. A color version of this figure is given as Supporting
Information (Figure S2).

Figure 11. First coordination shell of Eu3+ in the perchlorate (PCL)
and triflate (TFL) salts simulated in solution with theset1and set2
models.

M3+ Lanthanide Cation Solvation by Acetonitrile J. Phys. Chem. A, Vol. 104, No. 32, 20007667



anions, which display larger interactions than the perchlorate
anions with the coordinated cations. For instance, with theset1
parameters, the∆G3 difference between Yb3+ and La3+

increases from 59 kcal/mol (no counterions) to 71 kcal/mol (with
ClO4

- anions) and 98 kcal/mol (with F3CSO3
- anions). With

the set2 parameters, the corresponding energy changes are
similar (about 64, 75, and 99 kcal/mol, respectively). Thus
changes∆∆G3 induced by the anion coordination to the cation
are much larger than those obserVed from one cation model to
the other.54

Taking into account polarization of the solvent and of the
coordinated anions (set2+pol parameters) leads to spectacular
increase of∆G3 energies, the effect being again larger with
F3CSO3

- than with ClO4
- anions. The∆G3 energy difference

between Yb3+ and La3+ increases from 109 kcal/mol (no
counterions) to 159 kcal/mol (with ClO4- anions) and 178 kcal/
mol (with F3CSO3

- anions). These energies are nearly twice as
large as those obtained without polarization (set2). This stems
from the fact that the anions are more tightly bound with the
set2+pol than with theset2model and that they have higher
atomic polarizabilities than the solvent molecules. If one refers
to the anion coordination inferred from spectroscopic studies,3

it appears that the calculations overestimate the extent of anion
binding to M3+, and that this artifact increases when polariz-
abilities of the solvent and anions are added to the force field.

Because a 1:3 coordination is likely exaggerated, we decided
to also simulate 1:1 complexes of M(ClO4)1

2+ and M(F3-
CSO3)1

2+ type, and to calculate the change in free energies from
one cation to the other. The results (Table 5) follow the same
trends as for the 1:3 salts. There is little difference between the

set1andset2energies, whereas theset2+pol values are again
about twice as high. For a pair of cations, the∆G3 energies
increase upon addition of counterions: “naked cation”<
M(X)1

2+ < M(X)3.
Insights into differences in ion pairing may be obtained from

differences in association energies∆∆Gass for M3+ vs La3+

cations to a same anion X-. According to the above cycle
(Scheme 1),∆∆Gass ) ∆Gass-1 - ∆Gass-2 ) ∆G3 - ∆G3′,
where∆G3 and∆G3′ are the differences in solvation energies
between the two “naked” cations and the anion-cation pairs,
respectively.

The energies reported in Table 5 confirm the conclusions
above: with all sets of parameters, counterion effects on∆∆Gass

energies are larger for F3CSO3
- than for ClO4

- anions. They
are roughly proportional to the number of coordinated anions
X- and similar withset1andset2parameters. Adding polariza-
tion (set2+pol) markedly enhances the energy differences (by
a factor of about 4 with ClO4-, and 2 with F3CSO3

-)55.
4. Cation Complexation in Acetonitrile: Comparison of

Simulated vs Experimental Structures and Binding Selec-
tivities of ML 3

3+ Complexes (L) Pyridine-dicarboxamide).
The effect of cation representation was investigated in a ML3

3+

complex whereL is a pyridine-dicarboxamide ligand (Figure

TABLE 5: Differences in Free Energies (kcal/mol) from FEP Calculations on M3+ Cations, MXn
3-n salts, ML3

3+ and ML 3X3
Complexes

∆G3 (uncomplexed cation) ∆∆Gass
b ∆G4 (complexed cation) ∆∆Gc

YbfEu EufLa Eu Yb YbfEu EufLa Eu Yb

experiment -1.8 -2.5
M3+ ML 3

3+ ML 3
3+

set1 25.7 33.2 33.3 49.7 -16.5 -24.1
(33.0)d (50.7)d

set2 30.4 34.1 44.3 48.2 -14.1 -28.0
(29.8)c (31.1)c (44.4)d (59.0)d

set2+pol 51.2 58.3 -16.1 -20.7
(50.3)c (56.7)c (55.8)d (74.4)d

M(ClO4)1
2+ M(ClO4)1

2+ ML3 (ClO4)1
2+

set1 27.8 35.5 -2.3 -4.4 -14.2e -19.7e

set2 31.9 36.3 -2.2 -3.7 -11.9e -24.3e

set2+pol 66.9 70.2 -11.9 -27.6 -4.2f +6.9f

M(ClO4)3 M(ClO4)3 ML 3 (ClO4)3 ML 3 (ClO4)3

set1 31.5 39.4 -6.2 -12.0 32.6 44.3 -4.9 -6.0
set2 35.3 40.2 -6.1 -11.0 42.3 48.0 -7.8 -14.8
set2+pol 78.4 80.3 -22.0 -49.2 +5.9 +28.5

M(F3CSO3)1
2+ M(F3CSO3)1

2+ ML3 (F3CSO3)1
2+

set1 33.3 41.1 -7.9 -15.5 -8.6e -8.6e

set2 36.8 40.4 -6.3 -12.7 -7.8e -15.3e

set2+pol 73.8 77.9 -19.6 -42.2 +3.5f +21.5f

M(F3CSO3)3 M(F3CSO3)3 ML 3 (F3CSO3)3 ML 3 (F3CSO3)3

set1 46.8 51.7 -18.5 -39.6 34.8g 45.2g +6.5 +18.5
41.1h 51.3h +0.4 +6.1

set2 47.8 52.7 -18.6 -36.0 42.1 50.8 +1.9 +7.6
set2+pol 88.6 89.7 -31.4 -68.8 +15.3 +48.1

a Unless otherwise specified, the simulations are performed in acetonitrile solution. The∆∆Gassand∆∆Gc energies are relative to La3+. These
energy differences,∆G3 and∆G4, are defined in the text, based on Schemes 1 and 2. All values in kcal‚mol-1, errors estimated between forward
and backward calculations are 0.4 kcal‚mol-1. b Difference in free energy due to the addition of counterions, relative to La3+. See Scheme 1 for
definition. c Values in parentheses are calculated for M(MeCN)15

3+ clusters.d Values in parentheses are calculated in vacuo.e ML 3
3+ complex

without counterions vs M(X)1
2+ salt. f ML3

3+ complex without counterions (in vacuo) vs M(X)1
2+ salt. g,h Two starting situations have been investigated

for the complexes of the triflate salt: one with all 3 anions within the cutoff distance (g), and another one with only two triflates within the cutoff
of M3+ (h).

SCHEME 1
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12) whose structure and cation binding selectivity have been
characterized experimentally.56

Structural Data. According to X-ray data (Table S4), average
M-OL distances are somewhat shorter than the M-N distances
(by about 0.15 Å in the La3+ complex, and 0.10 Å in the Eu3+

complex). They are also about 0.10-0.14 Å shorter with Eu3+

than with La3+. In a given complex, M-O and M-N distances
display variations of up to 0.06 Å. These trends are reproduced
by all calculations (Table S4) and, as expected, all distances
are somewhat larger withset2than withset1. The comparison
of in vacuo vs acetonitrile solution simulations performed with
set1shows that the simulation phase has little influence on the
cation-ligand distances; they deviate by 0.01 Å in the Eu3+

complex and by about 0.03 Å in the La3+ complex, because of
the transient coordination of one solvent molecule to La3+ in
solution. Both sets or cation parameters yield reasonable
agreement with experimental structures, but average M-O and
M-N distances are somewhat too long withset2(by about 0.20
Å in the La3+ complex and 0.05 Å in the Eu3+ complex). Taking
into account the polarization (set2+pol) in gas-phase simulations
improves the agreement with experiment, excepted for the La-O
distances which remain too long by about 0.08 Å.

Binding Selectivities.We now consider the question of ion
binding selectivity∆∆Gc between M1

3+ and M2
3+ cations,

defined experimentally by∆G1 - ∆G2. According to ref 56,
the ligandL forms strong complexes with lanthanide cations
in acetonitrile, whose stability slightly increases with the atomic
number (logâ3 is 21.0 for La3+, 22.3 for Eu3+, and 22.8 for
Yb3+). It is thus challenging to reproduce this trend. The
computer simulations use the “alchemical route” and calculate
∆∆Gc as∆G3 - ∆G4 (Scheme 2), where∆G3 is the difference
in the free energies of solvation of the uncomplexed cations
and∆G4 corresponds to the difference in free energies of the
complexes.

For the uncomplexed state, we used the∆G3 values reported
above, considering different states for the counterions. Theset1
andset2calculations of∆G4 were performed in solution with
explicit counterions, whereas for theset2+pol calculations we
calculated ∆G4 in the gas phase without counterions, for
computer time-saving purposes.56,57The results are reported in
Table 5.

When the uncomplexed cation is considered without coun-
terions, combination of∆G3 and∆G4 energies yields the correct
order of binding selectivities (La3+ < Eu3+ < Yb3+) with the
three models. The∆∆Gc energies are comparable withset1,
set2, and set2+pol (21-28 kcal/mol for La3+ f Yb3+) and
markedly exaggerated, compared with the experimental value
of 2.5 kcal/mol.56

When X- counterions are taken into account for the uncom-
plexed states (MX3 associated salt), the situation is more
complicated. With F3CSO3

-, all three models yield the same
order, which is incorrect and opposite to the experimental one,
the worse results being obtained with theset2+pol model (∆∆Gc

) +48.1 kcal/mol for La3+ f Yb3+). The changes fromset1
to set2are much smaller than those fromset2to set2+pol. With
ClO4

- as counterions the trend in∆∆Gc values is correct (but
exaggerated) withset1andset2, but incorrect with theset2+pol
model. Thus, addition of polarization energies leads to erroneous
predictions of binding selectivities. On the other hand, for a
given system, bothset1 and set2 yield similar qualitative
conclusions, indicating that the latter are not critically deter-
mined by small changes in the size of M3+. It appears from
Table 5 that erroneous predictions of the selectivities stems from
the exaggeration of∆G3 energies of the uncomplexed cations,
rather than from the∆G4 energies of the ML3

3+ complexes.
Whether this is caused by the particular choice of atomic
polarizabilities,58 by inconsistencies between atomic charges and
polarizabilities, or by the neglect of charge-transfer and many-
body interactions remains to be investigated.

Given the overestimation of cation-anion association in
acetonitrile with all models, we decided to also consider the
1:1 MX2+ salts as reference state to estimate∆G3 (see Table
5). The predicted order of binding selectivities is the experi-
mental one withset 1andset2, for both types of counterions,
and the numbers, still exaggerated, are closer to the experimental
ones. Again, with theset2+pol model, the trend is inverted,

Figure 12. The EuL 3
3+ complex of the pyridine-dicarboxamide ligandL : schematic view (left) and X-ray structure (right).

SCHEME 2
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because of the overestimation of the∆G values of the uncom-
plexed state compared with the complexed one.

IV. Discussion and Conclusion

We report theoretical MD and QM investigations on the
solvation and complexation properties of La3+, Eu3+, and Yb3+

cations in acetonitrile solution and in M(MeCN)n
3+ aggregates,

mainly to test to what extent cation parameters (set2) developed
from their hydration properties also properly describe these
cations in another solvent, using simple pairwise additive 1-6-
12 potentials. Theset2is compared withset1cation parameters,
obtained by scaling down the van der Waals cation radiusR*
by 21/6. The role of solvent and anion polarization effects is
investigated with theset2+pol model.

For the uncomplexed cations, in the absence of counterions,
set2overestimates the cation coordination numbers, whereas
set1leads to closer agreement with available experimental data,
both in terms of coordination numbers and distances. Quantum
mechanical optimizations of the M(MeCN)n

3+ aggregates
demonstrate the importance of charge-transfer and polarization
effects. Adding a polarization energy term (set2+pol parameters)
improves the MD results and yields reasonable coordination
numbers of M3+ in the absence of accompanying anions. With
all three models, the rate of solvent exchange in the first
coordination shellincreasesfrom La3+ to Yb3+, following a
trend opposite to the ion-solvent interaction energies, and
opposite to aqueous solution. This feature, similar to the one
observed with dimethylformamide (DMF) solutions of lan-
thanide cations,59 would be worth investigating experimentally
in acetonitrile. Concerning the smallest simulated cation (Yb3+),
our QM results confirm that in the gas phase the coordination
number of eight is energetically preferred, compared with a
coordination number of nine, but the difference is quite small
(4.0 kcal/mol at the HF level and 1.7 kcal/mol at the DFT level).

Another series of simulations deals with the MX3 salts in
acetonitrile, where X- ) ClO4

- vs F3CSO3
- anions are

compared. All three models seem to overestimate the cation-
anion interactions, with respect to the cation-solvent attractions,
and the differences between theset1andset2results are small,
compared with differences betweenset2andset2+pol results.
The latter lead to worse agreement between calculated and
experimental anion-binding modes, indicating that polarization
exaggerates cation-anion interactions compared with cation-
solvent ones. Taken together, all simulations point to therole
of counterions on the free energies of complexationby a ligand.

A recent paper on the solvation of Rb+ and Sr2+ ions in
acetonitrile using 1-6-12 parameters fitted on hydration free
energies (no polarization and no counterions) reports a satisfac-
tory agreement between calculated coordination numbers,
compared with the values determined by X-ray absorption
spectroscopy.60 With the trivalent cations, polarization effects
are too large to be neglected, and cation parameters fitted from
hydration properties poorly describe the cation solvation in
acetonitrile. The role of counterions has also to be taken into
account.

The importance of counterions is supported further by FEP
simulations on ML3

3+ complexes of a pyridine-dicarboxamide
ligandL , where qualitative trends in cation-binding selectivities
are reproduced by theset1, set2, andset2+pol models without
counterions. When counterions are considered in the uncom-
plexed state of M3+, the results are more versatile. In particular,
inclusion of polarization (set2+pol) leads to an erroneous order
of binding selectivities, because of the exaggeration of relative
solvation energies on the uncomplexed cations.

These results are important for complexation studies in
nonaqueous solvents,42 as well as for complexation by nitrogen-
containing ligands, such as pyridine derivatives.

Taken together, these studies indicate that when using simple
pairwise additive 1-6-12 potentials together with Lorentz-
Berthelot mixing rules, the precise size of the cation is not
crucial, and that using cation radii smaller than those derived
from hydration properties yields better results in acetonitrile.
Fixed charge models neglect electronic reorganization upon
cation binding, including charge-transfer and polarization
contributions. Because of computer time limitations, we limited
the investigations to two-body interactions, adding a polarization
term to the potential energy. This improves the description of
the uncomplexed cations (no counterions), but leads to improper
balance of solvent vs anion interactions with the cation, and to
exaggerated binding of counterions, compared to the solvent
molecules. Whether this results from inadequate choice of
charges and representation of the polarizabilities remains to be
investigated, including comparisons of united vs all atom models
of the solvent and tests on more simple gas-phase systems.61
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