J. Phys. Chem. R000,104,7659-7671 7659
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We report a molecular dynamics (MD) study on*Manthanide (L&, EW*', and YIB") cations in dry
acetonitrile solution and in M(MeCNp" clusters i = 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 parametese(? fitted from free energies of hydration overestimates the cation coordination
numbers CNs). Another set of parameterset), where the size of cations is scaled down B @ising the

o van der Waals value foR*) yields better results. Quantum mechanical calculations performed on
M(MeCN)3* aggregatesn(= 1—9) demonstrate the importance of charge-transfer and polarization effects.
They confirm the preferred coordination number of eight forYhhe Yb(MeCN}.*" species with one
MeCN molecule in the outer coordination sphere being somewhat more stable than Yb@eli\)Adding

a polarization term for the-16—12 OPLS acetonitrile to the force fieldét2+-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 frofi YoLa*", that is, inversely to the catien
solvent interaction energies and to the aqueous phase behavior. Rare-earth salts witar@IGCSG;~

anions and the question of ion binding selectivitylbyigands (formation of ML;3* complexes, wheré is

a pyridine-dicarboxamide ligand) in acetonitrile solution are investigated by free-energy perturbation
simulations, comparing theetl set2 andset2t-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 modelsétlor set2without polarization) predict the correct order of complexationYb

> Ewt > La®*"), whereas addition of polarization contribution leads to the inverse order, because of
overestimation of the catieranion interactions in the salt solutions.

I. Introduction hydration numbers. With the exception of the methanol solu-
ch o f solvati ies of lanthanid . tion,? the performance of these parameters in a nonagueous
aracterization of solvation properties of lanthanide calions ¢, ent environment has not been established. We therefore

;ep;estints ?n d!mportantt_theme pelr set,_ butbalso IS i_refersnl‘l:%ecided to compare the solvation patterns of lanthanide cations
or further studies on cation complexation, because Tirst Shell ;¢ decreasing size (B4, EU", Yb®") in acetonitrile solution,

sr?lvllent rgolecules gelnerallcljy:i are r:epl?ced by .bllndlndg sﬁtes of using the widely used OPLS model fitted on the properties of
:hg sl%?\?atigﬁona(t:t%rr?]pse());aljhccfr: tle?(reedOgaetggglaséof;rer:ﬁcfét of the pure liquid phase for the solveritFor the cation, two sets
the experimegtal studies focusgd on water a;s soR/N,Un- of Lennard-Jones parameters are compareq, with “Sma?m
. ) and somewhat larger cation radietd, respectively. In addition,

aqueous polar solvents, such as dimethylsulfoxide (DMSO), iven the importance of polarization effects induced by the hard
amides, alcohols, nitromethane, or acetonitrile, where lanthanide 3" S P 'p 15 . y
salts are soluble, received less attenfiéAs shown for alkaline and hlgh[y charged cation3, we investigate the role Of.SOIV?m
and alkaline earth catiorts! computer simulations contribute p(_)lanzanon, using theet2of catlon_ p_arameters_ In conjunctlpn

’ with the OPLS model of acetonitrile, to which polarization

to our understanding of ion solvation. Aqueous solutions &f M energy contributions have been addedte-pol model)
lanthanide cations have been simulated by Monte Carlo 9y ) P :
method&® or molecular dynamics (MDY-12 Recently, fol- There are few experimental results that can be used to assess

lowing a procedure developed for alkali and alkaline-earth the quality of the simulated lanthanide models. In contrast to
cations!3 van Veggel et al. fitted van der Waals parameters on aqueous solvation, the cation solvation numberss) and the
the free energies of hydration of¥¥llanthanide cationgusing ~ corresponding M-Nyecn distances have not been determined
pairwise additive +6—12 potentials that can be used in consistently in acetonitrile solution. Solid-state structures,
common software such as AMBER, CHARMM, or BOSS. This however, may provide valuable information of the cation
set of parameters, referred to lateisat2 also gives reasonable ~ Solvation?*24 Concerning hydration, ff-Oy,o distances de-

results for the M*-Oyqer distances and for the corresponding termined in aqueous solution [by X-ray, extended X-ray
absorption fine structure (EXAFS), or neutron diffraction

T UniversiteLouis Pasteur. technique¥ 29 are within 0.1 A the same as in the solid-state
* Commissariat 4Energie Atomique. structureg-?2and theCNs differ by at most one unit for a given
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ion. Recently, Deacon et &l.described the solid-state structure -0.395 o F
of Yb(MeCN)g** and M(MeCN)3* (M = Pr; Sm; La) homo- 0 Noets S
leptic lanthanoid complexes.In this series, the cation coor-  yx—cx—nx | 0.580 o\\\“‘/"s 0.496 \"IF
dination numbers range from 8 to 9 (as do the corresponding 0.15 0.28 -0.43 0\“\\\--"‘"‘2 : 3 F
hydration numbers), whereas the average Nlyecn distances o/ o) -0.616 -0.188
increase from 2.39 to 2.63 A. Athough the coordination

polyhedron in solution may differ somewhat from the one in (a) (b) (©

the solid stat@® one can reasonably assume that these structures 0.069

depict the behavior of the “naked” cations in acetonitrile HA

solution. Because the characteristics of the first solvation shell 02l0 | HA he 7

CA \CA/ 0448\ 0.055
M(MeCN);s3*+ clusters with M= La, Eu, Yb, whose first shell 0.218 . CT.0.336

HC
) . . HC
is saturated, allowing for exchange with MeCN molecules of N LIA 0.471 / \CT//
the second shell. Further insights into femcetonitrile interac- N\~ o N\ mu;om 0210 "C

may be influenced by long-range forces, we also simulated \ N yCA

tions will be presented from quantum mechanical calculations | 0.679

on M(MeCN)** aggregates. o 5
An important difference of acetonitrile, compared with -0.588

aqueous solution is the status of neutralizing counterions, some (d)

of them remaining in close contact with the3Mcati0n.3 We . Figure 1. Atomic charges and AMBER atom types on MeCN (a),
thus next examine the role of perchlorate and tnfla_te counterions, ¢jo,~ (b), RCSQ~ (c) and the pyridine dicarboxamide ligand (d)
where the M(CIQ); and M(RCSG;); salts are simulated in ysed for the MD simulations.

acetonitrile. We want to investigate whether simulations starting

from intimate or dissociated ion pairs converge to similar ion- Briggs'* on the bulk liquid properties. The LorentBerthelot
pairing patterns. The structural features of simulated intimate mixing rules were used for unlike atoms; = (eii * €j)*? and
ion pairs will be described shortly. R*j = R + R*j.

Another important aspect of solvation concerns the energetics, The atomic charges used for the GiGand ECSG;™ anions
which is cation and model dependent. To our knowledge, no have been fitted on electrostatic potentials calculated at the HF
related experimental data for¥ions in nonaqueous solvents level on the optimized structures with a 6-31G* basis set. They
are available. Thus, computational results have to be comparecare given in Figure 1 with the corresponding AMBER atom
from one model to another one. Using free-energy perturbation types. In a third energy representation of the system (referred
(FEP) calculations, we calculate the solvation free-energy to asset2+ pol) we used theset2parameters for M cations
differences between Ba, EW*t, and YB* as a function of the while adding polarization terms to the OPLS acetonitrile model
cation model ¢etlvs set2vs set2+pol). This is first achieved ~ and to the anions. The polarization energy was calculated as
in the absence of counterions in bulk acetonitrile solution, as described in ref 29. The atomic polarizabilities used for the
well as in the M(MeCN)2+ clusters for comparison. Then, FEP ~ solvent (e = 0.878,an = 0.520, andoc(CN) = 0.360 &)
simulations are reported in solution in the presence of neutral- and on the anionsup = 0.434,0s = 1.70,a¢c1 = 1.91,0¢ =
izing counterions. Finally, the question of ion-binding selectivity 0.32,0c = 0.616 &) were adapted from Applequist et34IA
in a recently characterized IM3* complex ( is a pyridine residue-based 12/15 A twin cutoff was applied to the nonbonded

dicarboxamide ligand) will be presented. interactions, using 3D periodic boundary conditions. Some tests
with PME Ewald correction of the long-range electrostatics have
Il. Methods been performed on the M(CIQ 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

Molecular Dynamics. The MD simulations were performed
with the AMBERA4.1 softwar€ where the potential energy

is given by: performed at constant volume and at a temperature maintained
) 5 at 300 K by coupling to a thermal bath with a relaxation time
U = Zonas Kl = Teg)” + ZangiesKa(0 — 069" + of 0.1 ps. The solvent bonds were constrained with SHAKE,

s V (1 + cosrp) using a time step of 1 fs.
aecralsnVn FEP calculations were performed to calculate the difference

+ 2 [ag/R; — 26 (Rj*IR)" + ¢ (Rj*/R)™] (1) in Helmholtz free energiesAG) between two systems, using
the windowing technique, based on the following equations:
The electrostatic and van der Waals interactions between
nonbonded atoms are described within a pairwise additive
scheme by a-16—12 potential. Parameters for the solutes were
taken from the AMBER force fiek$ and from previous studies.
Two sets of LennardJones parametersdtl and setd were The mutations from one cation to the other (or from one
used for the L&", EW®T, and YIF' cations. Theset2has been model to the other) were achieved in 51 equally spaced
developed R* o = 2.105;R*g, = 1.852;R*yp, = 1.656 A;eia windows, performing at each window (i.e., at eadgh? ps of
= 0.06; egy, = 0.05; ey = 0.04 kcal/moly to reproduce the  equilibration and 3 ps of data collection. The variations of the
free energies of hydration of these cations. We dersetiifrom potential energyJ, were calculated using a linear combination
set2by scaling down th&* radii by 216, using thus the original ~ of thee; andR;* parameters of the initial staté & 1) and the
o values forR* (R* 4 = 1.875;R*g, = 1.650;R*yp, = 1.475 final state 4 = 0):
A) and keeping the same parameters as iset2 Thus, the
cation size increases frosetlto set2 The acetonitrile solvent ~ €(4) = 1e(1) + (1 — 1)e(0)  and
was modeled with the OPLS model fitted by Jorgensen and R*(1) = AR*(1) + (1 — A)R*(0)

u,—U
AG=3AG, and AG,= RTIongp(lR—THM)Q
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FsCSG;, 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 cationsgtlvs setd and for the solvent (OPLS vs
polarized OPLS model, used with tlset2cation parameters,
noted hereafteset2t+pol).

1. Characteristics of M Cation Solvation in Acetonitrile
(No Counterion): Static and Dynamic Aspects. Cation
Coordination Numbers. Because the size and behavior ofEu
are intermediate between those ofYkand L&", we mainly
consider the latter. The ¥Nyecn solvent radial distribution
functions (RDFs) of YB*(set) and L&"(set? in solution are
shown in Figure 3. They show a first narrow peak, followed by
more diffuse peaks. In the largest modeled catior¥; (setd,
the RDF drops to zero between the first peak (at 2.85 A) and
the broad second one (at about 6 A), which indicates the absence

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

gw ga : . . of solvent exchange between the first and second shell during

25 Yo set! | a5 La® sef2 the whole simulation (1 ns). This feature contrasts with the
smallest simulated cation, ¥i(set]), whose RDF displays a

*1l en, =80 ] *1 en =120 1 smooth hump between the first shell peak (at 2.30 A) and the

25 1 25| : second shell (at about 5.10 A), indicating solvent exchange

- 2/ between the two shells. This exchange is visualized in Figure

4, which shows a cumulated view of solvent molecules during
15 ] e 1 the last 0.2 ns. It confirms the lack of exchange around

1] o] || M7 00 La3*(setd and the extensive exchange around*(bet]), some

sl .l of the MeCN molecules diffusing from far beyond the second

cn2=18.3 shell.

’ 4 3 8 R/A ° 2 3 8 RIA The running coordination numbers of the3taEwt, and
Figure 3. Radial distribution functions (RDFs) ofd\ around the Y- Yb3* cations, obtained by stepwise integration of the RDFs,
(set) and L& (set) cations and corresponding coordination num- are plotted in Figure 5. For the E&(set2 cation, the horizontal
bers: cn (first shell), cn (second shell), and er, (intermediate shell, plateau between 3.3 and 4.8 A confirms the lack of solvent

due to molecules exchanging between the first and second shell). exchange wittset2 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,

Analysis of MD Results. Average structural features and Where according to experimental and simulation dafdthe

o o 3

energy components were analyzed from the trajectories savedifetime of solvent coordination decreases from*Yio L&,

every 0.2-0.5 ps using the MDS and DRAW softwates following the decrease of |oﬂA(ater interactions. Acco@ng
Quantum Mechanics (QM). The QM ab initio calculations to the energy component analysis (Table S2), tR& &cetonitrile

on M(MeCN)3* aggregates were performed at the HF level Nnteraction energies also decrease fron¥Viw La*t with both
using the Gaussian-8and Gaussian-98 packagésThe 46 sets of cation parameters, whereas solventvent attractions

+ 4f core electrons of the lanthanide cations were described 'émain comparable.

by the quasi-relativistic effective core potential (ECP) of Dolg In Table 1 are reported the crand cn-, coordination

et al3>36 and the valence electrons by a (7s,6p,5d)/[5s,4p,3d] numbers of MeCN molecules, which correspond, respectively,
Gaussian basis set supplemented by one f polarization functionto the first sharp peak of the RDFs (inner coordination sphere)
of exponent 0.59%7 The H, C, and N atoms of MeCN were and to the smooth hump of the exchanging solvent molecules

AG values were accumulated and averaged from “forward”
(increasingt) and “backward” (decreasing) calculated ener-
gies.

described by the standard Dunninigay doubleé basis set? (see Figure 3), as well as the average total nurilbRibf “first

The M(MeCN)3* systems were fully optimized, without shell” solvent molecules, whef&NT= cm, + cry—,. For a given
imposing symmetry. The M(MeCMJ" species moved froms, cation, the coordination number is markedly model-dependent.
to Cs,, as noticed in related systerffsFor n = 8 and 9 we For Yb**(set), the totallCNCIs 9.8, including the contribution
started with the X-ray structure of the La(MeGff) and Yb- of the 1.8 molecules in the “intermediate shell” and armmber

(MeCN)** complexes> For the Yb(MeCNy** and Yb- of 8.0 as in the solid staf®With the set2parameters, theCNL
(MeCN).1** complexes, optimizations were repeated with the of Yb3* would be too high (8.5+ 1.0), as would be thECNO
density functional theory (DFT) method using the B3LYP of La3* (12 + 0). Thus, theset2 parameters lead to an

functional. overestimation of the CNs in acetonitrile, when used with the
standard OPLS model. When polarization energy is added to
IIl. Results acetonitrile (compareset2 and set2+-pol models), the total

We mainly focus on the comparison of the simulation results coordination numbersCNCof Yb*" and L&" decrease to 8.75
obtained with theset], set2 andset2+pol parameters. We first  and 9.80, respectively, mostly because of the decrease of solvent
consider structural features for uncomplexe#f Mations in the molecules in the first shelXcm = 0.50 and 2.25, respectively).
absence of neutralizing counterions as a reference state. Thehe resulting cnvalues of 7.95 and 9.75 become closer to the
the cation solvation of lanthanide salts is compared with two experimentalCNs of 8 and 9, respectively. As the size of the
types of neutralizing counterions (perchlorate £l@nd triflate cation increases, the three models lead to the same qualitative
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Yb3+.10 MeCN, orthogonal views

La3+12 MeCN

Figure 4. Cumulated views of MeCN molecules around thed(bet) and L& (setd 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).

set2+pol Ve

12 — yp*

Qo o TR e w e _;

2 3 4 5 R/A

Figure 5. Yb3®", EW?, La®" cations in acetonitrile solution. Running
coordination numbers as a function of the distafcéd) from the
cation. From MD simulations wittsetl (top), set2 (middle), and
set2t-pol (bottom).

instantaneouslistances with M". The resulting distribution
(Figure 6) confirms that integer numbers of@orrespond to

a unique type of coordination, whereas nonintegemzmbers
correspond to contribution of two types of coordination only.
This contrasts with the second shell, whose average composition
crp results from a large number of coordination types (e.g., for
Lad*(set] the 14.9 value of ciresults from an average of 32

18 coordinated species). In the intermediate shell, several
contributions may be similarly recognized. For instance, for
Yb3*(setd the cn—_, 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 MTsolvent distances in the first coordination shell,
determined byRnax (the maximum of the first peak in the RDFs),
increase from Y#' to La2*, following the cation radii (by about
0.30 A with set], 0.45 A withset2 and 0.4 A withset2+pol).

For a given cationRyax is also larger withset2than withsetl

(by about 0.10 A for YB* and 0.25 for L&"). In keeping with

the fact that YB(setd and Ed*(set) cation models have close
R* van der Waals radii, the correspondiRg.ax values are very
close (2.40 and 2.45 A, respectively). When acetonitrile
polarization is added to the modeket2+-pol parameters)Rmax
somewhat shortens (by about 0.1 A), as expected from enhanced
interactions with the cation (Table S2). Another characteristic
distance is the average distaridg of the cn molecules which

sit instantaneouslyn the first shell.[d;Cvalues are about 0.08
A larger than the correspondiii,ax ones and follow the same
trends. Again, this small difference is in the order of statistical
fluctuations.

We now compare the calculated MeGM3* distances with
the average values determined in the solid state for Yb-
(MeCN)3** (2.39 A) and La(MeCNp$+ (2.63 A), as well as
with data for other complexes retrieved from the Crystal-
lographic Cambridge Structural Databds€lhe results dis-
played in Figure 7 show that in the latter complexes, the
MeCN-M?3* distances are longer than those reported by Deacon
et al?® This is due to the presence of neutralizing ¢ounterions

conclusion concerning the acetonitrile exchange, that is, aand ligands in the former case, where MeCN formally binds to

decrease from Y& to La®" (see ch-, in Table 1 and Figure
5).
Concerning the gmumber of inner sphere solvent molecules,

a neutral MX salt, and is therefore less attracted than by a
“naked” M3* cation. Steric effects caused by the coordinated
ligands also weaken the catioacetonitrile “bonds”. Thus,

we notice that some values are close to an integer number [e.g.Peacon’s structures (details are given in Table S3) are most

8 for Yb®* with setlandset2-pol models, or 12 for L& (setd)].

In other cases, gnis a noninteger. For instance, E¢set) and
Yb3*(set) have cn close to 8.5, whereas Baset]) or
La®*(set2+pol) have cni close to 9.7. Following the procedure
of Kowall et al.}? we therefore dissected the contributions of
the acetonitrile molecules in the inner shell{(gisecond sphere
(crp), and intermediate shell (enp), as a function of their

directly comparable with the simulated ones. Figure 7 makes
clear that theset2parameters give the poorest agreement with
experiment, whereas tisetlgives 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 energgt2+pol
model) leads to a nice agreement for3Ypbut still yields
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TABLE 1: M 3+ Cations in Acetonitrile (No Counterions) and M(MeCN);53" Aggregates

RDF in acetonitrile RDF for M(MeCN)}*" aggregates

solute R* P Rimax cm + cn—o° [CNO Rinax cmy + cm—° [CNO
Yb3* setl 1.475 2.30 8.06- 1.80 9.80
Eut setl 1.650 2.45 8.56+ 1.00 9.50
Lad* setl 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
Ew' set2 1.852 2.60 9.60- 0.35 9.95 2.60 9.36- 0.40 9.70
La’" set2 2.105 2.85 12.06- 0.00 12.00 2.90 12.06 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
Eutt set2+-pol 1.852 2.50 8.76- 0.40 9.10 2.50 8.76- 0.50 9.20
La3" set2+pol 2.105 2.70 9.75 0.05 9.80 2.70 9.86- 0.05 9.85

aMain characteristics of their first solvation shell, from the analysis of the RDFs. See Figure 3 for definitiongiohen first shell) and cn»
(intermediate shell)® Cation van der Waals parameter in &Number of MeCN in the first shell and in the intermediate shell

10
c1-c2 n0-c c2-c3 cl1-c2 0-c1 c2-c3 c1-c2 0-ct c2-c3
0.8 - L
1.74 s .
Yb™ set? | | Eu™ set?
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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.

distances that are too large for3awhich suggests that this by thea-angle (< M—N—C; see Figure 8). At a given #--N
modeled cation is somewhat too big. distanceR, optimal charge-dipole interactions correspond to
It is instructive to compare the first shell characteristics in a = 18C°. Figure 8 represents the populations of MeCN
bulk solution with those in the M(MeCN¥* aggregates (Table  molecules as a function ofi( R) parameters, where the N atoms
1). For a given cation and model, the RDFs of the solution and were selected between spheres of r&liand R + 0.25 A,
of the aggregate peak at the sarRgax values, and the  centered on NI". Figure 8 reveals two well-defined zones for
corresponding coordination numBd&NCis nearly identical. The  three cations and parameter sets, corresponding to the first and
largest differences (about 0.3) are close to the statistical second shell, respectively. The-orientation of first shell
fluctuations. The average static characteristics of the first molecules R between 3 and 4 A) peaks as expected at’180
solvation shell in solution are thus not critically influenced by but displays significant flexibility, of about40° in all cases.
the second shell or more remote MeCN molecules. In the seriesThe second shell molecules (at about 6 A) also display a marked
of Eu(MeCN)3" aggregatesn(= 1—15; Table 2), the average orientation, which peaks near 1%50Then, a third shell is
MeCN-Ew* distances increase by about 0.18s&tQ) and 0.22 observed at aba® A for the three cations, wherepeaks near
A (set2+pol) when the number of solvent molecules increases 120° and displays still larger orientational flexibility (from about
from 1 to 15, because of the solversolvent repulsions in the  40° to 170).
first shell. Figure 8 gives another illustration of solvent exchange
Orientation of Acetonitrile Molecules Induced by M3* in between the first and second shell 3tet) is the only case
Solution. In this section, we analyze the orientation of the where no such exchange is observed during the simulation, and
acetonitrile molecules in the vicinity of the cation, as defined the two first “spots” corresponding to the first and second shell,
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Figure 7. MeCN-M3* distancesd, A) as a function of the ionic radius
(R, A) for structures calculated in bulk acetonitrile solution (wstkt1,

set2 andset2t+pol), for those observed in the solid-state structures of
Deacon et aP® or those found in the Cambridge Crystallographic

Structural Database (CCSH).
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In most complexes (the only exception being Eu(Meg&N)
and Yb(MeCNy3*) theqy charge on the nitrogen atom is more
negative than in the isolated MeCN molecutg & —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 aggregaig, becomesless
negative with YB* than with L&", 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 #ato Yb3"). We notice (Table 2)
that G=N and C-Me distances in Eu(MeCMj"~ are ap-
proximately the same as in the free ligand. In smaller aggregates
(n < 5), C=N is longer, whereas in higher aggregates-(5),

C=N is shorter, in full agreement with spectroscopic observa-
tions where MeCN coordination to ¥ cations leads to a shift

to higher frequencies in solutidf.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.

respectively, are well separated. This is not the case for the other The optimized La(MeCN§™ and Yb(MeCN)3™ complexes
systems, in particular for Y (set), where an important
population of MeCN molecules between these two shells is seenX-ray structures (Table S3}.In both complexes, the calculated

clearly. The corresponding-values are intermediate between

those of the first and second shells, as anticipated.

Quantum Mechanical Optimization of M(MeCN) .3t Ag-
gregates. Comparison with MD ResultsForce-field calcula-
tions do not take into account electronic and structural rear- solution” (mimicked by a reaction field correction). Without
rangements of the ligands upon coordination. These effects areémposing any symmetry, the structures converged to symmetrical
demonstrated by the QM optimizations of Eu(Me@GN)(n =
1-9; Table 2), La(MeCNy* and Yb(MeCN)3™ aggregatesn(
=1, 8, and 9; Table 3). According to these calculationsn as
increases from 1 to 9, the MeCMN 3" distance increases (by

about 0.41 A), whereas the geometric and electronic perturba-

(Figure 9 and Table 3) can be compared with the corresponding

MeCN-M3* distances are about 0.08 A longer than in the
crystal. About 0.05 A of this difference may be ascribed to
environment effects in the condensed phase, as suggested by
calculations on lanthanide and actinidé complexes ‘“in

forms Dsn and D4, respectively). We notice that in all three
M(MeCN)g*" 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)** complex, optimized starting from the

tions of the MeCN molecule with respect to the free ligand optimized Eu(MeCNg** one, retained ®3, symmetry (Table

decrease.

2). Because the coordination number of nine foPYIs larger

Electronic perturbations are illustrated by changes in Mulliken than the value observed in the crystal, we decided also to
charges. In all systems, the net charge on the cation is less tharptimize a Yb(MeCNy.13" complex. The latter was built from
+3.0 e because of electron transfay from all MeCN ligands.
The transfer, mostly arising from the coordinated nitrogen atom, added in the second shell alongC% symmetry axis. After
increases with the number of ligands. For instance, in the
Eu(MeCN)3* series Aq increases from 0.25(=1)to 1.10 e
(n=9), whereas they charge changes from0.64 t0—0.10
e. For a given size of aggregat®q increases with the cation
hardness. For instance, for=9, Aqis 0.71 for La and 1.34 e

Yb(MeCN)" of Dsyg symmetry to which a ninth ligand was

minimization at the HF level, the coordination remained 6.8
type (Figure 9 and Table 3), leading to a species more stable
than Yb(MeCN)3* Dz, (AE = 4.0 kcal/mol). Repeating the
geometry optimization of the 9 andr8 coordinated species at
the DFT level yields a smallexE (1.7 kcal/mol) and structures

for Yb. somewhat more compact (Yb...N distances are about 0.03 A
TABLE 2: Eu(MeCN) 3" Aggregates Optimized by QM and MD Calculations (Distances and Atomic (Mulliken) Charges)
MeCN Eu(MeCN)**
n 1 1 2 3 4 5 6 8 9 15
QM calculations: Optimized distances (A) and mulliken charges

symmetry Cooy Cm,, Dooh Csya Td D3h Oh D4d D3h

dEu-N - 2.192 2.320 2.334 2.376 2.417/2.449 2.475 2.560 2.639/2.592

dC=N 1.152 1.173 1.163 1.158 1.155 1.152/1251 1.149 1.147 1.146/1.146

dCc-C 1.468 1.456 1.463 1.466 1.467 1.468/1468 1.469 1.470 1.470/1.470

On —-0.100 —-0.645 —0.497 —0.494 —0.431 -0.322/-0.282 —0.233 —0.147 —0.100/0.094

Jc —-0.020 +0.445 +0.298 +0.303 +0.249 +0.15440.128& +0.090 +0.047 +0.03440.015

Ome +0.120 +0.429 +0.368 +0.334 +0.304 +0.279A40.273% +0.253 +0.214 +0.194/0.200

Oeu - +2.772 +2.662 +2572 +2.509 +2.433 +2.345 +2.091 +1.895

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

2The optimization started with B, complex and converged to @, symmetry.” Equatorial/axial MeCN¢ Equatorial/apical MeCN¢ With
set2 ¢ With set2t+pol.
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Figure 8. Orientation of MeCN solvent molecules aroundMations in acetonitrile (no counterions): population of configurations for gi®en (
a) values R distance, A, in ordinate and-angle, degrees, in abscissa). Simulations withl, 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).

shorter) than those optimized at the HF level. These QM than in pure liquid solution or in Eu(MeCN$* (Figure 7),
calculations confirm that the preferred coordination number of where the cation coordination numbers are higher. In smaller
Ybe* is eight, and that Yb(MeCNJ" likely corresponds to a  aggregates, QM distances are much smaller than MD ones
transition state for ligand exchange, energetically close to the because of the polarization effects described above, whereas in
“ground state”. saturated aggregates, QM and MD converge to similar values.
Concerning the comparison of EuN distances in the QM Thus, forcefield parameters to be used in condensed phases
vs MD optimized Eu(MeCN§* aggregate, there is good should not be fitted on unsaturated complexes
agreement with theet2parameters (differences are less than ~ Some energy features of the M(MeGRf) aggregates ob-
0.03 A). The agreement with X-ray extrapolated data is better tained from different methods are illustrated in Figure S3 as a
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TABLE 3: La(MeCN) ,*" and Yb(MeCN),3" Aggregates (1 = 1, 8, and 9) Optimized by HF QM Calculationst

OPLS QM calculations
MeCN La(MeCN)3+ Yb(MeCN)3*
n 1 1 1 8 9 1 8 9 81
Symmetry Cooy Coogr Cool/ D4d D3h Coo,/ D4d D3h C1
dM-N - - 2.300 2.669 2.728/2.703 2.097 2.468 2.583/2.495 2.465/6.060
d C=N 1.157 1.152 1.171 1.148 1.147/1.%47 1.174 1.146 1.146/1.145 1.146/1.155
dC-C 1.458 1.468 1.460 1.470 1.470/1.470 1.454 1.470 1.470/1.4%0 1.469/1.472
On —0.43 —0.100 —0.645 —0.192 —0.144/-0.139 —0.622 —-0.111 —0.069/0.068 —0.110+0.226
Oc +0.28 —0.020 +0.430 +0.041  +0.030A4-0.01C» +0.457 +0.055 +0.028/0.024 +0.0594-0.050
Ove +0.15 +0.120 +0.412 +0.218 +0.20140.20% +0.441 +0.207 +0.18740.192 +0.2004-0.194
am - - +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 MeCNE First shell/second shell MeCN molecules.

Yb(MeCN)g3+ (Dad) Yb(MeCN)g,.13+ (C1) La(MeCN)g3+ (D3h)
Figure 9. Optimized structures of Yo(MeCR) (Dsg symmetry), Yb(MeCNy;13" (no symmetry), and La(MeCRh)" (Da, symmetry).

function ofn for theset2andset2tpol MD results 6 = 1—15) TABLE 4: M(CIO 4); and M(FsCSOs); Salts Simulated in
and for the QM resultsn(= 1-6, 8, and 9). All methods show  Acetonitrile@

quaIitativersihat addition of one MeCN molecule to a salt binding mode  No Nusecn ClNoga
M(MeCN),-13" aggregate is energetically favorable, although

starting to reach a plateau at= 10. Compared with QM Ig((gllc%);f;ettlz m 3'8 1g‘g+ 1.0 192'%
stabilization energieAE, MD values are underestimated for | 5(Ci0,); set2 m 30 90 12.0
the smallesin, but become similar ah = 6, because of a Yb(FsCSQy); setl b 6.0 20 8.0
compensation of the increasing cation/ligand(s) attractions and La(FsCSQy)s set2 t, (b) 85 33 11.8
ligand—ligand repulsions. Among the MD resuliSE is larger a NumberNo of coordinated O atoms of the anion, and nunigsey

with theset2-pol than with theset2parameters before saturation  of coordinated MeCN molecules. The total coordination number is
of the first coordination shell, but becomes comparable after CNgwa = No + Nuvecn. ® Them stands for monodentatie for bidentate,

saturation. andt for tridentate binding mode of the anions.

2. MX3 Salts in Acetonitrile: lon Pairing and Cation
Solvation. Where Are the Anions? From Dissociated to We first conducted several MD simulations, ranging from
Intimate lon Pairs. In acetonitrile solution, many anions interact 0.2 to 1.6 ns, which started with intimate 1:3 ion pairs, to test
with lanthanide cations. According to"Bmli et al.??45 the whether they spontaneously dissociate to complexes of lower

apparent stability constants (kg for the formation of stoichiometries. In contrast to what was simulated in wzet,
monoperchlorato species in 0.05 M anhydrous acetonitrile all salts remained_fully associa_ted, as pre\_/iously found for the
solutions of M(CIQ)s are in the order of 2.0, and increase by EU(NOs)s or Eu(Picrate) salts in acetonitril€? It is unclear
about 0.5 unit from T#" to Yb3*. For tris-triflate species formed ~ whether such association results from a thermodynamic equi-

in solutions of M(RCSQ)s salts, Lod<s is in the order of 2.5 librium, or f_rom a metastable state trapped by a dissociation
and the number of uncoordinated anions is greater tharf%wo. €energy barrier too high to be overcome at 300 K.
Conductometric measurements show M(@IM = Nd, Eu, We therefore proceeded to other tests, starting with fully

Er) to be 2:1 electrolytes in anhydrous acetonittfievhereas dissociated M"/X~ ion pairs, to investigate whether these ions
Yb(FsCSQ)3 is a 1:1 electrolyté. In anhydrous acetonitrile, ~ would spontaneously pair in acetonitrile. Two typical examples
only the heavier lanthanide complexes are soluble, and accordingare given in Figure 10, for the smallest ¥igset] and largest

to IR spectroscopy studies of M(CI salts, the number of  La3"(setd ions, respectively. These simulations started with
coordinated perchlorate anions ranges from 1.6 (foi")éo ClO4~ or FsCSQ;~ anions at about 12 A from the cations (i.e.,
0.9 (for YB3t).347-49 We therefore decided to simulate some at 3 A less than the cutoff distance), forming-¥I—X angles

of these salts, to gain insights into the question of ion pairing, of about 120. Although the Coulombic interactions were similar
focusing mainly on the extreme cases, that is3"{et) and in all starting systems, the systems evolved somewhat differ-
Las(setd. ently. The YB* perchlorate or triflate salts and theXariflate
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Figure 10. Perchlorate (PCL) and triflate (TFL) salts of ¥igset])
and L&*(set) cations in acetonitrile: Nt-anion distances (A) as a %
C

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). Eu(TFL)3 + 2 MeCN 430 ps (setf) Eu(TFL)3 + 3 MeCN 290 ps (sef2)

Figure 11. First coordination shell of Eti in the perchlorate (PCL)
salt rapidly formed intimate ion pairs (in less than 200 ps), and triflate (TFL) salts simulated in solution with tisetland set2
leading to M(CIQ)s; and M(RCSQ;)s species, respectively. In  models.

Las* perchlorate, ion pairing was slower and partial only. A

first ClO,4~ anion coordinated to 34 at about 450 ps, a second ~anions. As aresult, the number of coordinated MeCN molecules

one at 1.6 ns, whereas the third one dissociated beyond the cutofflrops by one to two units, relative to tiset2results.

distance to the bulk. These simulations are not sufficient to 3. Relative Free Energies of Solvation of M* Cations in

conclude on the stability of ion pairs either, because the Acetonitrile. The Role of the Model and of X~ Counterions.

trajectories are driven by the potential energy, as well as by the In this section, based on FEP calculations, we investigate the

velocities of ions and molecules. We performed other simula- role of cation modelgetlvs setd and solvent modelsgt2vs

tions, starting at lower B-X~ distances (about 7 A), or  Set2tpol) on the changes in solvation free energhesS; from

resetting the velocities to random values along the dynamics, ©ne cation to the other (Bavs E#* and Ed* vs Yb*") in dry

or starting with partially formed pairs (e.g., MX). Other tests acetonitrile solution. First, the cations are modeled without

used the PME Ewald method to take into account the long- counterions and the changes in free energies are compared with

range electrostatic interactions. No firm conclusion could be those obtained in M(MeCNy** aggregates. Then the role of

obtained, because most of them converged to different types ofcounterions is investigated in solutions of Mand MX;*" salts

ion pairs, where the anions were partially bound. The “reality” forming intimate ion pairs. Results are reported in Table 5. In

is likely an equilibrium between the different states, which all casesAGsbecomes more positive when the size of the cation

remains a challenge for future computational approaches.  increases (Y& < EW** < La’"), following trends of the
Solvation and Structure of M(CIO4)s and M(FsCSO3)s lanthanide, alkaline-earth, and alkali cation hydration enefgies.

Salts Forming Intimate lon Pairs. In all cases, the cation of Co(il?ligrgi]c?rfsm _Fl_rhe: ;?@Eﬁ;ﬂgoﬁﬁgeﬂ ?v;c?igﬁrs]seé’l:‘t?ve
the associated 1:3 salts is solvated by additional MeCN )- 8

molecules, leading to somewhat different binding and solvation cations amounts to about 30 kcal/mol with betitlandset2

. ) - - models, and to about 50 kcal/mol with tiset2+pol model.
patterns depending on the anion type, cation size, and model. .
) S These numbers are lower than, or comparable to the differences
Typical structures of the Eti salts are shown in Figure 11 and

typical cation coordination numberdNg of anionic oxygen in the corresponding hydration energf€sThe differences

i . . betweensetlandset2results are small. For instance, for the
atoms andNvecn Of acetonitrile molecules) are summarized in

: : Ewt — La®" mutation, AG; is 33.2 and 34.1 kcal/mol,
Taple 4. With thesetlandsethaIcuIatlons., the three pe(chlgrate respectively. Adding polarization on MeCNdt2-pol) leads
anions are mostly monodentate, allowing for coordination of

six (Yb* set) to nine (L&' setd MeCN molecules. This to a spectacular increase A3 (by about 24 kcal/mol for the

bind q hat differs f h inferred f IR Euwt — La" mutation and 21 kcal/mol for the ¥h — Eudt
Inding mode somewnat diTters from the one Interred tfrom mutation). Another interesting observation is the similarity of
spectroscopic studies, according to which £l@nions coor-

! . . the AG; energies in the pure liquid and in the M(MeGMYy
dinate mono- and bidentatelySuch discrepancy has already .
. i . tes (Table 5) with all th dels. TA@; val
been noticed with N@ counterion$152The latter are generally aggregates (Table 5) with all three models vaiues are

. . . only 0.4 to 3.0 kcal/mol larger in the liquid than in the aggregate,
cpnadgred .to be bldentate,. whereas according to the MDIiker due to the contribution of MeCN molecules of the second
simulations in aqueous solution, they are monodentate.

_ _ _ ) _ ) or intermediate shells. The changes in cation coordination
The simulated triflate anions dISplay mono-, b|', and tridentate numbers are also very similar in the two Systemsl

binding to E&*" (Figure 11), whereas the number of coordinated Changes in Free Energies of Solvation of M¥and MX 2+

MeCN molecules is generally lower than with GIO from 2 Salts. The role of neutralizing counterions on the relative free

with Yb®*(set) to 3 with La**(setd. To our knowledge, the  energies of lanthanide cation solvatiafs; has been examined

corresponding binding patterns have not been investigatedyith the three models, for MXand MX2* salts.

experimentally. We first discuss the neutral Mpéalts (Table 5). Adding three
Taking into account polarizatiors¢t2t+pol) favors bis- and counterions to the naked ¥ cation leads to an increase of the

even tridentate coordination modes of both £€l@nd RCSG;~ AG;3 energies, the largest effects being observed with triflate
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TABLE 5: Differences in Free Energies (kcal/mol) from FEP Calculations on M™ Cations, MX,®~" salts, MLz®" and ML 3X3

Complexes
AG;3 (uncomplexed cation) AAG,sd AG,4 (complexed cation) AAG,
Yb—Eu Eu—La Eu Yb Yb—Eu Eu—La Eu Yb
experiment —-1.8 —-25
M3+ M L33+ M |_33+

setl 25.7 33.2 33.3 49.7 —-16.5 —24.1
(33.0¢ (50.7¥

set2 304 341 44.3 48.2 —-14.1 —28.0
(29.8¥ (31.1y (44.4) (59.0¥

set2+pol 51.2 58.3 —16.1 —20.7
(50.3)¢ (56.7)¢ (55.8)¢ (74.4)¢

M(CIO4)2* M(CIOg4).2* ML 3 (ClO4),2*

setl 27.8 355 —-2.3 —4.4 —14.2 —19.7

set2 31.9 36.3 —2.2 -3.7 -11.¢ —24.3

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

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

setl 31.5 394 —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

set2tpol 78.4 80.3 —22.0 —49.2 +5.9 +28.5

M(FsCSQy).2" M(FsCSQy),2" ML 3 (FsCSQy)12"

setl 333 41.1 -7.9 —15.5 —8.6° —8.6°

set2 36.8 40.4 —6.3 —-12.7 7.8 —-15.3

set2+pol 73.8 77.9 —19.6 —42.2 +3.5 +21.8

M(FsCSQy)3 M(FsCSQy)s ML 3 (FsCSG)s ML 3 (FsCSG)s

setl 46.8 51.7 —18.5 —39.6 34.8 452 +6.5 +18.5

41.1 51.3 +0.4 +6.1

set2 47.8 52.7 —18.6 —36.0 42.1 50.8 +1.9 +7.6

set2tpol 88.6 89.7 —31.4 —68.8 +15.3 +48.1

aUnless otherwise specified, the simulations are performed in acetonitrile solutioM AGgsand AAG. energies are relative to Ea These
energy differencesAG; and AG,, are defined in the text, based on Schemes 1 and 2. All values imialal, errors estimated between forward
and backward calculations are 0.4 koabl~. ® Difference in free energy due to the addition of counterions, relative . 1S$ee Scheme 1 for
definition. ¢ Values in parentheses are calculated for M(MeGN)clusters.d Values in parentheses are calculated in vaéhdL 3** complex
without counterions vs M(X¥* salt. ML z** complex without counterions (in vacuo) vs M¢X) salt. %" Two starting situations have been investigated
for the complexes of the triflate salt: one with all 3 anions within the cutoff distaf)carfd another one with only two triflates within the cutoff

of M3+ ().

anions, which display larger interactions than the perchlorate
anions with the coordinated cations. For instance, withs#ié
parameters, theAG; difference between Y& and L&"
increases from 59 kcal/mol (no counterions) to 71 kcal/mol (with
ClO4~ anions) and 98 kcal/mol (withsESG;~ anions). With

the set2 parameters, the corresponding energy changes are

similar (about 64, 75, and 99 kcal/mol, respectively). Thus
changesAAG; induced by the anion coordination to the cation
are much larger than those obsed from one cation model to
the other®

Taking into account polarization of the solvent and of the
coordinated anionssét2t-pol parameters) leads to spectacular
increase ofAG; energies, the effect being again larger with
FsCSG;~ than with CIQ~ anions. TheAG; energy difference
between YB" and L&' increases from 109 kcal/mol (no
counterions) to 159 kcal/mol (with CI© anions) and 178 kcal/
mol (with FCSQ;~ anions). These energies are nearly twice as
large as those obtained without polarizatisetg. This stems
from the fact that the anions are more tightly bound with the
set2t-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 studlies,

SCHEME 1
AGass-1
M*4nX ----»> MX,.”
AG, ¢ ¢AG3~
3 AGass-2 3
La**+nX ----» LaX,/™

setlandset2energies, whereas ttset2+-pol values are again
about twice as high. For a pair of cations, th&; energies
increase upon addition of counterions: “naked cation”
M(X) 12+ < M(X)g.

Insights into differences in ion pairing may be obtained from
differences in association energid\Gyss for M3+ vs La™
cations to a same anion X According to the above cycle
(Scheme 1)AAGass = AGass1 — AGass2 = AG3 — AG3,
whereAGz; andAGs' are the differences in solvation energies
between the two “naked” cations and the ant@ation pairs,
respectively.

The energies reported in Table 5 confirm the conclusions
above: with all sets of parameters, counterion effectA AGass
energies are larger forsESG;~ than for CIQ~ anions. They
are roughly proportional to the number of coordinated anions

it appears that the calculations overestimate the extent of anionX™ and similar withsetlandset2parameters. Adding polariza-

binding to M?*, and that this artifact increases when polariz-
abilities of the solvent and anions are added to the force field.

tion (set2tpol) markedly enhances the energy differences (by
a factor of about 4 with CIgr, and 2 with ECSG;™)%5.

Because a 1:3 coordination is likely exaggerated, we decided 4. Cation Complexation in Acetonitrile: Comparison of

to also simulate 1:1 complexes of M(C)@*" and M(R-
CS(y),%" type, and to calculate the change in free energies from
one cation to the other. The results (Table 5) follow the same

Simulated vs Experimental Structures and Binding Selec-
tivities of ML 33" Complexes (L= Pyridine —dicarboxamide).
The effect of cation representation was investigated in.a

trends as for the 1:3 salts. There is little difference between the complex wherd. is a pyridine-dicarboxamide ligand (Figure
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Figure 12. The EW 3*" complex of the pyridine-dicarboxamide ligand.: schematic view (left) and X-ray structure (right).

SCHEME 2 For the uncomplexed state, we used A@; values reported
N ) AG, o above, considering different states for the counterions setie
M7+3X"+3L ----» ML;7.3X andset2calculations ofAG, were performed in solution with
A@# ¢ AG, explicit counterions, whereas for tiset2+pol calculations we
calculated AG4 in the gas phase without counterions, for

" N computer time-saving purpos&s>’ The results are reported in
Lat+ X +3L----» Lal3",3X Table 5
AG, .
When the uncomplexed cation is considered without coun-
12) whose structure and cation binding selectivity have been terions, combination oAGz; andAG, energies yields the correct
characterized experimentaf. order of binding selectivities (I%& < EW" < Yb®") with the
Structural Data. According to X-ray data (Table S4), average three models. ThAAG; energies are comparable wiket],
M—O, distances are somewhat shorter than theNvtlistances set2 and set2-pol (21—28 kcal/mol for L&" — Yb3") and
(by about 0.15 A in the L% complex, and 0.10 A in the Bt markedly exaggerated, compared with the experimental value
complex). They are also about 0:20.14 A shorter with E#f of 2.5 kcal/mol®®
than with L&*. In a given complex, M-O and M—N distances When X counterions are taken into account for the uncom-
display variations of up to 0.06 A. These trends are reproducedplexed states (MX associated salt), the situation is more
by all calculations (Table S4) and, as expected, all distancescomplicated. With ECSG;~, all three models yield the same
are somewhat larger witbet2than withsetl The comparison order, which is incorrect and opposite to the experimental one,
of in vacuo vs acetonitrile solution simulations performed with the worse results being obtained with #e2+-pol model AAG,
setlshows that the simulation phase has little influence on the = +48.1 kcal/mol for L&" — Yb3"). The changes fromsetl
cation-ligand distances; they deviate by 0.01 A in theEu  to set2are much smaller than those fr@et2to set2+pol. With
complex and by about 0.03 A in the ¥acomplex, because of ~ CIO;~ as counterions the trend IRAG; values is correct (but

the transient coordination of one solvent molecule t&'Lia exaggerated) witeetlandset2 but incorrect with theset2+pol
solution. Both sets or cation parameters yield reasonable model. Thus, addition of polarization energies leads to erroneous
agreement with experimental structures, but averagéMand predictions of binding selectivities. On the other hand, for a

M—N distances are somewhat too long ws#t2(by about 0.20 given system, botlsetl and set2 yield similar qualitative
A'in the L& complex and 0.05 A in the Bt complex). Taking conclusions, indicating that the latter are not critically deter-
into account the polarizatiosét2+pol) in gas-phase simulations  mined by small changes in the size ofM It appears from
improves the agreement with experiment, excepted forthgd.a  Table 5 that erroneous predictions of the selectivities stems from

distances which remain too long by about 0.08 A. the exaggeration oAG3 energies of the uncomplexed cations,
Binding Selectivities.We now consider the question of ion rather than from theAG, energies of the M3*t complexes.

binding selectivity AAG. between M3* and My* cations, Whether this is caused by the particular choice of atomic

defined experimentally bAG; — AG,. According to ref 56, polarizabilities® by inconsistencies between atomic charges and

the ligandL forms strong complexes with lanthanide cations polarizabilities, or by the neglect of charge-transfer and many-
in acetonitrile, whose stability slightly increases with the atomic body interactions remains to be investigated.

number (logs is 21.0 for L&, 22.3 for E&", and 22.8 for Given the overestimation of catieranion association in
Yb®"). It is thus challenging to reproduce this trend. The acetonitrile with all models, we decided to also consider the
computer simulations use the “alchemical route” and calculate 1:1 MX?" salts as reference state to estimAt®; (see Table
AAG; asAG; — AG,4 (Scheme 2), wherAGs is the difference 5). The predicted order of binding selectivities is the experi-
in the free energies of solvation of the uncomplexed cations mental one withset 1andset2 for both types of counterions,
and AG, corresponds to the difference in free energies of the and the numbers, still exaggerated, are closer to the experimental
complexes. ones. Again, with theset2t-pol model, the trend is inverted,
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because of the overestimation of th& values of the uncom- These results are important for complexation studies in

plexed state compared with the complexed one. nonaqueous solvem3as well as for complexation by nitrogen-
containing ligands, such as pyridine derivatives.

IV. Discussion and Conclusion Taken together, these studies indicate that when using simple

pairwise additive £+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
investigated with theset2-pol model. balance of solvent vs anion interactions with the cation, and to

For the uncomplexed cations, in the absence of counterions, gy aggerated binding of counterions, compared to the solvent
set2 overestimates the cation coordination numbers, whereasm0|ecu|es_ Whether this results from inadequate choice of

setlleads to closer agreement with available experimental data, charges and representation of the polarizabilities remains to be

both in terms of coordination numbers and distances. Quantumjnestigated, including comparisons of united vs all atom models
mechanical optimizations of the M(MeCN) aggregates ot the solvent and tests on more simple gas-phase sy§tems.
demonstrate the importance of charge-transfer and polarization

effects. Adding a polarization energy terset2+pol parameters) Acknowledgment. G.W., F.B., and M.B. are grateful to

improves the MD results and yields reasonable coordination ypjyersite Louis Pasteur for computational resources and to
numbers of M* in the absence of accompanying anions. With cga/DCC for support.

all three models, the rate of solvent exchange in the first
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trend opposite to the ionsolvent interaction energies, and  Figures S+S3 are provided as supplementary material. This
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observed with dimethylformamide (DMF) solutions of lan-  pubs.acs.org.
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