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We present here a model potential study of the microsolvation of alkali cation@M= Na, K, Rb, Cs) in

various solvents (water, methanol, dimethyl ether (DME)). The potential energy surfaces (PES) are explored
with the Monte Carlo growth method (MCGM) to find the most significant equilibrium structuresef M
(solvent) clusters (G = 2, 4). The structures as well as the binding energies are favorably compared to the
best ab initio calculations found in the literature and to experimental results. This good agreement is only
obtained if we take into account the anisotropy of the polarizability tensor for the solvent molecule. Under
these conditions, the atomic parameters included in our model potential framework are found to be transferable
from water to methanol and DME. An analysis of the different physical components of the interaction energy
shows that the only important n-body term for the description of these systems is the polarization one.

1. Introduction

Systems consisting of an alkali metal cation*(Mand one
or more neutral ligands (L) are involved in many processes.
Noncovalent metatligand interactions play a primary role in
many biological processes (for example, discrimination of Na
vs K1), or in nuclear fuel reprocessing, where solvent extraction
is used to remove alkali cations from radioactive nuclear waste.
In this last case, crown-ether ligands are known to bind
selectively to a given alkali metal cation. This selectivity is
found to be influenced by the nature of the solvEritindeed,
in fuel reprocessing solutions, both the cations and crown
complexes are surrounded by molecules of solvent. Therefore
the cation/crown complexation is the result of the competition
between the different interactions that govern such systems (i.e.
cation—solvent, catior-crown, solventsolvent, solvent
crown, etc.).

A first step toward a quantitative analysis of these competition
phenomena is to perform a theoretical study of the microsol-
vation of alkali cations M (M = Na, K, Rb, Cs) by various

increasing along the series. In addition, DME, unlike water and
methanol, does not form hydrogen bonds. Moreover, tHe-M
DME system is a good model for the study of the cation/crown
ether interaction. From a more practical point of view, methanol
is used in a wide variety of chemical processes and more
precisely, watermethanol mixture is employed as solvent in
numerous experimental measurements.

So far, studies of ionsolvent complexes are very often
limited to water as the solvent, and in this context, many
theoretical and experimental publications exist. It appears
virtually impossible to acknowledge the large amount of
literature on this topic, and throughout this article only a few

'selected references that are important for the present work are

given. Conversely, unlike water, the literature is quite sparse

'on the clustering of alkali cations with methanol or DME

molecules.

Numerous theoretical investigations, by means of ab initio
calculations, already exist in the field of alkali cation micro-
solvation, at various levels of theory and with different basis
sets*9 We decided not to use an ab initio method, but rather

solvents, to gain a better understanding of the interactions of 5 yodel potential one. The reasons for such a choice are the

ions with their local environment, and notably to evaluate the
role of some atomic (cations) and/or molecular (solvent)
properties on the structure of the solvation shells. In this way,
we will pay attention to the influence of the dipole moment of

following:

(i) One can study larger systems and obtain their associated
binding energy more easily. In particular, the basis set super-
position error (BSSE) correction, which is a very time-

the solvents, of the electric dipole polarizability of both cations consuming procedure in ab initio calculations of large clusters,
and solvents, of the hydrogen bonds between two molecules ofjq suppressed.

solvent and of possible steric hindrance effects. For this purpose,

we have chosen a cluster approach. Water, methanol,
dimethyl ether (DME) were chosen as solvent molecules. From
a theoretical point of view, the interest of such a choice lies in

the gradual change of their permanent dipole moment and their

electric dipole polarizability, the first decreasing and the second
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(ii) One can extensively explore the corresponding potential

andenergy surface (PES) by means of global optimization methods,

without any constraints on the starting structures.

(iii) It is possible to obtain, in clusters with several molecules,
the different physical components of the total interaction energy
separately, providing the finest description of the competition
phenomena.

(iv) One can obtain an accurate model potential for molecular
dynamics simulation to properly take into account entropic
effects and/or describe time dependent phenomena.
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From this last point of view, it is interesting to recall that the terms ensure accuracy at long distances, equivalent to that
number of solvent molecules in the first solvation sphere may obtained with reliable ab initio calculations. The electrostatic
differ in a cluster and in the liquid phase. For example, the contribution Eeeq Which is the only two-body term in the
sodium cation is surrounded by six water molecules in the liquid previous expression, is described via interacting multipolar
phase and by four in cluste¥s!! multicentric distributions on each monomer and these distribu-

As we want to study the solvation of the series of the alkali tions are derived from an ab initio calculation. The electric field
cations into different solvents, the model potential we will use created by the permanent molecular multipoles is calculated
must possess some important features: using the same multipolar expansion. The n-body character of

(i) As the cations and the solvents show an important variation the polarization termHy,) is taken into account and includes
of their polarizability (it increases from Nao Cs" and from the back-polarization contribution and the induced dipole
water to dimethyl ether), the polarization energy must be induced dipole interaction. To describe the anisotropy of the
accurately calculated to properly take into account these molecular electric dipole polarizabilities (in ref 12, only the

variations. scalar average molecular polarizability is used), we start from
(i) To describe the structure of the different solvation shells, the theory of Lefevre et df According to this, the scalar
the hydrogen bonds have to be well described. molecular polarizabilities®y) are obtained from averadd

(i) As far as possible, some atomic parameters of the bond polarizabilities@aq) by using an additive rule,
intermolecular model potential have to be transferable both for
the alkali cations and for some atoms of the solvent molecules Oy = Z(‘xkI
in chemically equivalent situations.

The model potential, used by Derepas et?ah a previous iy . ) .
work to study the hydration of Naand Cg, integrates many (such an additive rule is e'xpe'r!mgntally vyell checked In our
of the aforementioned properties. We will use the same model systems). Ea_chl PO”d polarizability is descrl_bed via traLnsversaI
potential framework and the same building strategy: in these (D and longitudinal (L) co_mLporTwnts so thag = /(o4 + 2
potentials only two atomic parameters are introduced to describe®) and we adjust the ratioy /oy (G is kept unchanged) to
the short-range interactions. Therefore, our goals throughout thisfeProduce the experimental molecular anisotropy when available,

study are manifold: otherwise the ab initio one (see the appendix for more details).
(i) Complete the series of the M-HO model potentials for The repulsion Erep) and dispersionqisp) expressions are

K+ and R cations (the N&—H,0, Cs'—H,0, and BO—H,0 described by sums of atonatom terms, in which atom-

model potential have been already established in ref 12). dependent parameters are introduced. The analytical formulas

(ii) Test the transferability of the two atomic parameters for Used to express the above contributions are derived from
the alkali cations and the oxygen atom from one system to Kitaigorodskii's®*
another.

(iii) Test the reliability of our model potentials by comparing _
our results on small clusters ML, (n = 2—4) with already Erep * Baisp + Butisp-excn = Z zk‘k' G Cexp(y2) =
published ab initio and/or experimental ones. c IC ! c

The outline of this paper is as follows. The first section —6~|——8+£ + G C* exp(y°%)
describes the model potential framework, the strategy, and the S B A i Py
methodology we use to build it, as well as the way we explore
the potential energy surfaces. The second section deals with,here
the Mt—(H,O) systems, the establishment of their model
potentials and the transferability of their atomic parameters to 0 0 LA
the other systems. Finally, the third section discusses the 2= rij/rii My = (2R )(ZRi)
geometries and the binding energies of the clusters we obtained val val
with all the cations and up to four molecules of solvent; a G =Q1- QM) — Qj/nja)
systematic comparison with previous results of the literature

will be made. Two kinds of parameters are used in these formulas: “stan-

dard” ones Cs, Cg, Cio, C, y, CU, 499 not atom-dependent
and “atomic” ones (i.e., atom-dependent). The atom-dependent
parameters contained in these equationskaemdR". In the
initial treatmentR" is approximated as the van der Waals radii
of atoms. A more detailed discussion of the parameter’s physical
signification could be found in refs 15 and 16.

2. Methodology

2.1. Model Potential. We have used the same model potential
framework designed for the treatment of intermolecular interac-
tions as the one of Derepas et'aBecause the strategy has
already been described in detdilwe only report here the main As the electrostatic and polarization components (of the

features and the enhancements we have added. interaction energy) are, with a very good accuracy, equivalent
_ The geometries of the molecules are kept frozen and the the ap initio ones, this allows us to obtain the repulsion and
interaction energfEin is expressed as follows: dispersion terms by fitting the model potential interaction energy
onto the ab initio one. Of course, for this purpose, we aise
Eint = Eelec T Epol + Edisp+ Erep+ Edis;rexch this stagethe ab initio polarizability components. The O and H
parameters were derived from ab initio calculations on the water
All these contributions to the interaction energy, namely dimer!? In all the following, they are assumed fixed and
electrostatic, polarization, dispersion, repulsion, and dispersion-transferable. The corresponding atom-dependent parameters for
exchange components are expressed by analytical formulasthe alkali cation are extracted from ab initio MP2 calculations
derived from a second-order exchange perturbation treatment.performed on the M—one water molecule system. At this stage,
An important feature of the model potential we use is that it should be pointed out that reliable ab initio calculations take
the formulas used to describe the electrostatic and polarizationinto account more short-range effects than the exchange-
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repulsion one, such as attractive charge transfer, repulsiveTABLE 1: Polarizability and lonization Potential (IP) of the
exchange-polarization, penetration effects, etc. These effects aréations Both from Experiments and ab Initio MP2

then implicitly included in the model potential short-range term. C2aiculations

2.2. Potential Energy Surfaces (PES) Exploration Method. Na" K Rb" Cs
The PES exploration method used in this study is the Monte exp polarizability (_)?%)3839 0.15 0.95 1.65 3.08
Carlo growth method (MCGM). It was first developed by Garel ~ ab 'nltloo polarizability (8) ~ 0.14 079 133 232
and al'516for the study of macromolecules. Then it has been €0 (%) 7 17 19 25

fully applied to metal clustéfs® to homogeneous exp IP (V) >1l4 43t 418 3.89

successlully app ' genec ab initio IP (eV) 498 425 408  3.76
clusterst® and finally to heterogeneous clustétg® We will error (%) 3 2 3

not describe in detail the method here, as this has been done in

the previously cited references. Briefly, the MCGM consists of TABLE 2: Polarizability, Vertical lonization Potential (IP),

growing the clusters molecule per molecule (in our case the

and Dipole Moment of the Solvent Molecules Both from
Experiments and ab Initio MP2 Calculations?

molecule can be either the alkali cation or a solvent molecule),

to generate a Boltzmann sample of configurations for each water methanol _ dimethy! ether
cluster size at a fictitious temperatufe These configurations exp polarizability (&)38 1.45 3.25 5.16
are then locally optimized by the pseudo Newton method gzci)r:itic)?)F)Olarizabi"ty Gy 1i§5 21-34 3-76
_ o . b
(B.F.GS),21 23 and.the Hessian is calculated to confirm that true ab initio Aot (A%) 0.17 0.58 101
minima are obtained. exp IP (eV) 1262 1085 10.03
Many growths at different temperatures (300 K) were ab initio IP (eV) 12.69 11.28 10.41
performed for an extensive exploration of the potential energy error (%) 1 4 4
surface. We have also used different strategies of growth, €XP dipole moment (D) 1.85 1.70 1.30
. - - . L - ab initio dipole moment (D)  1.89 1.71 1.36
varying the position of insertion of the cation in the growing oo, (%) 2 1 5

process. For example, if the cation is the last inserted particle,
“surface” structures are favored.

a Aa is the anisotropy of the polarizability tensor and is defined as

Aa)? = Y[3Tr(E2) — (Tra)3.
2.3. Computational Details.To first obtain the K and Rb (Ao AST@) — (T

atomic parameters for the model potential, and then to verify
the transferabi[ity of the parameters of all the alkali catioqs 10 5 AUSSIAN9S3 All the other software are developed in our
systems involving another solvent, we have to perform reliable group.
ab initio calculations. Moreover, the same basis sets and the
same theoretlcgl me_thoc_l have to be used to calculate both the& M*—L Model Potential Determination
multipolar multicentric distribution of each solvent molecule
and the ab initio interaction energy in the catianolecule 3.1. Physical Properties of the Cations and Solventall
system. For this purpose, we have chosen the MP2 method,the properties have been computed at the ab initio MP2 level
which leads to very good results for analogous systems (seeof theory and are reported in Table 1 for the cations and Table
for example ref 24). Additionally, some relevant properties have 2 for the molecules, together with experimental results. We see
to be well reproduced: for the cations, the electric dipole that the computed properties are generally very close to the
polarizability and the first ionization potential; for each solvent experimental ones with the basis sets chosen above and are able
molecule, the first nonzero multipole moment, the molecular to quantitatively reproduce the experimental trends (increase
polarizability and the vertical ionization potential. Thus, the basis of the polarizability, decrease of the dipole moment, etc.). The
sets should be judiciously chosen. For oxygen, carbon, andpolarizabilities are systematically underestimated (max. error:
hydrogen, the basis sets are built from van Duijnevelt #hes 25%). For the other properties, the maximum error between our
and are equivalent to quadruplevalence basis sets plus calculations and the experimental values does not exceed 5%.
polarization functions (two d functions, whose exponents are 3.2, Ab Initio Results on the M*—H,0 SystemsAs in our
(1.5 and 0.35) and (1.335 and 0.288) were added for oxygenmodel potential framework the geometries of the molecules are
and carbon, respectively, and two p functions (1.4 and 0.25) kept frozen, we have first performed ab initio MP2 calculations
for hydrogen). All the alkali cations are described by a small- on the Mr—H,O systems to evaluate the importance of the
core average relativistic effective core potential (AREP). The geometrical relaxation on the structure and the BSSE-corrected
AREPs of Christiansen et al. have been used for }d<*,26 binding energy of the complex. For this purpose, we have first
Rb* 2" and Cg.28 Therefore, for all the cations, eight electrons  optimized the structure of the complex, the internal geometry
(ngnpP configuration) are explicitly taken into account. ForNa  of the water molecule being frozen. Then, these constraints have
the original basis set (6s4p) associated with this AREP was been removed. We have also calculated the ZPE (zero point
contracted and increased to obtain a (4s4p3d) bas® Ber. energy) correction to compare the theoretical binding energies
K*, Rb*, and C¢ the AREP’s consist of a core of respectively with the experimental ones.
10, 28, and 46 electrons. For the associated basis sets of these The results thus obtained are summarized in Table 3 and also
three alkali cations, we started from Hoyau et al.’s offem)d compared to Glendening'sib initio results. The effect of the
we included additional polarization and diffuse functions to geometrical relaxation is very small: less than 0.01 A on the
better reproduce the properties of the cations, especially the firstp+—0 equilibrium distance and less than 0.05 kcal/mol on the
ionization potential (the corresponding basis sets can be obtainethinding energy. All these results justify the use of a frozen
upon request). The frozen geometry of each solvent molecule geometry for water in the model potential framework and we
is the most stable one at the MP2 level. assume that this approximation is also valid in the methanol
Unless otherwise specified, all ab initio binding energies  and DME cases. When we compare our binding energies to
computed in this work were basis set superposition error (BSSE)those of Glendening, one can see that they are systematically
corrected using the counterpoise correction of Boys and higher; i.e., our dissociation energies are smaller. A possible
Bernardi? explanation lies in the larger water dipole moment in Glenden-

All the ab initio calculations have been performed with
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TABLE 3: Ab Initio MP2 Results for the M t—(H,0) TABLE 4: Comparison between ab Initio MP2 and Model
System$ Potential Calculations for the Interaction between an Alkali
- - - Cation and a Water Molecule

calculation A calculation B calculation C = gypp — -

Ro-m Em Rowm Em AH?® Ro_y En AHZ% AH298 ab initio MP2 model potential
Na' 2.261 22.43 2.265 22.47-21.80 2.25 24.2-23.5 —24.0 Ro-m Eint Ro-m Eint
Kt 2.626 16.90 2.625 16.9+16.38 2.65 18.8—18.2 —17.9 Nat® 2.26 —22.39 2.33 —22.36
Rb" 2.795 15.10 2.794 15.14-14.62 2.90 16.1-15.5 —15.9 K+ 2.63 —16.87 2.68 —16.79
Cst 3.020 13.06 3.020 13.16-12.60 3.10 14.0-13.4 —13.7 Rb* 2.80 —15.10 2.84 —15.05

aE,, is BSSE-corrected. Distances are given in arigssraand Cst 3.01 —13.15 3.02 —13.40
energies in kcal/mol. Calculation A: frozen internal geometry. Calcula- 2 Distances are given in &ngatns and energies in kcal/mol. The ab
tion B: fully relaxed geometry. Calculation C: Glendening et slP2/ initio MP2 E;,; and distances are BSSE-corrected.
6-31+G* calculations.? Results of Dzidic et af?
and potential energy of larger clusters if the n-body terms are
properly taken into account. Moreover, if the two atomic
parameters of both the cations and the oxygen atom are really
transferable, no new values of these parameters are needed for
the description of M—(CH30H), and M"—(DME), clusters.

i . . _ This last assumption is checked in the next paragraph.
Figure 1. Description of the structures chosen to obtain the atomic . . . . .
dispersion and repulsion parameters. 3.4. Transferabmt.y of the Atomic Repulsion-Dispersion

Parameters. For this purpose, we have performed model

ing's calculations: the basis set used (6:&) gives at the ~ Potential calculations on the M-(CH;OH) and M'—DME
MP2 level a water dipole moment of 2.33 D instead 1.89 D in SYStems, for all the alkali cations, using the atomic parameters
our calculation. When we compare our ZPE-corrected binding (k andR") already determined. Their transferability is tested,
energies to the experimental values of Dzidic eBabbtained by comparing our model potential results (gtructures and binding
by mass spectrometry, we can see that our binding energies aré&nergy) to MP2 BSSE-corrected calculations.
higher, whatever the cation. Nevertheless, the decrease of these The first problem to be solved is the treatment of the
energies along the series is very satisfactory. We obtain, from polarization term. In fact, as in the series of solvents, the dipole
Na' to K*, 5.5 kcal/mol instead 6.1, from™to Rb" 1.8 instead moment decreases and the electric dipole polarizability increases,
2.0, and from Rb to Csf, 2.0 instead 2.2. As the relevant the polarization energy is more and more important and any
properties of the solvent molecules and the cations are well approximation in its calculation should be checked. In this way,
described, and because the variation of our ab initio binding we have first tested if we could continue to use the mean electric
energies is in very good agreement with experimental results, dipole polarizability (obtained via the additive model of the
we can have confidence in these ab initio calculations to derive average bond polarizabilities) to evaluate the polarization energy.

reliable model potential parameters. The results are not satisfactory in the way that although the
3.3. Building the Model Potential: Setting Up Dispersion- ~ binding energies and equilibrium distances of the-MCH-
Repulsion Parameters for the Alkali Cations. For this OH) and M"—DME systems seem to be correct, many of the
purpose, MP2 BSSE-corrected single point binding energy obtained structures exhibit a nonzero value for the argle
calculations were performed on a large number of-NH,O (whereas this angle is always equal to zero in ab initio

intermolecular geometries, varying the’MO distance between  calculations). Moreover, this angle is more important in the
2.2.and 5 A (i.e., around the equilibrium value) by steps of 0.1 DME case whatever the cation is and it decreases fromtbla

A and for five values of the angke defined on Figure 1 (0, 30,  Cs' (it varies between 40for Na" and 10 for Cs"), so the

50, 70, 90). This angle has been chosen because the energyworst structure is the Na-DME one. Finally, at larger M—0O
variation along this coordinate is very sensitive to possible distances{5 A), the equilibrium value of this angle is zero as
charge-transfer effects, as already pointed out in the-Ad,O in the ab initio calculation.

system for examplé As the long-range interactions are near- On the other hand, as seen in Table 2, the experimental
identical between ab initio and model potential calculations, the molecular polarizability greatly increases from water to DME
two atomic parameters needed to express short-range interactionand so does the associated anisotropy. The ratit (Table

are obtained by the best adjustment of Ef,éfz — (Eelec + 2) represents 17% for water, 20% for methanol, and 22% for
Epo)™P values obtained as previously explained. The resulting DME (obtained by MP2 calculations). Considering the polar-
RRMS (relative root mean squared) error is about 1% for both izability of water as isotropic is a good approximatiou,o is

K* and Rb. The obtained parameter values &ke = 1.86, small and theAa/a ratio also; for DME this approximation is
Ry, = 1.53 fork* andkgy* = 2.16,Ry,, = 1.63 for Rb". The less justified, asxpme is more than 3 times larger than,o.
structure and binding energy thus obtained are compared with Therefore, to be sure that the discrepancy originates from
the ab initio ones in Table 4 (in the same table, the previously the use of isotropic bond polarizabilities, we have performed
obtained result8 on Na~ and C$ are also shown). This  additional calculations on the Na-DME system. For a Na—
comparison shows the capability of our method to reproduce, oxygen distance of 3.5 A (to prevent any short-range effect),
with only two parameters, the short-range component of the we have calculated the variation with the angleof the
intermolecular interaction. Typical error values are about 0.1 polarization energy in the isotropic approximation on one hand
kcal/mol on the binding energy and 0.05 A on the equilibrium and the ab initio one on the other hand. The ab initio polarization
distance. Moreover, the accordance between ab initio and modelenergy has been obtained at the RHF level by subtracting the
potential results is good whatever the value of the amgle first cycle electronic energy to the converged one, the starting
Besides, the long range behavior of the model potential is nearly guess molecular orbitals being the orthogonalized occupied
identical to the ab initio one. Hence, one can be confident in molecular orbitals of the isolated entities. The two corresponding
the capacity of the potential to accurately describe the structurecurves are shown on Figure 2. Clearly, the ab initio polarization
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. o Figure 3. Binding energy of the Rb—DME system evaluated by ab
Figure 2. Eyo contribution for the Na—DME system, evaluated by jnjtio and model potential methods.

ab initio MP2 and model potential methods.

TABLE 5: Comparison between “Isotropic” and
energy increases much more slowly with the arjklhan the ~ “Anisotropic” Model Potential Binding Energies, for the
isotropic model one. As the electrostatic attractive interaction \Mteraction between an Alkali Cation and a Molecule of

. Methanol?
energy between the cation and the DME molecule decreases as — - _ _ _
6 increases, also large a variation of the polarization energy ab initio MP2 isotropic model  anisotropic model
can induce a nonzero equilibrium value for this angle. Hence, Ro-m Eint Ro-m Eint Ro-m Eint
the isotropic scalar polarizability should be replaced by the nNa+ 226 —2390 232 -—2351 230 —24.83
overall polarizability tensor of the solvent molecule. Moreover, K+ 263 —17.94 268 —17.59 2.65 —18.35

as previously explained, we have chosen the rafjtny, for Rb" 279 -1609 283 -1573 281 -16.35
the O-C and C-H bonds to correctly reproduce the variation Cs® 301 -1395 302 -1399 299 -14.59
of the ab initio polarization energy with. The result is also aDistances are given in &ngains and energies in kcal/mol.

shown on Figure 2. Now, the ab initio and the “anisotropic”

curves show the same behavior and are quite parallel. Moreover JABLE 6: Comparison between “Isotropic” and

if th L and o val in th lculati f th Anisotropic” Model Potential Binding Energies, for the
ITwe use thesex- anda values In the caiculation of te nteraction between an Alkali Cation and a Molecule of
polarizability tensor of the methanol molecule, we obtain a pMmEa

reasonable agreement with the corresponding ab initio tensor.

We use the same bond polarizabilities for calculations involving ab initio MP2_ _isotropic model __ anisotropic model

methanol or DME. Ro-m Eint Ro-m Eint Ro-wm Eint
With this new approach, the results are the following: Na* 225 —24.09 231 —2357 231 2444
(i) The structures obtained do not exhibit a béhtaingle K* 261 -1812 268 -1715 267 —17.96

vt — — —
anymore, Rb 2.77 16.28 2.84 15.22 2.82 15.96

a . - . Cs- 298 -—14.16 3.03 -13.47 3.00 -—14.21
(i) The “anisotropic” potential energy curve for the Na
DME system reproduces the ab initio one much better than the *Distances are given in angitns and energies in kcal/mol.
isotropic does. This is true whatever the cation (see the Rb
case on Figure 3), of the interaction energy and to study their evolution in a series.
(iii) As shown in Tables 5 and 6, the variations from™Na Thus, one can display some trends. As seen in Table 7, whatever
Cs' (compared to the isotropic model) on the distances and on the solventEi decreases from Neto Cs" with a gap between
the binding energies are not very large. However, our new Na" and the other cations: clearly, the most relevant property
structures are now closer to the ab initio ones so that the averagds the ionic radius of the cation. Concerning the solvent
error on the distances is appreciably reduced and the absoluténolecules, the differences are smaller because two opposite
error on the binding energy decreases from about 0.8 to 0.2éffects (dipole vs polarizability) compensate in the total binding
kcal/mol in the case of DME. For methanol, the difference energy. Nevertheless, the stability order does not depend on
between the isotropic and anisotropic case is low and of the the cation and is methanel DME > water. It should be noticed
same order as the model precision. that, in our ab initio calculation, we found the same order.
The anisotropic scheme has also been applied to the M As expected, the electrostatic interaction is the smallest in
(H20) systems to check whether modifications are induced. The the catior-DME system whereas the opposite situation is
result of these tests is positive because our previous results ar@bserved for the polarization energy. Moreover, although Cs
not modified by the use of an anisotropic model. We conclude is the cation exhibiting the greatest polarizability, the total
that our atomic parameterg; @and R") are transferable from  polarization energy is always the highest with"Nar a given
one system to another, under the condition that other featuressolvent molecule. The ratideedEpo Varies much in these
of the potential terms are properly taken into account, such assystems; it is the highest for €Cswater (4.3) and the lowest
the anisotropy of the electric dipole polarizability. for Nat—DME (1.7). So, in these systems, it seems hazardous
3.5. Cation—One Molecule of Solvent: the Different to build any model potential without an explicit treatment of
Terms of the Interaction Energy. In a model potential the polarization energy. Finally, the dispersion energy compo-
calculation, it is easy to determine separately all the componentsnent is always very small.
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TABLE 7: Analysis of the ML Interactions?
water methanol dimethyl ether
Eelec Epol Edisp Erep Einl Eelec Epcl Edisp Erep Einl Eelec Epol Edisp Erep Eint

Nat —-2151 -6.82 —-0.84 6.81 —22.36 —21.82 —10.23 -0.95 8.17 —24.83 —19.92 -11.55 -1.04 8.07 —24.44
K+ —-16.54 —-427 -0.88 490 —-16.79 -16.65 -6.47 -—-1.02 579 -1835 -15.04 -—7.62 -1.15 5.85 —17.96
Rb* —-1488 -359 -091 433 —-1505 -1492 -544 -1.08 5.09 —-16.35 —-1341 —-6.50 —-1.23 518 —15.96
Cs" -13.18 —-3.02 -1.02 3.82 —1340 —13.27 —4.66 —-1.20 454 -1459 -11.87 -—559 -139 4.64 —-14.21

aAll values are in kcal/molEgsp is tabulatetEgisp + Edisp-exch

TABLE 8: Enthalpies from Model Potentials Calculations and Experiments for the Gas-Phase Reactions M+ n[H,0] —
M*—[H Q] in kcal/mol2

Na* K+ Rb* Cs'
E-RT AH28 E-RT AH28 E—RT AH298 E—RT AH298
M*—(H.0) —23.0 —24.0 —-17.4 —-17.9 —-15.7 —-15.9 —-14.0 —-13.7
M+—(H,0)—(H:0) -20.5 -19.8 -155 -16.1 -13.9 —-13.6 -125 -125
M*—(H20).—(H20) —-17.1 —15.8 —-14.0 —-13.2 —-14.0 —-12.2 —-14.0 —-11.2
M+ —(H0)—(H:z0) —~14.4 -13.8 -13.1 -11.8 -11.7 -11.2 -11.2 -10.6

aThe experimental values are taken from ref 32.

4. Study of M*—(H,0),, M*—(CH30H),, and
M*—(O(CH3),)n Systems: Results and Discussion

80

V Model Potential

In the previous section, we have checked the transferability g 704
of our atomic parameters from the '™MH,O systems to the W Experiments /
M*—CH3OH and Mf—DME ones. Before using these atomic 60 -
parameters to study the structure of the first solvation shell and/
or perform molecular dynamics calculations, it is important to
check if our model potentials, derived from ab initio calculations
on “dimers”, are reliable to describe both the structure and the = 40+
binding energy of larger clusters. In the following we will focus
our attention on the ML, (n = 2—4) clusters and systemati-
cally compare our model potential results with ab initio
calculations of the literature. We have limited this study to four
molecules of solvent surrounding the cation, first because the
published ab initio works rarely exceed this number of molecule,
and second because for such sizes, our exploration of the PES
is nearly exhaustive and ensures that all the lowest minima and
particularly the global minimum are found in the model potential Figure 4. Comparison of the enthalpies of hydration (kcal mpl
calculation. obtained from model potential calculations and experim&nts.

4.1. General Remarks.The ab initio calculations we will Three main criteria were used in the following for a careful
refer to in this section are the following ones: those of Feller comparison of our results with experimental and/or theoretical
and Glendening for M—H,0*-% and M"—DMEY clusters and data. The first is the binding energy and its variation with the
those of Cabaleiro-Lago et &P.for MT—CHzOH clusters. All number of solvent molecules. The second criterion is based on
ab initio calculations performed on these systems used the Haythe comparison of the geometrical structures. We focus espe-
and Wadt's ECP for K, Rb", and C$ and the associated cially on the variation of the MO distance with the size of
valence basis sét they have been augmented with d-type the cluster and on some -@ation-O angles. The third
polarization functions, whose exponents argK) = 0.48, corresponds to somdifament structures containingn mol-
og(Rb) = 0.24, andog(Cs)= 0.194 The use of these ECP and ecules in the first coordination sphere and one in the second,
basis sets results in an underestimation of the cations polariz-which often exhibit binding energies very similar to those of a
abilities (they are respectively 0.59, 1.07, and 1.7%dk K™, compact structure witmg + 1) molecules in the first coordina-
Rb*", and Cg). It is important at this stage to recall the tion sphere.
underlying assumptions before comparing ab initio results of  4.2. Binding Energies.If we compare the evolution of the

ydration (kcal/mol)

Enthalpy o

Number of molecules of water

the literature and our model potential ones: total binding energies corresponding to the global minimum with
(i) In our model potential, the n-body terms other than the the size of the clusters, obtained with model potential calcula-
polarization are neglected. tion, with the experimental enthalpies of hydration of Dzidic

(i) The cation polarizabilities we used in our model potential and Kebarlé? one can see that these evolutions are very similar
calculations are the experimental ones, which are noticeably whatever the cation (Figure 4). One can also compare the
larger than the ab initio ones (see above). This fact can explainvariation with the size of the successive binding energies for
most of the structural differences we observe (see below).  an extra water molecule (Table 8). The decrease of the binding

(i) Unfortunately, the ab initio binding energies are not energy with the size is well reproduced and the agreement with
always BSSE-corrected. Moreover, the results of the literature experimental results is independent of this size.
do not always provide both binding energies and structural data. We have performed the same work on the"MDME),

(iv) Some local minima, nearly isoenergetic with the global systems and will compare our binding energies to experimental
one in our model potential calculations but with a very different ones. In Table 9 are summarized our calculated energies together
structure, have not been studied by ab initio methods. with the experimental ones of Armentrout eBalhese results
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TABLE 9: Binding Energies E from Model Potential TABLE 11: M *—(DME), Optimized Structures
Calculations and Experiments for the Gas-Phase Reactions del il b initio MP2
M+—[DME] ,_; + DME — M*—[DME], in kcal/mol2 model potentia ab initio
Na" (DME), 179.1 180.0
" + i+
Na K RD cs' K+ (DME); 88.7 88.8
E AHO E AHY E AHO E  AHO Rb* (DME), 82.2 81.1
M*—(DME) —24.4 —21.9 —18.0 —-17.5 —15.9 —14.8 —14.2 —13.6 Cs" (DME), 761 4.9
M*(DME)-DME —20.9 —19.6 —15.6 —16.4 —14.2 ~13.1 —13.0 -11.3 a Structural data for the ©M*—0 angle (deg) results of Hill et &l.
M+*(DME),-DME —-17.1 —16.6 —13.8 —13.6 —12.8 —8.8 —12.1 —95 MP2/6-3H-G* Optimized structures.

M*(DME);—DME —14.5 —14.5 —11.8 —12.0 —10.8 —9.2 —10.0 —-8.5

aThe experimental values are taken from ref 34 and references -Ilz—ﬁsrlélfesl%n t%gm&{'(sﬁgot))ftc‘?’:seg Cs, and Tq Binding

therein. Values in italics indicate estimated values.

a Na* K+ Rb* Cs"
TABLE 10: Al —n+1, the Lengthening of the Mean Na—0O
Distance (A) between Na—(H,0), and Na—(H,0)n+1 Co To Cw To Cu To Cu T
- o MP no yes 0 —-03 0 15 0. 4.
model potential ab initio MP2 abinitio/MP2 no yes 0. —05 0 23 0 46
Al 0.029 0.012 o .
Alp s 0.035 0.033 aThe binding energy of th&,, structure is taken equal to zero.
Alas 0.028 0.024 Energies are given in kcal/mol.

have been obtained by means of collision-induced dissociation. SPatial layout is the result of the competition between two
The agreement is as good as for water clusters, except=or antagonistic effects: on one hand, the r_epu!swe mtergctlon
3, 4 with Rb" and Cs. However, the Rb—(DME),; and C$— between solvent molecules has to be minimized, leading to
(DME), experimental values are estimated ones. Moreover, Nighly symmetrical structuresDy, for two molecules s, for
according to the authors, these measurements, especially for théhree, Ta for four. On the other hand, maximizing the polariza-
higher clusters, could have been done on nonfundamentaltion energy of the cation leads to structures of lower symmetry,
systems (i.e., presence of less strongly bound conformers thafoecause the 'electrl.c .fleld created on the cation by the solvent
are formed by kinetically favored processes in the experimental Molecules will exhibit a nonzero value: we thus obtél
ion source). The main result of this comparison is that we obtain Structure fom =2, Cg, for n = 3, andC,, for n = 4. From this
in model potential calculations the same accuracy for both the discussion, it is easy to understand that (i) the potential energy
small and the large clusters. surface can be very flat along this deformation coordinate and
We also compare our results with some ab initio results for (ii) the obtained structure greatly depends on the polarizability
compact structures. The general trend of the decreasing bindingc’f the cation.
energy is almost the same, in view of the expected accuracy of The first effect is predominant for weakly polarizable cations
both ab initio and model potential methods. The absolute error Such as Na. It is strictly the opposite situation for a very
does not exceed 1 kcal/mol and is often smaller. Same polarizable cation such as €A more quantitative comparison
conclusions can be obtained for the other cations for both wateris shown in Table 11 concerning the-®1*—0 angle in M"—
and DME clusters. We can conclude that neglecting the n-body (PME). clusters. The agreement between ab initio results of
contributions other than the polarization one is a good ap- Hill etal. and our model potential results is very good. Another

proximation. interesting example is the NMH,0); case. The energetic
4.3. Geometrical StructuresWe now focus on the structures ~ difference betweefiiy andC,, structures in the series of cations
obtained by ab initio and model potential calculations. is shown in Table 12. This difference is described in a

The first point to discuss is the modification of the metal ~ quantitative way by model potential calculations (in the case
oxygen distance with the size of the cluster in the compact Of Na", neither ab initio calculation nor model potential give
clusters. For the smallest sizes, i.e., when the first solvation any stableC,, structure).
shell is not “full”, the interaction of the solvent molecules with 4.4, “Filament” Structures. As water and methanol can form
the newly added molecule is repulsive because their dipole strong hydrogen bonds, one can obtain structures where one
moments (permanent as well as induced) exhibit a mutual solvent molecule is not directly bound to the catiofil§gment
orientation leading to a repulsive electrostatic interaction. For structure). In this section, we will only consider the competition
this reason, the metabxygen distance necessarily increases (2 + 1) vs (3+ 0) and (3+ 1) vs (4+ 0) in the case of water.
and the mean bhinding energy decreases, as quoted in the For the M"—(H,0); case, the main point is the existence,
previous paragraph. It is thus interesting to compare the ab initio for all the cations, in model potential as well as in ab initio
increase of this cation-oxygen distance with the model potential calculations, of two local minima corresponding to the two
one. As this comparison is especially meaningful fort{ 0) structures. The energetic order is not as good. For example,
structures, we have chosen unambiguous situations, for examplethough the agreement is quite perfect in the case of (e (3
the water clusters up ta = 4 with Na" (Table 10). The + 0) is the most stable with a difference of 3 kcal/mol in our
increment of the M-O distance obtained with our model calculation and of 2.9 kcal/mol in ab initio resulfsgome
potential is slightly larger in the 2> 3 and 3— 4 cases, too discrepancies are found in some other cases. Another example
large by 0.017 A in the 3= 2 case. The results are also very is the case of K—(H,0)s for which the (2+ 1) and the (3+
satisfying in the methanol and DME case (increment of 0.1 A 0) structures exhibit very similar binding energies, whereas
from 1 to 4 solvent molecules). Glendening et al. found the (3 0) to be the most stable by

We will discuss now the spatial layout of the solvent 1.1 kcal/mol. For Rb, the two structures have the same binding
molecules around the cation. To simplify the following discus- energy in ab initio calculations but are separated by 1.5 kcal/
sion, we only consider the positions of the oxygen atoms. The mol in the model potential method, the 2 1) being most
most stable minima observed are shown in Figure3.5 stable. Analogous remarks can be made in the-fH.O), case.

In these systems bound mainly by electrostatic forces, this Similarly, forn = 3, the two structures are local minima in the
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n Na'(H,0), K'(H,0), Rb"(H,0), Cs'(H0),

| ﬂj\ ! 3 4>
=

- - A
- . &

Figure 5. Most stable minima obtained with the MCGM for ™ (H20)n=2-4.

n Na" K* Rb* Cs"

2 H

Figure 6. Most stable minima obtained with the MCGM for NCH;OH),—>-4.

two methods, but the stability order is not always the same. tensor for the solvent. This anisotropy can be described by using
However, a general trend appears: the model potential givesa simple model of longitudinal and transverse chemical bond
an advantage tdftament structures. This fact is very probably  polarizabilities. Moreover, the “atomic” parameters used in the
due to the difference between the model potential andtHF  parametrization of the short-range interactions are found to be

MP2 method in the description of the hydrogen bond. transferable, for the alkali cations as well as for the oxygen
_ ) atom of the three solvent species.
5. Summary, Conclusions, and Perspectives The adequacy of this model potential to describe energetic

The building of a model potential, including polarization and structural properties of small“M(solvent), (n = 2—4)
energy as an n-body term, for the interaction between alkali clusters has been shown by comparison with experimental and
cations (from Na to Cs') and three different solvent molecules ~ ab initio results. The decrease of the mean binding energy and
(water, methanol and DME), has been described. A precision the lengthening of the MO distance when the size of the cluster
comparable to that of ab initio results can be obtained by taking increases are very well reproduced. The competition between
into account the anisotropy of the electric dipole polarizability the minimization of the repulsive interaction between solvent
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n Na* K* Rb" Cs"

Figure 7. Most stable minima obtained with the MCGM forfO(CHs)2)n—2-4.

molecules and the maximization of the polarization energy of q;, anda, (L = longitudinal, T= transverse). The mean bond
the cation is also well described. All these results show polarizability is expressed ag = l/S(QtI + ZQL) and the total
unambiguously that the only important many-body term for the molecular polarizability as

description of such systems is the polarization one. In conclu-

sion, one can expect to obtain, in liquid-phase molecular oy = % 0

dynamics calculations, an accuracy analogous to that one can W

expect to obtain by using ab initio methods, but at shorter

simulation times. Work on the structure of the first solvation ~ This bond polarizability tenso@q is split among the two
shell in all these systems as well as the study of mixed clustersatomsk andl and the “electronic barycente® of the bondkl

is in progress. according to the following proceduf&s”
6. Appendix (nk,)
The general formula for the evaluation of the total polarization =8 2
35 Gkl kI
energy i n Nk " n
nkl N NI

where (i)ng is the number of electrons in the bokb(2 for a
single bond, 4 for a double bond, etc.), (i) andn, are the
where the sum includes all the polarizable sites with a number of lone pair valence electrons located on the atoms
polarizability tensori;. E! is the electric field created onthe andl, respectively, and (iiiNy andN, are the number of bonds

site i by permanent multipolar multicentric distributio; is starting from the atomk andl, respectively.
the total electric field and can be expressed as On the atonk (respectivelyl) the contribution of the bond
-, - kl is calculated as
E=F+ ZTU”]
— - Ny n Ny
With z; = @jE; andT;; defined as 4 TN
1 [3rér! ity = Lhn
=N il Ng+—+—
(T =125 27~ % KON N

- r.
ij ij
It is easy to verify that this procedure does not modify the mean

In our model potential framework, the sites are the atoms and ; -
molecular polarizability.

the “electronic barycenter” of each bond. The determination of
the polarizability tensorél on each site is the following. We
start from the theory of Lefevre. With each bdklds associated

a polarizability tensoitiy that is diagonal in the local frame (1) lzatt, R. M.; Pawlak, K.; Bradshaw, J. Shem. Re. 1991 91,
associated with the bond (one axis is parallel to this bond; the (2) Solov'ev, V. P.; Strakhova, N. N.; Raevsky, O. A.dger, V.
two others are perpendicular). These tensors can be Wdt[en Schneider, H.-JJ. Org. Chem1996 61, 5221.
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