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Abstract  The structure of the solvation shell of Na™ and
K™ in fully deuterated liquid methanol has been studied by
ab initio Car-Parrinello molecular dynamics simulations. The
solvent cage has been found relatively stable and this property
has been explained by means of charge transfer and electro-
static interactions as was previously done for Li™ in the same
solvent. The differences with Li* such as the increase of the
coordination number going from Li™ to K* and the reduced
stability of the cage have been ascribed to the increase in the
ionic radius.

Introduction

Ion solvation [1] plays an important role in chemical reaction
mechanisms in solution. Alkaline and alkaline-earth ions, of
particular interest in many biochemical processes, have been
the object of extended experimental and theoretical studies to
understand the nature of their interactions with solvent mol-
ecules and the structure and stability of their solvation shells
[2]. To study the ion solvation, especially in water, many
experimental methods have been applied including neutron
and X-ray scattering, infrared and Raman spectroscopy and,
more recently, femtosecond spectroscopy [3—6]. On the other
hand, it has been proved that computational and theoret-
ical methods are powerful tools to give insights also into
properties difficult to be addressed experimentally. Many of
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these studies have dealt with alkaline ions in water [2,7-18]
showing the key role of polarization interactions and charge
transfer [14, 18-23]. Only a more limited attention has been
devoted to ions solvation in other solvents such as methanol
[22-27], acetonitrile [28], tetrahydrofuran [25] or acetone
[29,30] and in some cases the knowledge of some important
properties of the first solvation shell is still incomplete.
Molecular dynamics (MD) [31-33] and Monte Carlo
simulations [19,25,34] are particularly suited to study the
several aspects of ion solvation. In the classical approach,
based on semiempirical potentials, simulation methods are
unable to correctly reproduce the “experimental” coordina-
tion number particularly when charge transfer and polariza-
tion effects are at work [19-21,32,35,36]. These problems
are to a good extent overcome by first principles molecu-
lar dynamics simulations that explicitly take the fluctuations
of the electron density into account and by QM/MM meth-
ods that allow to treat a small part of the system to an high
level of theory and treating the rest of the system with semi-
empirical potential to reduce the system-size limitations. In
the present work the structural and dynamical aspects of the
Nat and K* ions solvation in liquid methanol have been
studied with Car-Parrinello molecular dynamics simulations
(CPMD) [37,38]. Methanol is of interest by itself [39-41] as
the simplest organic solvent with a hydrophobic (CH3) and
a hydrophilic (OH) group. The methanol interaction with
anions mainly involves hydrogen bonding [22,23] while the
interaction with cations is predominantly electrostatic. How-
ever, in a previous work [22] it has been shown that in the
solvation process of Li™ in methanol the charge transfer and
polarization effects are significant. Extension of the ab initio
simulations to Na™ and K™ solvation will allow to draw a
more complete picture of the solvation process of alkaline
ions as a function of the ion dimension. Solvations of Na™
and K™ have been studied with success in water by QM/MM
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simulations [42] and Car-Parrinello molecular dynamics
[43,44] but is still lacking in other solvents like methanol.

Computational details

The simulations have been performed with the CPMD code
[45] in a cubic box of 12.05 A side, with periodic boundary
conditions and 25 methanol molecules and one ion. The Na™*
solution has been studied starting from a configuration of a
previous CPMD simulation on Li™ in fully deuterated lig-
uid methanol [22]. As in previous papers [22,23,39] the use
of the deuterium isotope was adopted to allow for a larger
time step. The starting configuration for the K solution has
been obtained by substituting the sodium with the potassium
ion. The simulations in this work have been performed adopt-
ing Martins-Troullier (MT) [46] pseudopotentials along with
the Kleinman-Bylander [47] decomposition for the C and O
atoms, whereas a Von Barth-Car [17] pseudopotential has
been adopted for the H atoms; this choice has been shown
to give good results for pure liquid methanol [39]. Rela-
tivistic, norm-conserving, separable, dual-space semicore (9
electrons have been treated explicitely) pseudopotentials of
Goedecker, Teter, Hutter (GTH) type [48—50] have been used
for the ions to give both structural and electronic satisfactory
results. The same choice was made in the previous study
for Lit [22]. Calculations with a Martins-Troullier (MT)
pseudopotential [46] have been also performed for compar-
ison on the structural properties and the results are in the
expected agreement for this kind of simulations [51].

The plane wave expansion has been truncated at 70 Ry,
following previous studies on liquid methanol [39] and on
ions in methanol [22,23]. This choice allows for a good con-
vergence on the binding energy as shown in Table 1.

Density functional calculations in the generalized gradi-
ent approximation (GGA) have been performed using the
BLYP [52,53] exchange-correlation functional. In order to
validate the computational strategy adopted, the structure of
the CH30H complex with Na™ and K™ has been calculated
with our approach and compared to DFT and MP2 calcula-
tions with a localized gaussian basis set, 6-311++G(3df,3pd),
adopting the Gaussian 98 suite of programs [54]. The results,
summarized in Table 2, show that the BLYP functional in con-
junction with the plane wave basis set satisfactory reproduces
the structural parameters of the complexes.

A fictitious electronic mass of 800 a.u. has been adopted
to keep the system on the Born—Oppenheimer surface. After
a thermalization at 300 K by velocity scaling, the equation
of motions have been integrated with a time step of 5 a.u.
(~0.121s) for a total simulation time of ~ 8 ps in the NVE
ensemble, storing the atomic coordinates and velocities at
every step for the subsequent analysis. Electron localiza-
tion properties have been studied through the position of
the maximally localized Wannier function centers (WFCs)
[55-57] and population analysis has been carried with the
Atoms in Molecules (AIM) [58,59] method, that does not
show a strong basis set dependence [60]. These calcula-
tions were carried averaging over 128 equally time spaced
configurations.

Results and discussion

Salient structural data (first peak position and coordination
number in the ion—oxygen pair radial distribution functions)
obtained in this work with different pseudopotentials are
reported in Table 3 and compared with classical MD results.
GTH pseudopotentials have been found very effective in the
description of the structural and dynamics properties of the
LiT in methanol [22] and have been adopted with confi-
dence in this work. Nevertheless, the results on the average
description related to the ion solvent interactions have been
compared with standard MT [46] pseudopotentials and the
results are in the expected agreement for short simulations
[51].

The simulations with the GTH pseudopotential have been
started from the last configuration obtained by the simula-
tions with the MT pseudopotential and a further thermaliza-
tion by velocity scaling for at least 1 ps have been applied to
the system before the production run.

As in the case of the Li™ in liquid methanol [22] the coor-
dination number of the alkali metal ions obtained by CPMD is
lower than found by classical MD, suggesting that the charge
transfer and polarization effects play an important role in the
overall description of the mutual interactions between solute
and solvent [22,32,36]. Instead the first peak position in the
ion—oxygen pair radial distribution functions appears to be
quite independent of the model adopted, in the same way as
observed in the CPMD studies of these ions in water [43,44].

Table 1 Binding energy for the

complex cation-methanel, Cutoff (Ry) Na-MeOH (au) Na-MeOH (kJ/mol) K-MeOH (au) K-MeOH (kJ/mol)
obtained after geometry 60 ~0.0398 —104.5 —0.0273 717
optimization for each plane
wave cutoff 70 —0.0406 —106.4 —0.0277 ~72.8

80 —0.0405 ~106.2 —0.0278 ~72.9

90 —0.0405 —106.4 —0.0277 ~72.8

100 —0.0404 ~106.1 —0.0277 ~72.8
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Table 2 Salient structural data of the CH30H - --Na™ and CH;0H
... K* complexes

BLYP/PW BLYP/G B3LYP/G MP2/G

{CH30H - -- Na™t}

I0--Na 2.228 2.209 2.193 2.252
To—H 0.973 0.972 0.962 0.961
To—C 1.486 1.473 1.452 1.446
<rg_c > 1.091 1.093 1.087 1.085
ONa--O—H 121.24 12343 123.29 123.27
ONa-0—C 131.35 129.07  128.70 129.49

{CH30H --- Kt}
ro-K 2.573 2.607 2.590 2.589
To-H 0.973 0.972 0.962 0.961
To—C 1.480 1.467 1.446 1.441
<rg_c > 1.093 1.094 1.088 1.086
0K..0-H 125.70 12321 12321 124.49
0K...0—C 127.03 12953 128.96 128.46

Distances are in A, angles in degrees (for the H—C bond length the
average value is reported). G and PW label the calculations with the
Gaussian basis sets 6-311++G(3df,3pd) and plane waves expansion,
respectively

It is important to note that the coordination number obtained
with CPMD simulations for both ions in methanol is lower
than the corresponding value in water, essentially due to the
greater steric effects of the methanol molecules. In fact the
coordination number in water for Na™ and K are 5.2 and
6.75, respectively.

A snapshot of the first solvation shell of the Na™ and K™
ions is shown in Fig. 1.

The interaction of cations with methanol is mainly electro-
static with the methanol dipole moment pointing toward the
ion. In fact in the pair radial distribution functions (shown in
Fig. 2) the oxygen atom is the closest to the ions. This implies
that the oxygen lone pairs are on the side of the ion and this
will favor the charge transfer from the solvent to the ion.

Fig. 1 Snapshot of the first
solvation shell for Na™ (a) and
K* (b)
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Table 3 First peak position (A) and integration number from the pair
distribution functions of Na™ and K*

Na* K+

First peak n(r) First peak n(r)
GTH 2.40 5.00 2.70 5.41
MT 2.50 4.84 2.75 5.91
Marrone et al. [61]  2.55 5.5 2.95 6
Kim [29] 2.5 6.0 2.7 6.1

GTH and MT refer to the present calculations with different pseudopo-
tentials. The last two lines refer to classical MD simulations

It can be seen from Fig. 2 that the distance of the first peak
in g(r) increases with increasing ionic radius; this will lead
to an increase of the coordination number as it is actually
found and summarized in Table 3. Other interesting features
of the pair radial distribution functions are the broadening
and lowering of height of the first peak in going from Li™
to Na™ and KT. The latter features are associated with a
reduced strength of the interaction. The broading of the first
peak in g(r) implies a higher possibility of penetration in the
potential energy well and therefore a higher mobility of the
solvent molecules with increasing radius of the ion [62]. In
fact, it can be recalled that the g(r) is related to the mean
field potential [63] and gives therefore an indirect informa-
tion on the average strength of the interaction. A more precise
description of the mobility of the solvent cage is obtained
considering the residence time of the solvent molecules in
the first solvation shell. Li™ and Na* interact with 4 and
5 molecules, respectively, in a stable way, i.e., the mole-
cules reside in the solvation shell permanently all along the
simulation time [22,64,32,65]. The estimated lifetime of the
molecules in the first solvation shell is in the case of Na™
greater than 8 ps and of ~5.2 ps for the K™ case, see Fig.3.
In the case of K™ the larger amplitude of motion is associated
with diffusion and with an exchange of the solvent molecules
in the first and second solvation shell. Figure 3 identifies as
a function of time the molecules bound to K in the first
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Fig. 2 Pair distribution functions and relative integration numbers for
the O---M™ contacts; full lines M=Li; dashed lines M=Na; dotted-
dashed lines M=K
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Fig. 3 Top panel Life time for O- - - KT contacts. Each line means how
long a molecule remains inside the first minimum distance (3.80 A) of
the g(r) and belongs to the first solvation shell. Molecules 1, 8 and 9
are always bonded (1 = 8.68 ps), molecules 14 and 5 are almost always
bonded (8.37 and 8.18 ps respectively), molecules 20, 4 and 11 have a
short residence time (2.11, 1.56 and 0.41 ps, respectively), and mole-
cule 16 is bonded for only 0.06ps. The average residence time is about
5.2ps. In the bottom panel the instantaneous coordination number is
reported
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solvation shell. A molecule is defined to belong to the first
solvation shell if the distance of its oxygen atom from the K™
ion is smaller than the first peak position in the g (r) function.
It can be seen that molecules numbered 1, 8 and 9 are perma-
nently in the shell, molecules 5 and 14 are almost constantly
in the shell and other molecules alternate as first neighbors.
The overall balance leads to a coordination number of 5.41.
This can be attributed to the larger ionic radius of K that
allows, on average, a higher number of first neighbor solvent
molecules.

Recently some papers [66,67] have been reported that
widely used functionals may not be sufficiently accurate to
describe the interactions of alkaline ions. As a further test
of the degree of accuracy of our calculations and to check
that the exchange of first neighbors, in the case of K™, is not
due to the choice of the BLYP functional we have extracted
randomly from the simulation three cluster configurations
characterized by 5, 6 and 7 methanol molecules in the first
solvation shell and computed the average binding energy at
different levels of theory. The results reported in Table 4
show that all calculations have the same trend of the average
binding energy with increasing coordination number. The
calculations with B3LYP and PWO1 functionals are closer
to the MP2 results with respect to BLYP that gives slightly
lower values. Two set of values are reported for the CPMD
calculations using plane waves, one with periodic boundary
conditions and the same cubic box adopted during the sim-
ulations and a second computed for an isolated system and
more suited for comparison with the other calculations of
Table 4. Even if the results of the latter are smaller than at
the MP2 level, the differences are smaller than the required
accuracy of our calculations.

A three-dimensional description of the motion of the Na™
and K ions around the solvent molecules is shown in Fig. 4,
through the spatial distribution functions [69-72]. The iso-
surface close to the methanol molecule represents the proba-
bility to find the ion in a certain position, giving a clear repre-
sentation of the mobility of the solvation cage. As expected,
at the same isosurface value (in our case each point has to be
visited 100 times), the K™ ion spans a larger configurational
phase space than the Na™ ion.

The average structure of the solvent is not appreciably per-
turbed by the presence of the ions; as expected, the first peak
of the g(r) for the O-O contact is for both solutions 2.75 A
and for the g(r) for the O-D contact is at 1.80 A, in perfect
agreement with the results obtained with the same model for
the pure solvent [39].

A picture of the electronic rearrangement in the solution is
obtained from the calculation of the electric dipole moment
of the first shell methanol molecules. The dipole moment has
been obtained from the positions of the maximally localized
WFCs. [55,56] In Fig. 5 a snapshot of the WFCs for the Na™
solvation shell is shown.
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Table 4 Energies in kJ/mol, the

calculations Iabelled BLYP n CPMD (pbc) CPMD BLYP B3LYP PWO1 MP2
B3LYP, PW911 and MP2 were 5 —61.04 —52.4919 —54.8544 —57.5523 —57.4253 —57.975
performed with the

6-311++G(d,p) basis set using 6 —57.73 —49.2533 —51.8116 —54.8043 —54.2518 —55.0805
the Gaussian suite of programs 7 —56.87 —48.7523 —50.4161 —53.3785 —52.5615 —53.6865

[68]

Fig. 4 Spatial distribution
functions for Na™ (a) and K+

(b)

Fig. 5 Snapshot of the WFCs for Na™

The distribution of the methanol molecule’s dipole
moment in the solution of the three ions is reported in Fig. 6,
where the distribution in the whole solution and in the first
solvation shell is compared. The average values of the dipole
moment are summarized in Table 5.

In the Nat and K™ solutions the distribution in the first
solvation shell is ~ 0.2 D lower than in the whole solution.
This situation is quite different than found for Li*, where
< U >~ < [ >g. As a whole the behaviors of Na™
and K™ are similar and the charge transferred to the ions are
almost identical (-0.106 e™ and —0.108 e™, respectively) and
approximately half the value found for Li*. Therefore, the
solvent molecules in Na™ and KT solutions are much less
polarized than in Li™.

An interesting picture of the charge redistribution in the
solution can be obtained with the AIM method [58,59]. The
results as a function of the ion—oxygen of the solvent mole-

probability (%)
[}

10:: HDHH | :
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f |1 N P
1.6 2 24 2.8 3.2 3.6 4

dipole moment (D)

Fig. 6 Dipole moment distribution (in debye, D) for: a Li*, b Na't, ¢
K; the colored bars refer to the dipole moment distribution of the first
solvation shell molecules

Table 5 Average dipole moment values (in debye, D) and relative stan-
dard deviation for the solution (< p >o) and for the first shell mole-
cules contribution (< @ >¢s).

(U)ot D (n)ts D
Lit [22] 2.73 2.76
Na*t 2.67 +£0.28 248 +£0.21
K+ 2.66 + 0.34 2.49 +0.26

cules distance are reported in Fig. 7. The behavior is similar
to that reported for the Na™ and K™ ions in water [73].

The already discussed transfer of negative charge from
the first shell molecules to the ions is more than counterbal-
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0.03r a) Table 6 Transferred electronic charge amount Ag(e™) on ions and
o 00151 relative standard deviation
CR S SillnEnn=nling
“ oot ..II.I Ag(e™)
T T T T
Lit [22] ~_02
003 Na* 0.106 + 7.34 x 1073
~0.015]- b) a e e
3 00151 . 3 5
E 07____.----____--..--_-- K 0.108 £6.89 x 10
-0.0151
T T T T T T T T T
2 3 4 5 6
Mo A) Conclusions

Fig. 7 Transferred electronic charge distribution Ag(e™), as a function
of the distance between the ion and the oxygen atom of methanol mole-
cules ry...0; the reported values are integrated on a sphere: a M=Na™;
b M=K™". For Na™ and K* the graphs are reported as a function of
the M-O distance. The integrated charge in the first solvation shell is
—0.063e and —0.057e for Na* and K%, respectively. The integrated
charge outside the first solvation shell amounts to 0.168e and 0.163e
for Na and K, respectively. The sum of these two terms balances the
charge transferred to the ion with an uncertainity on the third decimal
place.

Fig. 8 Electronic density flux for a selected configuration. The
decrease and the increase in electronic density are reported in green
and orange, respectively

anced by a charge transfer from the outer to the first shell
molecules through the hydrogen bond network. As a net bal-
ance the positively charged ion is surrounded by a negatively
charged first shell and a positively charged second shell. A
qualitative view is confirmed by Fig. 8 that reports the flux
of electronic density.

This charge alternation contributes to the stability of the
cage structure and to a tighter reorganization of the solvent.
It can be seen from Fig. 7 and Table 6 that the stability of the
first solvation shell for Li™ is enhanced by the larger charge
transfer.

@ Springer

Ab initio CPMD simulations have been performed on Na™
and K* ions in liquid methanol to obtain several details
on the structure and electronic properties of the first solva-
tion shell. The reliability of this approach in modelling the
ion—methanol interaction has been confirmed comparing the
results with calculations with a localized Gaussian basis set
at the MP2 level of theory. It has been shown that simple
cations are strongly bound to the methanol molecules of the
first solvation shell forming a stable cage. AIM population
analysis has shown that charge transfer from the first shell
methanol molecules to the ions is more than balanced by
the charge transfer from methanol molecules of the second
shell such that the first solvation shell molecules are nega-
tively charged. This contributes to stabilize the cage. It has
been confirmed that the methanol molecules in the first sol-
vation shell are characterized by an “orientation order” with
the lone pairs of the oxygen atom pointing toward the ion
[25,27], as reported in Fig. 5 for Na™, but a similar behavior
occurs for KT. The polarization of the solvent molecules has
been studied through the WFCs analysis. By comparison with
the pure solvent [39] it appears evident that the perturbation
due to the ions is mainly limited to the first solvation shell
[24]. The stability of the cage will affect colligative prop-
erties of the solution, eliminating the molecules of the first
solvation shell, and the diffusion properties of the ions since
the molecules of the first solvation shell will diffuse with
the ion increasing their effective radius. This stability will
also have consequences on the reactivity of these species in
solution.
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