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MD simulations have been performed for NaCl, Nal, and fictitious solutions of discharged counterparts of
Na' and CI ions to investigate an effect of the charge density of a solute on its solvation in metheatet
mixtures. Solventsolvent interactions have been described in terms of flexible models, whereas solutes
have been considered as charged or uncharged Lennard-Jones spheres. An analysis of solvation shells has
been based on radial distribution functions, angular distributions, coordination numbers, and residence times
of solvent molecules. Preferential solvation of anions by methanol molecules becomes less pronounced with
decreasing charge density of a solute and vanishes for the discharged chloride ion. In contrast to preferential
hydration of Na in water deficit solvents, its uncharged counterpafti@referentially solvated by methanol
molecules over the whole range of solvent composition. Results for NaCl solution have been compared with
those obtained with ab initio iensolvent potentials and the same model of solvent molecules. The type of
ion—solvent potential has small effect on the structure and composition of ionic shells, but its influence on

the persistence of the coordination shells is more noticeable.

1. Introduction molecules occupy the interstitial cavities. The enhancement of
. . . . ) the structural order of water by a small amount of alcohol has
Understanding solvation of ions in binary solvents is of peen ggo postulated in NMIR!1X-ray, and neutron scatteriig
funplamental importance for solution chem|3try.. Va”‘?us €X" measurements. With increasing methanol concentration water
perlmentgl technlqges.have Igeen employed to investigate themolecules prefer to have water neighbors, despite the fact that
surrounding of the ion n S°|Ut'0n.’ bl,J,t a_Iack Qf theor_y fe”d‘?fs in the gas phase the methanelater complex is energetically
even the ternt preferential solvation” misleading. This quali- more favorablé3 The lifetime of water globules in that binary

flcatlpn has be‘?” mtyoduced to de.s.crlbe nonllnga}r variation of solvent increases with methanol concentration and particularly
solution properties with the composition, but now it is commonly long-living water aggregates are observed in methanol-rich

used to _empha5|ze any deviation of the composition .Of solvents. Methanol preserves most of its chainlike structure if
coordination shells from that of the solvent. Preferential - DA
water concentration does not exceed 30 mol-®aWith

(selective) solvation is usually expected if a solute interacts more . ;
: . increasing water content methanol molecules prefer to have
strongly with one of the solvent components. In a nonideal

mixture, however, these compositions may differ because of \;vk?;retrlqy_le_;]gqub(;rbsé t:e u;éhric::f((;tlgwfe 2{;:‘52;%?23?”0?2;Sb.\r/gry
the nonadditive molar volume of the solvent. In that case, to ' us, v oorw lon, inary

decide whether any preferences occur, composition of ionic SOI\tﬁm clan be treateqthasha tn?_lxu:jreh %f v;/_ater rgl(l)lbules and
shells should be compared with an expected content of solvationMethano monomers with short-lived hy r.a ion s elis. )
layers. This expected composition can be estimated from an Several experimental and computer simulation studies on
appropriate ratio of solvation numbers in one-component Methanot-water solutions of alkali halides have indicated
solvents recalculated according to the component number densityPreferential solvation of ions in these systems. NMR relaxation
in the mixed solvent. studies indicated preferential hydration of sodium ions in water-

Though preferential solvation is usually expected if a solute deficit solvents;>1*whereas for chloride ions either preferential
interacts more strongly with one of the solvent components, Solvation by methanét or preferential hydratiott was reported.
there are experimental clues that it may be a consequence of 4n self-diffusion measurementfsselective solvation by methanol
microheterogeneity of the solvef®. The methanotwater was found for halide ions, while for alkali ions preferential
mixture is one of the binary solvents where a microheterogeneity ydration in methanol-rich solvents was observed. Similar
of the structure is believed to exist. The experimental studies Preferences have been found in our MD simulation studies on
on transport processes in methanalater mixtured ¢ as well ~ NaClk-methanot-water system$®1” 19 Compared to the ex-
as MD simulations7-% showed that the structure of this binary Pected content of the solvation shell, a clearly higher concentra-
solvent does not change smoothly with increasing methanol tion of methanol in the vicinity of Cl was obtained over the
content. A small amount of methanol, below 10 mol %, Wwhole range of the composition. Concentration of methanol in
enhances the tetrahedral structure of water, because methandhe solvation shell of Nawas close to the expected content.

An exception was methanol-rich solvent where *Nshells

* Corresponding author. Tel.: +48-42) 6313195, Fax: 448-42) contained more water molecules than expected, thus showing
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ClI~ ions suggest that selective solvation results from the solvent TABLE 1: Parameters Q;/(kJ-nm-mol~1), Aj/

structure rather than from the iesolvent interactions, which ~ (kJ-nm*?mol~?), and Bj/(kJ-nm®-mol~?) of the lon—lon and
are similar for both solvent components. lon—Solvent Pair Potentials Given by Eq 2 (see text)

The aim of the present work is to confirm the hypothEsi¥ ion site Q;° Aj x 10° Bj x 10°
that the selective solvation in highly associated liquids is induced  Ng+ Ow —-83.374 0.6681 1.1807
by solvent-solvent interactions. We examine how preferences Huw +52.695 0 0
in solvation are affected by the charge density of a solute and CH; +34.739 4.327 3.598
to what extent they depend on iesolvent potentials used in SW ;Zé'gig g-6681 01-1807
MD simulation. Simulations presented in this paper have been N;ﬁ 113896 0.145 0.493
performed for methanelwater solutions of sodium halides, cl ~138.96 5.459 3.021
NaCl, and Nal, and fictitious solutions of uncharged spheres of - —138.96 10.310 4.151
the same sizes as the Nand CI ions. If solvent-solvent (o Owm +83.374 18.038 6.135
interactions induce selectivity, the preferences should be insensi- Hu —52.695 0 0
tive to the ion—-solvent potentials employed. The most common 8':3 ;Si'ggg 1%'8;18 lg'igg
description of ior-solvent interactions is the Coulomb term Hu —45815 0 0
combined with the Lennard-Jones poteri?al® In our previous cl- +138.96 88.038 12.130
simulations of NaCl solutioft$1"-1° we used the pair ion I~ Owm +83.374 57.35 10.94
solvent potentials, called ab initio hereafter, obtained from the (H:m —gi-ggg 24% o3 209 50

L X Do : 5 _34. . .
ab initio potential energies fitted to the analytical f3f#f O 101628 5735 10.94
Hw —45.815 0 0
1~ +138.96 609.71 31.93

a Calculated using the BJH and PHH models of water and methanol,
respectively.

3 Qj 3 A‘] 3
V(r) = JZ r_J + ]Z r_f + JZBj exp=Cyr)) (1)

wherer; denotes distance between ion and solvent site. In the 0.0
present paper, ions and their discharged counterparts have been

considered as Lennard-Jones spheres, charged and uncharged, 25 |-
respectively, whereas solverdgolvent interactions have been 0 r

described, as previoushf17-19

2. Pair Potentials

In all simulations the water molecule was described by the 50 -
flexible BJH potentiaf’ The BJH potential is more complex i
than other flexible model$,2° but it is fully consistent with I
the PHH flexible model adopted for the methanol molecéfile. 400 b
The BJH and PHH potentials are known to reproduce the 3
structure, energies and dynamic properties of methanater
mixtures!-813.31,32

In the assumed models, solvent molecules are treated as three-
site bodies. In water molecules the partial charges are located
on the oxygen £0.66 e) and the hydrogent-0.33 e) atoms. 3
Methanol molecules consists of the charged oxyged.§ e), 25k
hydroxyl hydrogen+0.35 e), and the methyl groug-0.25 e),
considered as the pseudo-atom. Non-Coulomb terms describing
the O-0O, O—H, and H-H interaction of methanol and water
molecules have been taken from the modified CF model for
water33 The non-Coulomb interaction of the methyl group with
the hydroxyl hydrogen has been neglected, and that with the
other molecular sites represented by the Lennard-Jones (LJ) type r/nm
potential34 Figure 1. Potential energies of Na-water (upper panel) and Ct

All ion —solvent and ior-ion interactions have been expressed water (lower panel) complexes as a function of the-iorygen

by the sum of pair potentials consisting of the Coulomb and LJ distance. LJ potentials: BJH water (solid lines) and SPC/E water
non-Coulomb terms: (dotted); the ab initio potential from ref 17 (dashed).
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B and non-Coulomb parameters of the assumeetion and ior-
Vi (r) = % + ﬁ _ i @) solvent potentials are summarized in Table 1.
i ro o (2 6 To compare different potentials, the energies of-iarater
] i ij . X ! i .
interactions have been computed as a function of the-ion

Non-Coulomb parameters of the pair potential in eq 2 have beenoXxygen distance for the most favorite orientation shown in the

calculated according to the standard combining rules: insert in Figure 1. The calculations have been performed for
the Lennard-Jones parameters from Table 1 and two models of
o T 0 the water molecule (flexible (BIHY, Efiexible, and rigid (SPC/
€j = /€€ andoy = 2 ®) E) 28 Ergia), and also for the ab initio potentidf<Eapin. For Na®

the minimal value ofEqexivie is @about 20% higher than the
wheree;; ando; stand for the LJ parameters taken from ref 23 minimum of Egq. That difference results from higher partial
for ions and water, and from ref 34 for methanol. Coulomb charges of the latter. The lowest energy is seerEgs.
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Figure 2. Binding energies of the ioAwater (solid lines) and ion
methanol (dashed) complexes versus the-ioxygen distance calcu-
lated for the pair potential parameters from Table 1. Orientations of
the solvent molecules are the same as shown in Figure 1.

For CI7, the highest energy is found f&fexibie 2and the lowest,
about—74 kJ/mol, forE;gq. It is worth emphasizing here that
the commonly used SPC/E potential does not reflect differences
between the sodium and chloride ions in their interactions with
water. The ratio of the minimal energies predicted for these ions
by the SPC/E model is about 1.12. The corresponding ratios
calculated with the BJH model, 1.5 and 1.75 for the LJ and ab
initio potentials, respectively, seem to be more realistic regarding
the differences in the enthalpy of hydration of Nand CI~.36

Interaction energies of NaCl~, and I ions with both solvent
components are compared in Figure 2. As can be seen, none o
the solute-solvent interactions is favored by the assumed
potentials. For Naand CI, differences in ior-water and ior-
methanol interactions are below 5%. Only for the iodide ion,
the energy minimum of the water complex is about 10%
deeper and the position of this minimum is shifted by 0.02 nm
toward the ion.

3. Details of the Simulation

MD simulations were carried out for metharalater solu-
tions of NaCl, Nal, and for fictitious solutions of R@I°. All
simulations were performed for the standard NVE ensemble.

Hawlicka and Swiatla-Wojcik

was used for all non-Coulomb interactioftsThe simulation
time step was 0.25 fs. After about 15 ps of equilibration,
simulation of each system was extended up to 100 ps. Velocities
and coordinates of all sites were collected in 1 fs intervals. In
all simulations, stability of the total energy was better than
0.01%.

4. Results and Discussion

4.1. Radial Distribution Functions and Spatial Orientation.
The nearest surrounding of the solute in a methanalter
mixture can be described by four radial distribution functions:
two for water sites (@ and Hy) and only two for methanol
sites (Qy and Hy). Examples of radial distribution functions in
aqueous and methanol solutions are shown in Figures 3 and 4.
Characteristic parameters of all iopxygen radial distribution
functions are summarized in Table 2. These are positions of
the first maximumRmay its heightgj(Rmay, and a solvation
number nj(rmin) calculated by integration up to the first
minimum, rmin, Of g;(r):

min
n = 4zp; [ g;(n)ridr (4)

wherep; is the number density of thigh solvent component.

There is also shown methanol mole fraction in the first
coordination shelkys"®! calculated as follows:

My

ny + Ny

X:,'he" — (5)

In aqueous solutions of NaCl and Nal, the position of the
sharp maximum of the catieroxygen radial distribution
functionsgnato,, at Rmax = 0.245+ 0.005 nm is in excellent
accord with the distance of 0.24 nm reported from X&fand
neutron diffractio® experiments. In methanol solution, the peak
of gnato,, appears at the same distance. Solvent compositions
do not affect the peak positions of eitlggiro,, Or Onato,, (Table
2). This explains why diffraction experiments cannot answer
the question concerning the selective solvation of #§ns.

First peaks ofjnatr, @andgnath,, are broader and lower. They
are shifted to the longer distance by about 0.06 nm, suggesting
the antidipole orientation of solvent molecules in the coordina-
tion shell of Na. The antidipole orientation of either water or
methanol neighbors is confirmed by angular distribution func-
tions shown in Figure 5.

A discharging of Na significantly affects the nearest
T'leighborhood. The preferred orientation, observed in the
Coulomb field of the cation, disappears for its uncharged
counterpart N&(Figure 5), and, within statistical uncertainty,
the maxima ofgnLH,, andgnaH,, coincide with those ofinLo,,
and gno,,, respectively (Figure 3). First peaks of theLo,,
andgna o, are broader and lower in comparison with those for
cation. Positions of thgnLo,, andgnLo,, peaks are independent
of solvent composition, similarly as for Nabut the distance
between N&and the oxygen is about 0.69.03 nm longer
compared to the Nla-O separation (Table 2).

In aqueous solution the Ctoxygen and Cl—hydrogen
radial distribution functions exhibit the first maximum at 0.36

The periodic cubes contained 400 solvent molecules and 16 ionsand 0.265 nm, respectively (Figure 4). In methanol solution the
or uncharged spheres. The lengths of the periodic boxes werepositions of the first peaks are the same within the statistical
calculated from the experimental densities of the correspondinguncertainty (Table 2). Such coincidence is in good agreement
NaCl or Nal solutions at 298 K. with the neutron scattering dat&?41The CI—O distances
The initial configurations were obtained by random placement of 0.31 and 0.33 nm were reported for aqueous and methanol
of particles in the cubic box. Ewald summation was used for solutions, respectively, whereas the separation betweearcl
Coulomb interactions, and the shifted force potential method hydrogen in these solutions was found to be 0.23 and 0.22 nm,
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Figure 3. Cation—oxygen (solid), catiorrhydrogen (dotted) radial distribution functions in aqueous (upper pannels) and methanol (bottom) solutions
of: NaCl (A) and (D), Nal (B) and (E), and Ral° (C) and (F).

respectively. The distance between €H is about 0.095 nm some of the water molecules are OH bond oriented toward |
shorter. It suggests the OH bond orientation of solvent molecules The angular distribution in Figure 5 confirms this supposition.
in the shell. An existence of an almost linear hydrogen bond Integration of the first peak afi—,, shows that only three water
between Ct and its nearest neighbors is evidenced by the molecules form hydrogen bonds with the anion. Addition of
distribution functions in Figure 5. methanol does not affect the position of the first maximum of

The uncharged sphere Clontrary to Cf, is not able to 0-o, but changes the height of the peak (Table 2). The lowest
orient solvent molecules. Thus the peaksgefo and gceu peak, observed aty = 0.3, suggests that in this solution
functions are broader compared to those for.Clhey are positions of water molecules in the vicinity of the iodide ion
separated by only 0.03 nm, suggesting almost random orientationare less fixed than in agqueous solution.

of the solvent molecules in the solvation shell. The peak
positions of gco and gcey depend onxy, contrary to the
composition independent maximumgyi-o andgei—w functions

An effect of solvent composition on the aniesolventg
functions is more noticeable for methanol neighbors. If methanol
concentration exceeds 30 mol %, the single broad peak of

(Table 2). The former peaks appear at the similar distance. Theg,-o,,, observed in water-rich solutions, splits into two peaks
broad angular distribution in Figure 5 shows, however, weak centered at 0.4& 0.01 and 0.5H 0.01 nm, respectively. A
preferences of the water molecule orientation. This effect is due split of theg—,, function has been also found, but only in net

to the H-bonded network of the solvent (Figure 5). In methanol

solution the angular distribution is slightly different as a con-

sequence of a strong repulsion betweehald methyl group.
As it might be expected, the radial distribution functions for

the iodide ion are significantly different. In aqueous solution

first peaks ofgi-o,, andgi-+,, appear at 0.4% 0.01 and 0.31

=+ 0.01 nm, respectively (Figure 4). A broad maximum of the

methanol and methanol-rich solutions. Tes,, peaks appear

at 0.31+ 0.01 and 0.5 0.01 nm, respectively. The difference
of the positions of the first peaks of-g,, andg—,, indicates
that these methanol molecules prefer OH bond orientation in
the field of anion. Integration of the first peaks gfq,, and
Oi~Hy results in 23 molecules forming the H bonds witf.|
This result is in excellent agreement with the solvation number

former function counts about 25 water molecules in the solvation of iodide ions deduced from the self-diffusion measureménts.
shell of I and their positions are not fixed. Although the charge Angular distribution functions in Figure 5 have been calculated
density of I is small, such hydration number has not been for the methanol molecules, represented by two peaks-gf,
expected. A similar coordination number has been reported for separately. The angular distribution confirms formation of H
the tetralkylammonium catiot?, which acts like a nonpolar  bonds between | and the molecules represented by the first
solute. The coordination shell of lis, however, not like that  peak ofg-o,,, whereas eight methanol molecules, represented
of (CH3)4N*. The shorter T—H distance from the anion to by the second peak, prefer dipole orientation toward the iodide
hydrogen as compared with the+O separation suggests that ion.
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Figure 4. Anion—oxygen (solid), aniorrhydrogen (dotted) radial distribution functions in aqueous (left pannels) and methanol (right) solutions
of: NaCl (A) and (B), Nal (C) and (D), N&I° (E) and (F).

The methanctwater mixture is a nonideal solvent with NaCl and Nal solutions. It means that the counterion does not
nonadditive changes of the molar volume. Thus the methanol affect composition of the cation shell.
mole fraction in the shells of soluteg>"®!, calculated from eq Discharging of the cation results in a significant increase of
5 and summarized in Table 2, can differ from the solvent methanol concentration in the shell of NAlthough interactions
compositionxy, because of nonlinear variations of the number of the uncharged Nasphere with either methanol or water are
denSItIesl To find out whether selective solvation OCcurs, the very Similar’ the solvation shell contains many more methanol
xu*"e! values must be compared with the expected methanol molecules than expected (Figure 6). Thus the uncharged sphere
mole fraction calculated as of the same size as Nas preferentially solvated by methanol

molecules.
0 Pwm The observed and expected compositions of the nearest
() . . ) ;
(pM)O neighborhood of counterions are compared in the right part of
Xy (expected)= (6) Figure 6. In methanetwater mixtures they"¢values observed
0_Pm o_Pw for chloride ions exceed noticeably(expected), indicating
(nv) + (nw) : )
(on)° (ow)° selective solvation of Clby methanol molecules. Such prefer-

ence is not observed for the discharged anion. Even though

where fw)° and fw)° are the solvation numbers of the solute cpncentratiop of methanol in the coordinqtion shells dfi€l

in net solvents, methanol and water, respectively){andpy higher than in the solvent (Table 2" fits the methanol

denote the number densities of methanol in net methanol angMole fraction expected for that nonideal mixture. It means that

methanok-water mixtures, respectively, whilgy)° andpw are selectlve_solvat_lon of the uncharged sphere of a similar size as

the water number densities in aqueous solution and mixtures,the chloride anion does not occur.

respectively. Methanol content in the vicinity of iodide ions was calculated
Thexws"®! values are presented as a function of the expected for all neighbors and, separately, for the H-bonded molecules.

methanol mole fractiomy(expected) in Figure 6. As seen the Thexu*'®!values in Table 2 show that in both cases methanol

composition of the N shell, xys'®! is very close to the concentration in the vicinity of iodide ions is higher than in the

expected oneThe only exception is the methanol-rich mixture, solvent.

xm = 0.9, where thex,"® value is smaller thamy(expected) If all neighbors of I are considered, the comparisorxgfhe!
It suggests preferential hydration of Nain agreement with and xu(expected) shows the selective solvation by methanol.
the conclusion drawn from the self-diffusion experiméitas This preference seems to disappear for the H-bonded molecules.

seen from Table 2, the sanxgs"e! values were obtained for  However, a careful inspection of Table 2 shows that in the mixed
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TABLE 2: Characteristic Parameters of the Solute-Oxygen Radial Distribution Functions?

Xu solute  Rmpadi—Ow)/nm giow(Rmax) Nw Rmax(i—Owm)/nm Giom(Rmax) Nu xyshel
00 Nab® 0.247(0.230) 7.36(8.61) 6.08(6.11) 0
Nat ¢ 0.250 6.51 5.92 0
\EY 0.275 251 10.24 0
Cl- 0.3570.330) 3.21(3.14) 12.25(8.68) 0
I- 0.407 2.38 24.65 0
cl 0.400 2.22 18.23 0
01 Nab® 0.247(0.230) 7.02(8.54) 4.80(4.76) 0.245(0.237) 14.42(15.46)  1.23(1.25)  0.20(0.21)
Nat ¢ 0.247 6.13 4.44 0.245 15.67 1.24 0.21
Na 0.262 1.92 458 0.272 8.56 2.60 0.36
Cl- 0.355(0.337) 2.59(2.23) 7.66(5.80) 0.352(0.325) 10.4814.09)  2.762.25)  0.26(0.28)
I- 0.400 2.00 20.3 0.472 3.41 3.87 0.17
clo 0.392 1.95 12.8 0.352 458 2.77 0.18
03 Nae¢ 0.247 4.68 2.23 0.245 13.03 2.39 0.52
I- 0.405 1.31 8.15 0.485 2.76 8.24 0.50
05 Nab® 0.247(0.230)  8.88(11.20) 2.51(2.61) 0.2420.235) 12.80(13.75)  3.143.30)  0.56(0.56)
Nat 0.247 9.12 2.47 0.245 12.20 3.07 0.55
Na° 0.260 1.55 1.07 0.277 5.89 5.31 0.83
Cl- 0.360 1.73 1.070.52) 0.355(0.325) 7.15(12.04) 6.51(6.65)  0.86(0.93)
|-d 0.412 1.83 5.53 0.395; 0.495 2.91;1.93 2.20;9.60 —;0.64
clo 0.405 2.18 5.59 0.360 3.62 7.43 0.57
09 Nab 0.245(0.230) 19.28(24.19)  0.75(0.80) 0.245(0.235) 12.00(13.72)  4.364.90)  0.85(0.86)
Nat ¢ 0.247 16.17 0.72 0.245 11.81 4.10 0.85
Na 0.262 2.35 0.31 0.265 5.17 5.72 0.95
Cl- 0.375 1.19 0.24 0.35@.325)  4.59(8.84) 6.74(7.22)  0.97(1.00)
I- 0.407 2.03 0.96 0.411;0.513 1.77;1.74 2.62;11.16—; 0.92
clo 0.390 3.35 1.36 0.390 3.35 10.08 0.88
01 Nab® 0.245(0.232) 14.40(17.77)  5536.02) 1
Nat ¢ 0.245 14.39 5.52 1
Na 0.270 5.30 6.41 1
Cl- 0.357(0.330)  4.63(7.40) 6.25(7.22) 1
I- 0.400; 0.515 1.77,1.74 2.61;11.06 1
clo 3.70 331 10.86 1

2 Rnax denotes the distance, where radial distribution function has a maximum of the bgiBhty, n; is a solvation number, anl,she" is
methanol mole fraction in the first coordination shélln NaCl solutions. Results for the same system from simulations with the ab initio pot€ifials
extended up to 100 ps are given in parentheSksNal solutionsd For split peaks parameters of both are given.

solvents, even foxy < 0.5, only methanol molecules are coordination shells of Naand CI depend on iofsolvent
H-bonded with iodide ions. potentials employed in MD simulation. The outcome of the
The results discussed above suggest that in highly associategpresent work has been set against the results reported
solvents the solvation of solutes is determined by interactions previously-817-19 for the ab initio ion-solvent potentials. The
between solvent molecules. A tendency to preserve the H-corresponding parameters of the eoxygen radial distribution
bonded network is decisive for the composition of the solute functions are given in parentheses (Table 2).
neighborhood. Ab initio calculatioh% and results of MD The LJ-type potentials exhibit noticeably higher binding
simulation$ indicate that the H bond formed between the H energies compared to those calculated with the ab initio
donor water and the H acceptor methanol molecules is energeti-potentials (Figure 1). Despite thignato does not show
cally more favorable. In consequence of that, preferential significant differences. Small changes can be noticed for the
hydration of N& and selective solvation of the anions is peak positionsRnax and their heightg(Rmay. The shell size
observed. Antidipole orientation of solvent molecules in the ry, solvation numbersn(rmin), and, in consequence, the
cation field favors water molecules acting as the H donors, composition of solvation shellgys"e" depend slightly on the
whereas the OH bond orientation in the anion field agrees with ion—solvent potential. Both types of Nasolvent potentials
the preferences shown by the methanol molecule. The quantita-well reproduced experimental data on the catiorygen
tive studies show that the influence of sodium halides on the H separation in aqueous and methanol soluti8d%The observed
bonded network of the solvent is limited to the first coordination decrease ofj(Rnay) might be expected because of the lower
shells of iong*? binding energies shown by the LJ-type potentials.
Differences in solvation of Neand CP confirm the hypothesis In the case of chloride ions, differences in radial distribution
that preservation of the H bonded network is decisive. In functions are more significant. They appear not onlyRifux
consequence of different sizes of these neutral solutes, theirandg(Rmay but also in the shell size and solvation numhger
influence on the structure of water and of methanol is different. The ab initio potentials predict shorter, by about 6:0203 nm,
As seen from Figure 5 the orientation of water and methanol distance between Cland the oxygen. This shorter distance is
molecules around €lis very similar, and a lack of any in better accord with the experimental d&ta*! In aqueous
preferences is observed in mixed solvents. Completely randomsolution, the broad first peak ofcio is noticeably worse
arrangement of methanol molecules in the surrounding 8f Na pronounced compared to that obtained with the ab initio
contrasts with some preferences observed fdt iNaqueous potentialst” The running integration number shows no plateau,
solution. In consequence, in mixed solvents water molecules and estimation of a hydration number is rather ambiguous. The
avoid the vicinity of N&. resultingny = 12.3 is overestimated compared to the ab initio
One of the main questions we would like to answer in this result 8.77 as well as to the neutron scattering data reported
paper is to what extent the structure and composition of the for the oxygen, 7.68 A more accurate hydration number can
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Figure 5. Distribution functions of angular orientation of the nearest neighbors ¢f(l3 N&P (O), CI~ (#), CI° (v), I~ H-bonded &) and all
(....) neighbors (see text), in aqueous (A,B) and methanol (C,D) solutions. Thedglned in the inset.

According to that definitionR(t) represents a fraction of the
molecules staying within coordination shells after tilnkas
elapsed. Starting from a given configuration thé) functions
have been calculated with time intervat. Thus the solvent
potentials is in good agreement with the experimental vajyle  molecule is allowed to stay outside the shell for a period shorter
~ 621 The LJ-type potentiaf82° are known to neglect non-  than At. The calculations have been performed with various
Coulomb interaction between an ion and the hydroxyl hydrogen. time intervals 0.1< At < 0.5 ps, and we did not find any
Much better accord with experiment obtained for the methanol noticeable influence oAt on the resultingR(t) function. All
solution indicates that neglect of these terms is less importantR(t) functions have been fitted to a second-order exponential

in methanol than in aqueous systems for which the ab initio decay:
_ t t
Rt) = A, exp(— —) +A ex;{— —s) (8)
7 T

potentiald’ occur to be more adequate.
Despite differences in the solvation numbers calculated for
both types of Ct—solvent potentials, th&yse! values listed
in Table 2 are very close and show that the chloride ion is
sellecz:tl\&ely _solvated_ by methanol molecules (Flgure 6). . The first term in eq 8 describes escape of solvent molecules
S esidence T|_me of Splvent Molecules in the Co_ordl- located close to a border of the shell. This process is rather fast
nation She"S'A residence time O.f SO".’ent mo!ecules in the with the characteristic time; < 1 ps. The second term reflects
coordination she!l of a solute provides |r_1format|on on whether a persistence of the shell characterized by the residence time of
the solute and its shell can be considered as a molecu_larSolvent moleculests The parametersh and A, represent
aggregate. The r¢5|dence time has been calculated from the tIm%ercentages of molecules involved in the processes described
correlation functionR(t), defined by Koneshan et &€: above.

Separate calculations &t) functions have been performed
for water and methanol neighbors, and the obtained residence
timestw andty are summarized in Table 3. For comparison,

the residence times obtained with the ab initio poterttiate
shown in parentheses.

In aqueous solutions about 85% of water molecules persist
in the coordination shell of Naduring about 19 ps. This value
is comparable with the results reported in the literature 4%.5,

be estimated from the better-pronounced-€Hy peak. Inte-
gration of this peak leads tmy = 7, in quite good accord with
the neutron scattering data for the hydrogen k. methanol
solution the solvation numbems, ~ 6—7 for both types of the

Nsolute Ns

1
6,(0) 0,(t 7
Y ;,21 i(0) 6;() (@)

wherensouteis the number of solutes amd denotes the number
of solvent molecules in the first shedl;(t) is the step function

equal to 1 if thejth solvent molecule lies within the first
coordination shell of theith solute, and zero otherwise.

R() =




Selective Solvation in MethaneMWater Mixtures J. Phys. Chem. A, Vol. 106, No. 7, 2002343

TABLE 3: Fitting Parameters for the Second-Order Exponential Decay of theR(t) Functions (eq 8) Describing the Residence of
Solvent Molecules in the Coordination Shells of Charged and Discharged loAs

solvent XM Az dp
water Na* (NacCl) Nat (Nal) Na° Na* (NaCl) Nat (Nal) Na°
0.0 0.86 0.85 0.78 19404 18.9+ 0.5 20+ 04
(0.88) (173.0+ 0.8)
0.1 0.86 0.86 0.66 181 0.6 17.2+ 0.5 24+ 04
(0.94) (86.@: 0.5)
0.3 - 0.79 - - 10.1+ 0.3 -
0.5 0.81 0.81 0.61 164 0.6 15.9+ 0.5 2.7+05
(0.75) (15.0+ 0.4)
0.9 0.85 0.83 0.84 2748 0.6 26.9+ 0.6 54+ 05
(0.94) (44.0+ 0.5)
methanol Na* (NaCl) Na* (Nal) Na° Na* (NaCl) Na* (Nal) Na°
0.1 0.87 0.88 0.88 143 0.7 12.3+ 0.6 7.3£ 05
(0.98) 150)
0.3 - 0.88 - - 13.2+ 0.8 -
0.5 0.70 0.66 0.50 16204 16.5+£ 0.5 18+1
(0.75) (15.0+ 0.5)
0.9 0.90 0.91 0.82 143 0.5 13.8+ 0.6 54+ 05
(0.93) (45.04+ 0.5)
1.0 0.92 0.92 0.65 145 0.3 13.1+ 0.5 5.3+ 05
(0.92) (45.0+ 0.4)
water CI- I~ cl° CI~ 1~ clI°
0.0 0.75 0.65 0.76 134 0.8 11.0+ 0.5 2.0+ 0.6
(0.76) (19.5+ 0.3)
0.1 0.73 0.64 0.39 9.8 0.9 7.8+ 0.6 3.9+ 0.5
(0.76) (14.5+ 0.9)
0.3 - 0.65 - - 7.3+0.3 -
0.5 0.40 0.53 0.68 51 6.5+ 0.5 3.9+ 0.7
(0.33) (8+1)
0.9 0.35 0.53 0.62 21 5+1 4.1+0.7
methanol Cl- |-b ClI° Cl- |=b Clo
0.1 0.85 0.81 0.73 144 0.7 12.4+ 0.8 5.6+ 0.5
(0.87) (30+ 1)
0.3 - 0.80 - - 13.9+ 0.6 -
0.5 0.85 0.98 0.56 142 0.8 25.1+£ 0.3 59+ 05
(0.87) 0.58 (29.9t 0.8) 5.140.5
0.9 0.88 0.98 0.71 133 0.6 258+ 0.8 5.4+ 0.6
(0.89) 0.59 (20.1t 0.5) 6.04 0.9
1.0 0.85 0.98 0.78 17204 26.1+£ 0.5 5.4+ 05
(0.84) 0.63 (21.9 0.4) 6.4+ 0.7

a2 Results from the simulations with the ab initio potenfiase given in parenthesesParameters for the H-bonded molecules and for those
represented by the second peak of ghe,, (see text) are given in upper and lower row, respectively.

14.7# and 9.9 pg? which have been obtained assuming the time of ion translation resulting from the Einstein formula:
LJ-type potentials for N& Models of water molecules were,
however, different: SPCA*and MCY respectively. The 12
values ofryw do not show any correlation with the strength of (Tiot = 6D )
ion—water interactions. The shortest time, 9.9 ps, was reported on
for the MCY water model, exhibiting the lowest binding energy \yhere the average hopping distaride usually considered as
of the Na —H,O complex. the limit of the first coordination shell. If the residence time
One should notice that the water residence time of 173 ps noticeably exceeds,)r, the ion and its shell are considered
obtained with the ab initio potential for Na-H,O interactions as a molecular aggregate. In that case the hydrodynamic radius
was 1 order of magnitude longétt is difficult to decide which s significantly greater than in the crystal. Self-diffusion
of the model potentials correctly reproduces the residence time, coefficients of Na& were measured at 298 K in solutions of
because direct comparison with the experimental data is notNaCl and Nal for the same solute concentration as in the
possible. An exchange of solvent molecules between the simulated systems* The D coefficient of Na decreases from
coordination shell and the bulk solvent could be investigated 1.2 x 10°m?s1t0 0.85x 109m2stin 1.1 M aqueous and
by tracer techniques. The exchange rates are known only for ag.55 M methanol solution, respectively. Substituting these values
few ions of high charge density. For €rthe exchange rate in  in eq 9 and assumingequal to the shell size 0.32 nm, one
aqueous solutions, about-810-7 s71, was reported>46 Such obtains ¢nat)T &~ 20 ps. The hydrodynamic radius of Na
low rate of exchange means that water molecules persist severalierived from the diffusion data, significantly exceeds its
hours in the hydration shell of €r. Even taking into account  crystallographic radius in aqueous solution and over the whole
that the charge density of €ris about 1 order of magnitude  range of methanetwater mixture compositio#f It suggests that
higher compared to that of Nawater residence time in the  the residence time of solvent molecules in the"I$aell must
Na" hydration shell of about 20 ps seems to be unrealistic.  be noticeably longer than 20 ps. Thus the ab initio potential
An indirect verification of residence times can be obtained seems to predict more reasonable lifetime of the Nhaell.
from the experimental data on self-diffusion coefficients of the  As seen from Table 3, the residence times of water molecules
ions. The residence time can be compared with the characteristicdn Na* shells in solutions of NaCl and Nal are the same within
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Figure 6. The methanol mole fractiorys'" from eq 5 versus the expected compositigitexpected) calculated from eq 6. lons in solutions of:
NaCl (a), NaCl from ref 1 ), N&CI° (#), Nal (3,©) (see text).

the statistical uncertainty. The counterion does not affect the As seen from Table 3, the computeg values reported for
lifetime of the cation coordination shell. Addition of methanol CI~ and I~ are slightly shorter than that for Na

slightly influences the value. The shortest time is seerxat To estimate characteristic time of anion translation 0.45 and
= 0.3. Such behavior agrees well with the observed variation 0.57 nm was assumed as the hopping distance ofa@d I,
of the hydrodynamic radius of Nain methanot-water solu-  respectively. The anionic self-diffusion coefficients are very

tions. It has been shown that addition of methanol reduces theclose and decrease from 1.9510 °m2s1to 1.45x 10-9 m2
hydrodynamic radius, and the smallest radius was founghat s 1in 1.1 M aqueous and 0.55 M methanol solution, respec-
= 0.38Increase oty in methanol-rich solvent, where selective  tively.34 With these values eq 9 yields the characteristic time
hydration of N occurs, indicates the existence of long-living  (z¢-)r & 20 ps. Slightly shorter lifetime of the hydration shells
aggregates, evidenced by the same self-diffusion coefficientsis consistent with the self-diffusion measureméfitg-hey

of Na* and water* showed that the hydrodynamic radii of Gind I are noticeably

Residence time of methanol molecules in thetNell is greater than their crystallographic radii only fay > 0.5.
not affected by the counterion. Its value of about 14 ps is lower According to this picture the methanol residence time in the
thantw and almost independent of the solvent composition. In shell of CI~ is too short.
methanol solutiorry is shorter thana)r. The tm(ab initio) Residence time of methanol molecules in the neighborhood
value of 45 ps seems to be more realistic, because in methanobf 1= in methanol-rich solvent has been described by two sets
solution the hydrodynamic radius of N significantly greater of parameters corresponding to the persistence of the molecules
than its crystallographic radius. represented by two peaks gfo,,. All H-bonded molecules,

In aqueous solution, the lifetime of the Chydration shell, ~ represented by the first peak, stay about 26 ps in the vicinity of
of about 13 ps, is shorter than reported for the LJ-type CI the iodide ion, and their residence time is independentyof
potential and SPC/E water (17.52hs but longer than the 4.5  The residence time of the methanol molecules represented by
ps calculated for MCY modét: Similarly as for N&, the longest the second peak is short, about 6 ps, and is close to the residence
residence time, about 19 ps, was found with the ab initio time of methanol in the coordination shells of water molectles.
potentiall whereas the lowest binding energy of the €IH,O There is also a fast exchange with the bulk solvent, because
complex was obtained for the MCY water model. Thus there is more than 40% of nonbonded neighbors escape the anion
no relation between persistence of the Ghell in aqueous  Vicinity within 1 ps.
solution and the strength of ierwater interactions. The As can be seen from Table 3, the solvation shells of uncharged
residence time of water molecules in the shells of &id I is spheres are unstable. In agueous solution the residence time of
similar and decreases with increasing methanol concentration.water molecules in the shells of Nand CP decreases up to 2
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expected (Figure 6). Aty = 0.5,y ~ 18 ps is very close to
the residence time of methanol in the surrounding of other
methanol molecules.
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