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Abstract: We model ion solvation in water. We use the MB model of water, a simple two-dimensional
statistical mechanical model in which waters are represented as Lennard-Jones disks having Gaussian
hydrogen-bonding arms. We introduce a charge dipole into MB waters. We perform (NPT) Monte Carlo
simulations to explore how water molecules are organized around ions and around nonpolar solutes in salt
solutions. The model gives good qualitative agreement with experiments, including Jones—Dole viscosity
B coefficients, Samoilov and Hirata ion hydration activation energies, ion solvation thermodynamics, and
Setschenow coefficients for Hofmeister series ions, which describe the salt concentration dependence of
the solubilities of hydrophobic solutes. The two main ideas captured here are (1) that charge densities
govern the interactions of ions with water, and (2) that a balance of forces determines water structure:
electrostatics (water’s dipole interacting with ions) and hydrogen bonding (water interacting with neighboring
waters). Small ions (kosmotropes) have high charge densities so they cause strong electrostatic ordering
of nearby waters, breaking hydrogen bonds. In contrast, large ions (chaotropes) have low charge densities,
and surrounding water molecules are largely hydrogen bonded.

1. Introduction contraction of clays, responsible for environmental processes
lon—water interactions are important throughout biology and such as mudslidé$.lon hydration has been studied extensively,

. ) LS i 19 i 0-25
chemistry. lons affect the conformations and activities of POth experimentalfy~*®and theoreticallf® 2
proteins and nucleic aci#fs® and the specificity of ion binding. lons have long been classified as being either kosmotropes
lon complexation in cells is crucial for the activities of (structure makers) or chaotropes (structure breakers) according
biomolecules such as enzymes and drtfgkons regulate the to their relative abilities to induce the structuring of water. The
electrostatic potentials, conductances, and permeabilities of celld€dree of water structuring is determined mainly by two types
membrane$§; the structures of micelles, and the hydrophobic of quantities: the increase or decrease in viscosity in water due
effect (called Hofmeister effects), which drives partitioning, t© @dded salt, and entropies of ion solvation. For example, the
permeation, and folding and binding processem chemistry, ~ ViSCOSity 7 of an aqueous salt solution typically has the
ions affect the rates of chemical reactidfi$irates of gelation, following dependence on ion concentratiai’
widely used in food application,ion-exchange mechanisms, o =1+ A2 + Be+ 1)
widely used for chemical separatiotfsand the expansion and 0

wherer is the viscosity of pure water at the same temperature.
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A'is a constant independent gfits corresponding term can be  coefficients from molecular dynamics simulations. In their
explained by DebyeHuckel theory as being due to counterion simulations, the hydrophobgon pair distribution functions

screening at low ion concentrations. The consBnivhich is show that strongly salting-out (small) ions are generally excluded
called the JonesDole B coefficient, is the quantity that defines  from the nonpolar solute’s first water shell.
the degree of water structuring of interest h¥r8.is positive In 1957, Samoilot?1proposed that dynamic properties, such

for kosmotropic ions and negative for chaotropic ions. One issue as the viscosity, could be understood in terms of the activation
in interpreting experiments is how to separate the contributions energy required to strip a water molecule away from the first
of the anion from the cation. The standard assumption is that solvation shell of an ion as compared to that for another water,

K* has the samB coefficient as Ct, Bx+ = B¢, because K AE; = E — Eo. By is the activation energy for the process of
and CI have approximately the same ionic conductaffcasd transferring a water molecule from a first shell around another
because the value & for KCI is approximately zero. water molecule to its next coordination shell, aBdis the

Water structuring is also reflected in entropies of ion corresponding activation energy for a water molecule in an ion
solvation. To obtain these entropies, two assumptions arecoordination shell> A water molecule “binds” to a small ion
commonly used. First, to separate the effects of the anion from more tightly than it binds to a neighboring water molecule,
the cation, it is assumed that the solvation entropies are resulting in a positive activation energy, while water molecules
additive!” Second, an assumption is required to parse the ion next to big ions are more mobile than bulk water molecules
solvation entropy into components due to the ion and due to (AE; < 0).
water. By splitting the solvation entroppSYd, into ion and Collins?” proposed that ion effects on water structure could
hydration water contributions and subtracting the formes; be explained by a competition betweeniomater interactions,
is obtained, which describes the change in entropy of hydration which are dominated by charge density effects, and water
water due to the presence of an igrions which are kosmo-  water interactions, which are dominated by hydrogen bonding.
tropic in viscosity experiments tend to have a negative hydration He explained that anions are stronger than cations at water
component to their solvation entropy, implying that they order ordering because of the asymmetry of charge in a water
the nearby waters, while chaotropic ions have a posit%g. molecule: the negative end of water’s dipole is nearer to the

The experiments show that water is ordered by small or center of the water molecule than the positive end. Therefore,
multivalent ions and disordered by large monovalent ions. anions see a larger electrostatic potential at the surface of a water
Therefore, water ordering has generally been interpreted in termsmolecule than cations see. Our preliminary calculations indi-
of ion charge densities:?” Charge densities are high on ions caté* that the solvation model of Collins yields qualitative
that have a small radius and/or a large charge. agreement with the experimental data. We were motivated by

A related property is the Hofmeister effé€t.in 1888, Collins’ insightful qualitative model to make a more quantitative
Hofmeister reported that salts affect the solubilities of proteins statistical mechanical model.
in water to varying degrees. This has been interpreted as a
modulation of the hydrophobic effect by salts because it is also
found that increasing salt concentration reduces the solubilities \we wanted a model that (1) is physical, that is, based on an
of simple hydrophobic solutes such as benzene in agueousenergy function related to the structure of water, and (2) is
solutions?®39The Hofmeister series is a list of ions rank-ordered computationally efficient enough to sample the spatial and
in terms of how strongly they modulate hydrophobicity. Such energetic distributions of water molecules. High-resolution all-
salt effects on nonpolar solubilities correlate with charge atom simulations are computationally intensive, particularly for
densities of the salts. Small ions tend to cause “salting out”, studies, such as Hofmeister effects, that involve three species:
that s, to reduce hydrophobic solubilities in water, whereas large water, ion, and nonpolar solute. Here we use the MB model, in
ions tend to cause “salting-in”, increasing nonpolar solubilities. hich each water molecule is represented as a two-dimensional
The Hofmeister series, however, does not correlate perfectly disk that interacts with other waters through a Lennard-Jones
with ionic charge density: while lithium is smaller than sodium, (LJ) interaction and through an orientation_dependent hydrogen_

2. The Model and Simulation

lithium has a weaker Hofmeister effect. bonding (HB) interaction. The name “MB” arises because there
The Hofmeister effect is directly proportional to salt con- gre three hydrogen-bonding arms, arranged as in the Mercedes
centration and modeled by the Setschenow equétion: Benz logo (Figure 1). There are various anomalous properties
of pure watet® 3% including the density anomaly, a minimum
In[c/c(0)] = —kg, (2) in isothermal compressibility, and a large heat capacity; they

are reproduced qualitatively by the MB mod&IThe model
wherec; andc;(0) are the molar solubilities of the hydrophobe

in a salt solution and water, respectivelg is the molar ~ (33) Kara, A; Tugeu, N.; Cramer, S.; Garde, 5.Phys. Chem. 8001 105

concentration of the salt, ardis the salt’s Setschenow salting-  (34) Kalyuzhnyi, Yu. V.; Viachy, V.; Dill, K.Acta Chim. Sle. 2001, 48, 309-
316.

out coefficient. . . . . (35) Eisenberg, D.; Kauzmann, Whe Structure and Properties of Water
There are various microscopic perspectives on these proper-  Oxford University Press: Oxford, 1969.
ties. Smit? and Kalra et af® have calculated Setschenow (38) Franks, F., Edvater, 2 Comprehens: TreatisgPlenum Press: New York,
; Vols. .
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Figure 1. The MB-dipole model. (a) Two MB-dipole waters forming a
hydrogen bond. (b) A cation and an MB-dipole water oriented in its most
favorable orientation (180with respect to the vector connecting the

molecular centers). Also an anion and a water oriented in its most favorable

orientation (0).

center of each water molecule, at a distance @,@5rom the
surface of the water disk. A single positive charge is put onto
one of the H-bonding arms, at a distance 0.1g5 from the
center and 0.18B,5 from the molecule surface. The other two
H-bonding arms are uncharged. This position was chosen to
match the radius of a Naion, because sodium ions are found
experimentally to cause no change in the entropy of nearby
water moleculesAS, = 0).7

Several other dipole orientations with two or three charges
were also tested. However, the model described here was unique
in giving qualitatively correct results for watewater liberation
free energies and assumed structuring and was used for further
analysis.

also captures qualitatively the properties of the water as a solvent An ion interacts with the charges on a water molecule through

for nonpolar soluted:42 — the hydrophobic effect®43
In the MB model, the energy of interaction between two
waters is
u™(x;, X;) = Upy(ry) + Upe(X;, X)) (3)

The notation is the same as in previous papetsdenotes a

a screened potential:

_ exp(—«ry)
Ucharge_ Zizj|€HB|a r.
]

()

wherer;j is the distance between the ion center and a charge on
a water dipole, and the valencegz) are+1 or —1. All of the

vector representing both the coordinates and the orientation ofgistances are in the units ofis. Various considerations are

the ith water molecule, andj is the distance between the
molecular centers of moleculésandj. The LJ term is

oL\ [owL)®
U(ry) = 4'fLJ’(T) - (r_)
ij ij

wheree; and oy ; are the well-depth and contact parameters,
respectively. In addition, neighboring water molecules form an
explicit hydrogen bond when an arm of one water molecule
aligns with an arm of another water molecule, with an energy
function that is a Gaussian function of separation and angle:

(4)

3

Une(Xj, X)) = €45G(rj — Iyg) Z Gliu; — )G u; + 1)
=1

(5)

whereG(x) is an unnormalized Gaussian function:

G(X) = exp[-x%/257] (6)

The unit vectorik represents th&th arm on theath particle
(k =1, 2, 3), anduj; is the unit vector joining the center of
moleculei to the center of moleculg(Figure 1a). H-bonding

involved in choosing this functional form. First, while a
logarithmic dependence on is appropriate for a true 2-D
system, our model interactions are chosen to be consistent with
three-dimensional Coulomb’s law. Our moaef dependence

is appropriate for a two-dimensional slice through a three-
dimensional system. Second, following oth&s}” we use a
screened Coulomb potential, rather than a simple Coulombic
interaction. We use this for computational efficiency. Several
groups have shown that when the properties of interest involve
only near-neighbor effects, such as those of interest here, the
screened Coulomb potential represents an excellent approxima-
tion to the Coulomb potentidf->51 The parametex = 0.1 is
small enough that the interaction potential at short distances
would not differ substantially from that of a pure Coulombic
potential. Decreasing the screening parametid not influence

the results.

The last parameterr = 2.27, is chosen so that when a
negative ion with a radius 0.3%s (the distance of a negative
charge from the surface of a water molecule) or a positive ion
with a radius 0.185yg is in its most favorable position relative
to a water molecule, the electrostatic energy equals the hydrogen
bond energy s = —1).

arms are not distinguished as donors or acceptors; only the The ion—water pair potential is

degree of alignment of two arms determines the strength of a

hydrogen bond.
The model parameters are as defined previotfslyhe
parametersyg = —1 andryg = 1 define the optimal hydrogen

bond energy and bond length, respectively. The same width

parameter = 0.085 is used for both the distance and the angle
deviation of a hydrogen bond. The interaction energy in the
Lennard-Jones potential functiof, is /10 of ey, and the LJ
contact distance is 0.7 of that nfs.*° Radii for ions are given
in units of ryg.

Here, we modified the MB model by including an electrostatic

dipole (see Figure 1b). A single negative charge is put at the
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The diametergy ;, is different for different ionsd_; = (oion +
owated/2), while the well depth for the Lennard-Jones potential,
€Ly, is taken to be the same for all ions, for simplicity. More
realistic models would use different LJ parameters for each ion
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Table 1. The Crystal lonic Radii, and Experimentally Obtained
Thermodynamics of the lon Solvation@ 0.02 (b)
hydration
ion I number AGhvd AHvd AShvd z 0.015
Li* 0.060 41 116 -129  -32 * o0t 0
Na* 0.095 5.9 —62 —70 —22
K+ 0.133 7.2 —41 —46 ~13 0.005 \Q r
Rb" 0.148 7.8 —35 -39 —-11 0 IRV arcid o
Cs 0.169 9.6 —26 —29 g 0 100 B 2(93 300 0 100 . 2((3? 300
g, 8%2? gj :4712 :?18 :ig Figure 3. Angular distribution functions for waters in the first shell around
Br- 0'195 7'2 —a4 —47 11 an ion, for (a) cations and (b) anions Bt = 0.20. Large cations help
- 0'216 8'1 —34 —36 7 promote hydrogen bonding of neighboring waters, leading to a single peak.

For small cations, the electrostatic mechanism competes with the hydrogen
bond mechanism for ordering waters. The reverse applies to anions. For
small anions, the electrostatic mechanism dominates; for large anions,
electrostatic and hydrogen-bonding mechanisms compete.

aShown are the crystal ionic radiiy,>® with the experimentally obtained
thermodynamics of the ion solvation: change of Gibbs free ene&xGyy<,
enthalpy,AH"Y, and entropy ASVd, of hydratiort® per first-shell water
molecule. Hydration numbers are taken from ref 60. lon radii are given in

nanometersAG™is in units of kJ/mol/hydration numbeAH™? is in kJ/ steps are displacements and rotations of the water molecules;
mol/hydration number, andS¥1is in J/K/hydration number. details are given in ref 40. The simulations were usually
performed on 120 water molecules. The first’ Hdeps were
used to equilibrate the system, and then statistics were collected
over the following 5x 18 steps. Pair distribution functions,
g;(r), and thermodynamic properties (energy, enthalpy, volume)
were calculated as ensemble avera§ds. addition, the free
energy, enthalpy, and entropy of transferring an ion or a
HAS hydrophobe into a solution were calculated using the Widom
o0 o5 1 15 2 25 3 test-particle methdd and using related fluctuation formulés.
Figure 2. Pair correlation functions of water around ions. (a) Cations and The results were compared to the molar Gibbs free energy,
(b) anions. Smaller ions have tighter water shells, at reduced temperature€nthalpy, and entropy of hydration and the standard partial molar
T =0.20. volume of ions>>%8 The experimental values are adjusted to

. . L . correspond the process of ion transfer into the solution studied
type>2 While adding such a parameter is likely to improve our here as defined by the BeNaim standard stafé.

agreement with experiments, our aim here is to develop the  pgecs.se Hofmeister effects are linear in ion concentréfion

simplest model for studying ion charge density effects. This ;4 pecause anion and cation effects are generally additive and
model is also simplified in that the dipole on each water independent? we study Hofmeister effects using a water box
molecule interacts only with ions, not with dipoles on other . ~ntains a single nonpolar solute and a single ion. We
waters. One of the reasons for using the explicit hydrogen bo”dsperformed model hydrophobe transfers (with a disk of the same
versus a dipoledipole interaction is its quantum mechanical ;o as water molecule; = 0.7) from an isolated phase into
character which is better treated with the “effective” pair equilibrated systems of an ion and 60 water molecules.
potential>® Further, the two-dimensional water models Using  ysmeister effects in the MB-dipole model were also calculated
only an electrostatic interaction were unsuitable for describing by examining the potential of mean force (pmf) between an
the anomalous volumetric properties of water. . individual ion and a nonpolar solute at infinite dilution, using
lon sizes in our model were taken from crystal ionic raglii. the Widom method of Shimizu and Ch&hThe potential of

The crystal radii are collected in Table 1, and the model ion .21 force converged to a value near zero at the largest

fSIZES are coIIIectgg n ‘Lable 2.The rela]:uve SIZ€s We(;e CaICf’'f"tdedseparations measured and did not require other adjustments to
rom crystal radii. The conversion factor was determined i onecto oo o

assuming that the negative proportion of the water molecule
used by Collin& (r"e9= 1.78 A) corresponds to the MB-dipole 3. Results: Water Ordering around lons
water molecule radiugy/2 = 0.35r4s. Reduced units are used First, we studied the structure of MB-dipole water around
throughout this paper- all energies and temperatures are jons. Figure 2a and b shows the iewater pair distribution
normalized to the strength of an optimal hydrogen bond energy fynctions for cations and anions of different sizes. The sizes
(.9, T* = kaT/|en|, U* = Ullens|. Similarly, all distances  represent very small (L F-), intermediate (N& CI-), and
are scaled by the length of an idealized hydrogen bond (e.9.,|arge (C4, I-) ions. These figures show that the smaller ions
V¥ = Virig). We call this the MB-dipole model. are bound more closely to water molecules than are larger ions.
We studied this model through Monte Carlo simulations in  Figyre 3 shows the angular distributions of first-shell waters
the isobaric (NPT) ensembé A single (positive or negative)  around ions. The angle is of a water's dipole vector relative to
ion was fixed in the center of a simulation box. Monte Carlo the vector connecting the water and ion centers. The favored
angle isf = 0 for a water molecule adjacent to an anion, because
. water points the positive end of its dipole directly at the anion
(53) igz{zNaim, AWater and Aqueous SolutignBlenum Press: New York, (see Figure 3b). The favored anglefds= 18C° for a water
(54) Okazaki, K.J. Chem. Phys1981, 75, 5874-5884.

i F

8 (a) (b)

(52) Hummer, G.; Pratt, L. R.; Garcia, A. E. Phys. Cheml996 100, 1206—
1215

(55) Marcus, Y.lon Sobation; Wiley-Interscience: New York, 1985. (57) Widom, B.J. Chem. Phys1963 39, 2808-2812.
(56) Allen, M. P.; Tildesley, D. JComputer Simulation of LiquigdgOxford (58) Marcus, Y.Biophys. Chem1994 51, 111-127.
University Press: Oxford, 1987. (59) Shimizu, S.; Chan, H. §. Am. Chem. So2001, 123 2083-2084.
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Table 2. lon Diameters Used in the MB-Dipole Model, and lon Insertion Thermodynamics into MB-Dipole Water?
hydration
ion o number AGM AHM ASM =
Li* 0.24 3.29 —16.01+ 0.04 —-30.2+0.2 —24.2+0.3 —28.59+ 0.07
Na* 0.37 3.50 —12.09+ 0.06 —24.7+0.3 —21.6+0.5 —23.25+ 0.07
K+ 0.52 4.01 —8.22+ 0.03 —19.4+0.4 —19.1+ 0.6 —17.8+0.1
Rb* 0.58 4.38 —6.82+ 0.03 —-17.5+0.4 —18.2+0.8
Cs' 0.66 4.53 —5.78+ 0.03 —16.5+ 0.5 —18.2+ 0.7 —14.25+ 0.05
F 0.53 4.12 —14.1+0.1 —25+3 —18+4 —31.9+0.1
Cl- 0.71 4.35 —7.78+0.08 —-16+2 —-13+4 —18.99+ 0.06
Br- 0.77 4.55 —-6.4+0.1 —-13+1 —-11+2 —16.28+ 0.05
I~ 0.85 4.83 —4.62+ 0.03 —10.8+ 0.4 —10.5+ 0.7 —13.5+0.1

aShown are ion diameters used in the MB-dipole modgand the change in Gibbs free energyz™d, enthalpy AHMY, entropy,ASV, and electrostatic

energy,AE®, per first-shell water molecule, for ion insertion in MB-dipole water, as obtained from the Widom insertion mefffoet4.20. lon radii are
given in reduced units for the MB-dipole mod@lG"d, AH"Y, and ASYd have the same units as in Table 11, assunajiigin the MB-dipole model has

an energy of 24.37 kJ/mét.

molecule adjacent to a cation, because water points the positive 2.2 oo
end of its dipole directly away from the ion (Figure 3a). Figure Rb*
3 shows that first-shell waters around an ion are highly oriented, 2 1 water Ky
dominated by these preferred orientations. A R
) ) . @qgl , Na r

Figure 3 shows that water orientations result from a balance T [ -
between this electrostatic ordering mechanism and the water B
water hydrogen-bonding ordering mechanism. For the smallest 16 C,',
anions (F and CI), the electrostatic mechanism dominates: 14 Fo”
water molecules orient to achieve the most favorable electrostatic 0.06 01 . (2,'11)4 0.18 0.22

orientation with respect to the ion. This is supported by all-
atom classical force-field studies of anions in small clusters o
waterf0-64 Yet for larger anions (l), the first-shell water
orientational distribution has two peaks. In that case, water's
orientation is a compromise between the electrostatic tendency
to orient the dipole with respect to the ion and the hydrogen-
bonding tendency to orient two adjacent water molecules in the
ion’s first shell.

The same balance applies to cations, except that the size
tendency is reversed. Figure 3a shows that the large cations
(Cs") cause a single-peaked and narrow angular distribution of
water because the electrostatic tendency is compatible with the
hydrogen-bonding tendency in this case. In contrast, the smaller
cations lead to double-peaked distributions, implying that the
water—water hydrogen bonds are “bending” the dipole angles.

f Figure 4. The average number of the watevater hydrogen bond&§HBL]
per water molecule in the first shell around various ion3*at= 0.20.

Such configurations are also seen in all-atom calculations of fg;re 5. snapshots of waters in the first (shaded) and second shell (white)

intermediate size catierwater cluster structuré8:68 The
exception is the Li water cluster structuf® which will be
discussed in more detail below.

Figure 4 shows the average number of hydrogen bonds mad
by a water molecule within the first water shell around an ion.

This quantity shows the balance between electrostatics and
hydrogen bonding. It shows that for the large cations, electro-

staticsassistan the formation of waterwater hydrogen bonds,
while for all other ions, electrostaticompetes againstydrogen

bond formation. The ions having the highest charge densities

(60) Lee, S. H.; Rasaiah, J. @. Phys. Chem1996 100, 1420-1425.

(61) Xantheas, S. S.; Dang, L. ¥. Phys. Chem1996 100, 3989-3995.

(62) Bryce, R. A.; Vincent, M. A.; Malcolm, N. O. J.; Hillier, I. HI. Chem.
Phys.1998 109, 3077-3085.

(63) Sremaniak, L. S.; Perera, L.; Berkowitz, M.XL.Phys. Cheml996 100,
1350-1356.

(64) Ayala, R.; Martinez, J. M.; Pappalardo, R. R.; Marcos, B. 8hys. Chem.
A 200Q 104, 2799-2807.

(65) Kollman, P. A.; Kuntz, I. DJ. Am. Chem. S0d.972 94, 9236-9237.

(66) Kollman, P. A.; Lybrand, T.; Cieplak, B. Chem. Phys1988 88, 8017.

(67) Caldwell, J. W.; Kollman, P. Al. Phys. Cheml1992 96, 8249-8251.

(68) Ramaniah, L. M.; Bernasconi, M.; Parinello, 81.Chem. Phys1999 111,
1587-1591.

(69) Lyubartsev, A. P.; Laasonen, K.; LaaksonenJAChem. Phy2001, 114
3120-3126.
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around an ion (black), showing likely configurations of water as inferred
from statistics of pair distributions, angular orientations, and hydrogen
bonding atT* = 0.20.

€

(F~, for example) are the most disruptive of watevater
hydrogen bonding. All-atom ioAwater simulations show
overall breaking of hydrogen bonds (relative to bulk water) in
small clusters around ions with high charge den$if.
However, in contrast to our MB-dipole model results, hydrogen
bond formation is more probable between water molecules
clustered around anions than around cati@ns.

Figure 5 summarizes these results. Small cations orient first-
shell waters through an electrostatic mechanism, disrupting
hydrogen bonding among first-shell waters. Increasing the cation
size diminishes the electrostatic force of the ion on the water,
leading to increased watewater hydrogen bonding, as would
be seen around nonpolar solutes. A similar trend occurs for
anions: water structure around small anions is controlled by

(70) Combariza, J. E.; Kestner, N. R. Phys. Chem1995 99, 2717-2723.
(71) Topol, I. A.; Tawa, G. J.; Burt, S. K.; Rashin, A. A. Chem. Phys1999
111, 10998-11014.
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an electrostatic mechanism, while water structure around larger Experiment
anions is controlled by hydrogen bonding. A notable difference Mg** @) (b)

w

between anions and cations is the ion size required to achieve § 2

a given level of water ordering. Larger anions have the same 8 .

effect on water ordering as smaller cations. For exampte, F - Catt

and Li* affect water ordering to about the same degree even < OMS+ or Br |
though F is a larger ion. This arises in the MB-dipole model, 20075

as it does in the Collins hypothegfdrom the anisotropic charge
distribution of the water dipole. In its optimal configuration,
the + end of a water dipole is about the same distance from
the center of a Fion as the— end of a water dipole is from

-
o
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the center of a L ion. This sort of asymmetry is also reflected 100 Rb™ Co* I
in the experimental properties, as indicated below. 0.4 o
B Mg™... ¢ Catt (e) (f)
4. Viscosity Experiments on Chaotropes and é’ é o Ba™
Kosmotropes § g Na* F
S © -
To test the MB-dipole model against these water structuring ~ ~® 0 K Rb*ceH Lo

experiments, we follow the idea of Chong and Hir&ayho
proposed that the viscosity enhancement or reduction due to
ion effect, as reflected in Samoilovi andE;, is proportional

to the liberation free energy of stripping a water molecule from
an ion’s first shell. That is, if there is a large energy barrier to
stripping a water away from an ion, it implies that the ion
increases water’s viscosity. To obtain this quantity, we first
calculate the potential of mean force (pmf) between an ion and >
a water molecule; it is the negative logarithm of the corre- 006 01 14 0.14 e s 022
Spondmg"fa.lr distribution functiong(r). The “bera_tlon frge Figure 6. The MB-dipole model reproduces the dependence on ion radius
energy,G”, is then computed as the difference in theon  of chaotropic and kosmotropic properties. The activation energy of
water pmf between the contact minimum and the first pédk. Samoilov,AE; (ref 15), changes in entropy;AS; (ref 17), and Jones

Liberation free eneragies are compared to the waterter Dole B coefficients (ref 18), all at 298 K, are compared to the MB-dipole
9 P model liberation free energhG'®, at T* = 0.20.0 for Mg*+, Ca'*, and

: : ; G a Al Alib
||t|>_berat|0n f"eel_beﬂergy fqllowmg SamoilovAG™ = G© — Bat* was taken to be 0.26, 0.39, and 03 scaled from ionic crystal
Gy, Where Gy’ is the liberation free energy for a water radii5s Zero values indicate the transition between kosmotropes (greater
molecule from another water molecule. Positiv&'t’s char- than zero) and chaotropes (less than zero). Circles indicate relative ion radii.
acterize structure-making ions, and negat\@*’s characterize
structure-breaking ions.

Figure 6 compares our computa&™®’s for various ions with . ; _ _
three properties: the experimentst’s of Samoilov!s experi- We also calculated\G'®’s for multiatom ions. While the
mentalAS; values, and JoneDole B coefficients. The MB-  €Xperimental data"1® for multiatom ions give a slightly
dipole model reproduces well the experimental trends with jon different correlation with charge density, calculations for our
Size.AG:ib passes from positive to negative values as the size MB-dipole model do not exhibit such trends. This may be due

of the ion increases. The crossover from ordering to disordering ©© differences in dispersion interactions and more complex
in the model occurs around sodium (for cations) and chloride _charge distributiond’ not treated by the uniform LJ parameters
ions (for anions), as it does in the experiments. Our model IN Our current model.
simulations fqrAG"b for dlyalent Catlons.are al§o m.QOOd 5. Modeling the Thermodynamics for Transferring lons
agreement with the experiments. The higher liberation free .
. : o . into Water
energies are due to the higher charge densities of multivalent
ions than those of monovalent ions. We computed thermodynamic properties for transferring an
Figure 7 shows that ionic effects on water ordering can be ion from the gas phase into aqueous solution using the Widom
described by a universal curve based on the charge density ofinsertion method® Despite the well-known problems of the
the ion. In Figure 7,AG!'b is plotted against the radii of the ~Widom method due to insufficient sampling of high energy
anions, while the curves for cations were shifted by a constant configurations (ionic solutes), we found the 2-D systems studied
distance that approximately corresponds to asymmetry in the here small enough to obtain reliable statisticsA@s, AH, and
water dipole. The cation and anion that were used for the AS of ion solvation. To test the accuracy of the results, the
estimation were the two determining the line between chaotropesinteraction energy obtained from the Widom insertion method
and kosmotropes: Naand CI for AS, and AG®, and K" was compared with the ierwater interaction energy obtained
and CI for Jones-Dole B coefficient andAE; of Samoilov. as an ensemble average from the Monte Carlo simulation. The
Figure 7 shows that the degree of water ordering by cations values were identical within the statistical error. The method
was not accurate enough to obtain heat capacities from fluctua-
(72) Chong, S. H.; Hirata, Fl. Phys. Chem. B997, 101, 3209-3220. tions in AH.

A Giip (KT)
o

and anions depends principally on the asymmetry of the water
dipole with respect to the water center.
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§ 2 LiF~ of chaotrope and kosmotrope behavior. The temperature dependence of
Sa 0 Na S Rp* o Jones-Dole viscosity coefficientsB(T), from experiments for (a) cations
Kgr=T- and (b) anions, and the temperature dependence of liberation free energy,
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Figure 7. A universal curve showing that chaotropic and kosmotropic 3
properties depend on electrostatic potential at the ion. The activation energy -
of Samoilov,AE; (ref 15), changes in entroppS, (ref 17), and Jones w
Dole B coefficients (ref 18), all at 298 K, as compared to the MB-dipole -5
model liberation free energhG'™, are shown for sets of cations and anions 6

at T* = 0.20. A single distance shift was chosen to overlay the cations
onto the anions, indicating that the physical basis for this asymmetry is the
asymmetry of the dipole in water.

02 022 0.24 02 022 024
4 7

Figure 9. The temperature dependence of electrostatic en&gff, and
Results are compared with experiments in Table 2. The model the number of hydrogen bonds per molecule in the first shaiinshei, for
Gibbs free energies of ion hydratioAGihyd, give the same cations (a and b) and anions (¢ and d).
trends as the experimerfs(1) Smaller ions have the most
favorable insertion free energies. (2) The free energies are
dominated by the enthalpies. (3) Comparing anions to cations,
lithium is approximately equivalent to fluoride. Figure 8 compares the temperature dependences of the
For all ions, computed ion hydration enthalpies are negative computed model liberation free energies with the experimental
and increase with ion size, in agreement with experim#&nts. Jones-Dole B viscosity coefficients? For all of the cations
To make a more quantitative comparison between our 2-D and most of the anions, the model predicts that heating cold
model and 3-D experiments, we divided the experimental aqueous solutions increases the relative ordering of first-shell
enthalpies by their ion hydration numb&sand divided our waters by an ion, in agreement with experiments. This is
theoretical results by the number of water molecules in the first explained in the model as follows. The electrostatic ordering
hydration shell. The results are collected in Tables 1 and 2. of water by an ion is not strongly dependent on temperature.
lon—water enthalpies grow more positive with increasing ion Yet heating pure cold water in the bulk breaks wateater
size because the electrostatic interaction with water weakenshydrogen bonds. Hence the difference (the liberation free energy
for larger ions. of water from an ion minus the liberation free energy of water
Table 2 also gives the computed entropies of ion hydration, from water) indicates more relative ordering of waters around
which can be compared with the experimentally obtained values an ion than around a water molecule, with increasing temper-
in Table 1. As noted above, smaller ions cause greater waterature. Figure 9 shows the change in electrostatic binding energy
ordering. For both cations and anions, the entropies of hydrationand the number of watewater hydrogen bonds with increasing
increase with ion size as observed experimentally. This can alsotemperature. The figure shows that, except for fluoride, the
be explained in terms of charge density. Bigger ions have electrostatic energy decreases less steeply with temperature than
smaller charge density so they bind water molecules less tightly the number of hydrogen bonds decreases with temperature.
and therefore cause less restriction of water conformations. Thus, Figure 8 shows an incorrect prediction of the model:
the experimental entropies of ion hydration grow less negative experiments show that the Jord3ole B coefficient for lithium
for larger ions. For the model, this is observed for the anions, decreases with temperature, while the model predicts an increase
but not for the cations. with temperature. This may be a result of more structure around

6. The Temperature Dependence of Chaotropic and
Kosmotropic Effects
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Figure 10. Hofmeister effects in water and the MB-dipole model. (a) Experimental Setschenow coefficients for cation-chloride and sodium-anion salts as
a function of ionic radii. (b) Perturbations to the free energy of transferring a hydrophobic solute into MB-dipole water with/f@®r{c) Experimental
correlation between compression volumes for $4lsd Setschenow coefficients. Salts shown as in (a).

Figure 11. Water density around an ion affects the probability of hydrophobic solute insertion and the magnitude of Hofmeister effects. Shown are (top)
most probable sites of hydrophobic solute insertion (colored black) in the first and second shell around different ions, measured in MB-ditimessimul
(middle) The average water density around different ioriE at 0.20. (bottom) The potential of mean force between an ion and a hydrophdbe=ad.20

showing that solute insertion is favorable when first-shell water density decreases.

lithium ions than the MB-dipole model predicts. It is known

Table 3. Experimental Solvent Compression Volumes?

from all-atom simulatiorf that lithium ions have a well-defined experiment model
first hydration shell of four water molecules arranged with AV ks AV A(AG)
tetrahedral symmetry. Each of these four water molecules is___ (cm?fmol) (dm?/mol) V9 (enelkT)
bonded to three other water molecules in the second hydration Li*+ 9.0 0.141 —1.18 0.14
shell. The fourth binding site of each first-shell water molecule Ef ig'g 8'%22 :é'gg 8'1(1)
is occupied by the central lithium ion itséff.This specific Cst 75 0.088 —008 0.08
solvation structure may break down with increasing temperature,  Ba** 29.5 0.334 -2.17 0.27
leading to the experimentally observed negative slope for the F~ 19.5 0.254 —-1.38 0.18
B coefficient that is not captured in the model ¢ 12.5 0.195 —0.47 0.12
. Br- 10.5 0.155 —-0.08 0.11
I~ 8.0 0.095 2.32 0.09

7. Hofmeister Effects

How do different salts affect the solubilities of nonpolar

aThe experimental solvent compression volunegs (AVE = Vs — Vs,
whereVs is the liquid volume of the pure salt, aMlp is the partial molar

solutes in water? To explore this, we transferred a hydrophobevolume of the salt at infinite dilution in water),gand salting-out constants
into an ion-water solution and also transferred the hydrophobe EEP;B;E”;;%T% Qifasleﬁﬁfa?fvgl'ﬂfﬁfgtv,siﬁ AE(lZ é;’;‘:)ﬁr;é’rc‘)"gm&e
into pure water. We computed the difference in free enérgy  transfer in the MB-dipole model in the presence of different ions. The values
(AG). This quantity was compared with the experimental salting- of AV andks are not given for single ions but for salts chloride (for
out constants for benzeR®3t All of the cations and anions  cations) and sodium (for anions).
studied here predict salting-out of the hydrophobe (poskie  salting-out because they do not bind waters so tightly in their
Small ions strongly salt-out hydrophobes. Larger ions have a solvation shells, so they do not exclude hydrophobes from their
smaller effect. The results are shown in Table 3 and in Figure solvation shells so effectively. This mechanism is consistent
10. with cosolute exclusion, the preferential exclusion of cosolute
In our model, the Hofmeister effect occurs by the following ions and molecules from hydrophobic sife€3:33
mechanism. At the high salt concentrations that are relevant In these simulations, neither the iewater pair distribution
for the Hofmeister series, the hydrophobe inserts either into the functions nor the angular orientation of water molecules around
first water shell around the ion or into the second water shell ions change significantly in the presence of a hydrophobe
(see Figures 11 and 12). Small ions bind water tightly, so the (Figure 11). The hydrophobevater pair distribution function
hydrophobe is excluded from their first solvation shell. This did not change significantly near ions (not shown here).
increases the hydrophobe concentration in the “remaining space”Although the solutewater correlation functions contribute to
(not occupied by ions or their solvation-shell waters), leading the solution properties, the most significant contributions can
to salting-out of the hydrophobes. Larger ions lead to less be related directly to the measured iesolute correlations.
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Figure 12. “Universal” charge density correlation for Hofmeister effects. Shown are (a) experimental Setschenow coefficients versus ionic radii, adjusting
cation radii by 0.075 nm as in Figure 7, and (b) MB-dipalAG for ion effects on hydrophobic solute transfer free energies.

In real systems, very large ions can cause salting-in, that is, water-water), and—¢ andr—12 (van der Waals, for both ions
increased solubility of nonpolar solutes relative to pure water. and water), where the exponents 3 and 6 are valid only
In MB water, this does not happen. This is because large ionsasymptotically at large, and 12 is chosen for computational
often have hydrophobic substituents with an added attraction convenience. In short, the true quantum mechanical wave
for nonpolar solute$! an interaction which we have not included function is approximated as a sum of four terms with exponents
here. 1, 3, 6, and 12, where the 1 and 3 terms are taken to have a

The MB-dipole model fails to reproduce lithium’s position common coefficient based on assuming fixed charges. In the
in the Hofmeister series. Lithium is very small and causes a canonical strategy, all of the variances among ions of a given
high degree of electrostriction of water in the MB-dipole model. valence are captured through the van der Waals parameters: the
In contrast, experiments show that lithium salts-out benzene lessr~2term handles ionic size, and the® term handles the short-
than would be expected based on its high charge density (seaanged ionic interactions. In this canonical strategy, there are
Figure 10a and Figure 7). One clue to understanding the two parameters describing the short-ranged behavior of each
Hofmeister effect of lithium is that while it has a large surface ion type. This sort of strategy is now so common that it is taken
charge density, its surface waters are actuaigelectrostricted for granted as being “physically correct”. Of course, it is not
than sodium’€? Lithium’s larger than expected molar volume physically correct. It is a concatenation of assumptions and
is probably due to lithium’s tetrahedral coordination of w&fer.  approximations to deeper quantum mechanical models.

Given its large charge density, lithium would be expected to  Wwhat is our strategy instead? Our strategy also parses the
strongly perturb water structure, but instead it enhances wave function into four terms, but they are different ones:2
tetrahedral coordination. In general, Hofmeister effects are more (sjze), r—¢ (neighbor attractions), Gaussian (waterater H-
closely related to experimental ion solvation volumes than to ponds), and a Yukawa potentia; /r (ion—water). There is
charge densitie¥:’3The same is true for the MB-dipole model no reason to believe that this parsing of the wave function is
(Figure 10c), hence the conclusion above that the primary any less physical than the canonical parsing, particularly because
Hofmeister mechanism is hydrophobe exclusion from the our interest here is only in short-ranged interactions, where
volume occupied by the ion and its first solvation shell. Gaussians and Yukawa functions undoubtedly better capture
the spirit of atomic orbitals than do classical power laws.

Yet, in addition, our model has some advantages. First, ours
has fewer parameters. Instead of two parameters per ion, we
have one size parameter per ion, plus one attraction parameter
for all anions and one attraction parameter for all cations. For
the present kind of model, which is already highly simplified,
fewer parameters and greater simplicity are paramount. There
is an advantage in having the fewest possible free parameters.
SThe second advantage is that our strategy allows us to retain a
simplest possible model for pure water and hydrophobic effects,
containing no charge-related parameters. That is, pure water or
hydrophobic effects are treated by the MB model, for which
all interactions are short-ranged. Only for water containing ions
do we then need to introduce the longer-ranged electrostatic
interactions of the present model. In this way, interpreting the
gproperties of the pure water and hydrophobicity is simpler than
it would have been with the present model, for which charges
would have added unwarranted complexity, in our view.

The main point is that the concept of universal charges is
not an issue of physics; it is an issue of parametrization in

8. Justification of the Model

A question can be raised about the physical basis for our
model. The principal issue is our use of the electrostatic energy
only for water-ion interactions and not for watekvater
interactions. It is the “canonical view” that water's charges
should be universally applied to all charge interactions: with
ions or with other waters. However, we believe that our strategy
not only has advantages, but also, upon deeper inspection, i
arguably no less physical than the canonical strategy.

What is the physical justification? Certainly the “gold
standard” for physical correctness would be a quantum me-
chanical treatment of ionwater and waterwater interactions.
The canonical view as described above rests on traditional
thinking that is embodied in classical force fields, which, of
course, are based on many approximations to the true underlyin
guantum mechanics: (1) neglect of polarizabilities, (2) ap-
proximating the charge multipoles by fixed point charges, (3)
approximating the true wave function as a sum of four power-
law terms:r~1 (charge-charge, ior-water),r = (dipole—dipole,

(73) Wen-Hui, X.; Jing-Zie, S.; Xi-Ming, XThermochim. Actd99Q 169, 271— approximate models. We regard our strategy as having a
286. ; ; i :

(74) Desnoyers, J. E.; Pelletier, G. E.; Jolicoeur,Gan. J. Chem1965 43, phys_lcal basis that is as sound as an_y canonical strategy that
3232-3237. requires common charge parameters in the 1 and 3 terms.
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9. Conclusions these physical ideas translate directly to understanding three-

We have developed a simple statistical mechanical model to dimensional Wa_ter and that_ the re_duced dimensionality of t_he
study how ions affect the structure of neighboring water prgsent model IS not a serious hmdrapce to generql phyglcal
molecules. We used the two-dimensional MB model, modified insights into the processes by which ions order neighboring
by the addition of an electric dipole. We show that this model Water molecules.
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