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Abstract
A two dimensional model of water, so-called Mercedes-Benz model, was used to study effects of the size of hydropho-

bic solute on the insertion thermodynamics in electrolyte solutions. The model was examined by the constant pressure

Monte Carlo computer simulation. The results were compared with the experimental data for noble gasses and methane

in water and electrolyte solution. The influence of different ions at infinite dilution on the free energy of transfer was ex-

plored. Qualitative agreement with the experimental results was obtained. The mechanism of Hofmeister effects was

proposed.

Keywords: Mercedes-Benz model, hydrophobic hydration, Hofmeister effect, salting-out, Monte Carlo

1. Introduction
Due to its central role in chemistry and biology, the

hydrophobic effect has been a subject of numerous experi-
mental and theoretical studies.1–2 Although its molecular
origin is still a subject of debate, it can be, beyond doubt,
characterized by three experimental features: i) large posi-
tive free energy for transferring a nonpolar solute into wa-
ter, ii) large negative entropy at about 25 °C, and iii) large
positive heat capacity of such transfer. These three proper-
ties, depend on the size of the solute, more precisely, they
are known to grow proportional to the surface area of the
solute.3–4

The hydrophobic effect is modulated in presence of
electrolytes in water. The phenomenon was first reported
by Hofmeister, studying how different salts affect the so-
lubility of proteins in water.5–6 The conclusion was that
the increasing salt concentration reduces the solubility of
hydrophobic solutes in aqueous solutions7 in accordance
with the Setschenov equation:8

(1)

where ci and ci(0) are the molar solubilities of the hydrop-
hobe in a salt solution and water, respectively, cS is the
molar concentration of the salt, and kS is the salt’s Setsc-
henov salting-out coefficient. The Hofmeister series is a
list of ions rank-ordered in terms of how strongly they
modulate the hydrophobicity.9–10 In general, the salt ef-
fects on nonpolar solute solubilities correlate with charge
densities of the salts; small ions (high charge densities)
tend to reduce the hydrophobic solubilities in water (“sal-
ting-out” effect, positive kS), whereas large ions (small
charge densities) tend to increase it (“salting in” effect,
negative kS). The effects are more pronounced for anions
than for cations. There are, however, exceptions to these
trends, such as Li+ ion.11 Although the lithium ion, due to
its small size, has a larger charge density than sodium ion,
it is less efficient in salting out than Na+. Several different
explanations exist for this phenomenon.11–13

Because of their relevance for science and techno-
logy, substantial attention has been paid to the Hofmei-
ster-series related phenomena such as, ion influence on
surface tension, solubility of hydrophobes, protein stabi-
lity, and others. Despite of this, the molecular level mec-
hanism by which they occur is still unclear.14 It was pro-
posed that salting-out occurs because the salts are compe-
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ting with hydrophobes for solvation water. Newer experi-
ments and computer simulations suggest a different expla-
nation. Recent molecular dynamics simulations15–16 indi-
cated that the salting-out effect caused by small ions is
due to the exclusion of hydrophobe from the ion’s first
water shell. Similar conclusions were drawn from the
Monte Carlo simulations of small hydrophobes in the pre-
sence of simple ions.11 The hydrophobe inserts either into
the first water shell around the ion, or into the second wa-
ter shell. Small ions bind water tightly, so the hydrophobe
is excluded from their first solvation shell, which even-
tually leads to salting out of the hydrophobes.11 This fin-
ding is consistent with the experimental studies of solubi-
lity of hydrophobic solutes.17 The authors17 showed that
the first hydration shell water is responsible for the Hof-
meister effect, more exactly, the Hofmeister effect is cau-
sed by the change in the hydration water structure due to
the presence of the salt.17

The solubility of hydrophobes in aqueous electroly-
te solutions depends on the size of the solute. It is well
known that small and large hydrophobic solutes (compa-
red to the size of a water molecule) exhibit remarkably
different hydration thermodynamic; small solutes can ac-
commodate in water with minor perturbation of the water
structure, while hydration of large solutes is accompanied
by major changes in such system.18 As a consequence, the
Setschenov salting-out coefficients depend not only on the
salt, but also on the hydrophobic solute’s size. Presuming
the salting-out mechanism discussed above, kS for a cho-
sen salt should increase with the increasing size of the
hydrophobe. This was, for a few isolated examples, con-
firmed by Smith.15 For a better understanding, however, a
more systematic study is needed.

The purpose of this work is to investigate how does
the presence of different ions affects the solubility of
hydrophobic solutes. Water molecules were modeled by
the so-called Mercedes-Benz (MB) model, which was
previously used to study properties of liquid water, as well
as, the hydrophobic effect.19,20 The model correctly ex-
plains the qualitative behavior of the Setschenov salting-
out coefficient for benzene in the presence of different
salts11. Here we extend our previous calculations to exa-
mine the possible influence of the size of the hydrophobic
solute on the ordering of the Hofmeister series.

The justification of the model used is in details gi-
ven in Ref.11 In spite its simplicity there are several argu-
ments speaking in its favor. As the model was extended to
more realistic three dimensional one, the results obtained
did not show any qualitative differences, however the
length of the simulations necessary to obtain equally good
statistics drastically increased.21 For realistic models some
thermodynamic properties, such as heat capacity, are very
difficult to obtain with a sufficient degree of accuracy. In
addition, the two-dimensional MB model serves as a
benchmark to develop analytical theories that are essen-
tially dimension independent.20,22–24

2. The Model Description 
and the Simulation

The two-dimensional MB model was used to repre-
sent water molecules.11,18–20 Each water molecule is repre-
sented as a two-dimensional disk that interacts with other
molecules through a Lennard-Jones (LJ) interaction and
through an orientational-dependent hydrogen-bonding
(HB) interaction. The name “MB” arises because there are
three hydrogen-bonding arms, arranged as in the Merce-
des Benz logo (cf Figure 1). The model reproduces quali-
tatively many properties of pure water, hydrophobic ef-
fect, ion effects, and Hofmeister series.20

Figure 1. The MB-dipol model: the water-water and water-ion in-

teraction. 

In the MB model, the energy of interaction between
two waters is:19

(2)

The notation is the same as in previous papers:11,18–20

Xi denotes a vector representing both the coordinates and
the orientation of the i-th water molecule, and rij is the di-
stance between the molecular centers of the molecules i
and j. The Lennard-Jones term reads:

(3)

where εLJ and σLJ are the well-depth and contact parame-
ters, respectively. In addition, neighboring water molecu-
les can form an explicit hydrogen bond when an arm of
one molecule aligns with an arm of another water molecu-
le, with an energy function that is a Gaussian function of
separation and angle:

(4)
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where G(x) is an un-normalized Gaussian function:

(5)

The unit vector ik represents the k-th arm on the i-th
particle (k = 1, 2, 3), and uij is the vector joining the cen-
ter of molecule i to the center of molecule j (Figure 1). H-
bonding arms are not distinguished as donors and accep-
tors. The strength of the hydrogen bond is only determi-
ned by the degree of alignment.19

The model parameters are defined as previ-
ously.11,18–20 The parameter εHB = –1 and rHB = 1 define the
optimal hydrogen bond energy and bond length, respecti-
vely. The same width parameter σ = 0.085 is used for both
the distance and the angle deviation of a hydrogen bond.
The interaction energy in the Lennard-Jones potential
function, εLJ = 0.1εHB, and the LJ distance is 0.7 of that of
rHB. The MB model was modified to include an electrosta-
tic dipol.11 A single negative charge is put at the center of
each water molecule, and a single positive charge is put
onto one of the H-bonding arms, at a distance 0.165 rHB

from the center (Figure 1). An ion interacts with the char-
ges on a water molecule through a screened potential:

(6)

Here rij is the distance between the ion center and a
charge on a water dipole, and the valencies zi (zj) are +1
and –1. All the distances are in the units of rHB. The para-
meter κ is, as previously established,11 to be 0.1, and α =
2.27. The ion-water potential is:

(7)

The diameter σLJ, is different for different ions, and
calculated from the crystal radii25 (Table 1), while the well
depth for the Lennard-Jones potential, εLJ, is, as before11,
taken to be the same for all the ions.

The Monte Carlo simulation method was performed
at constant pressure (P* = P rHB

2/| εHB| = 0.19) in the NPT
ensemble. Monte Carlo steps are displacements and rota-
tions of the water molecules. The simulations were perfor-
med using 60 water molecules, and a single positive or ne-
gative ion fixed in the center of the simulation box. The

first 108 steps were used to equilibrate the system, and the
statistics were collected over the following 5 × 108 steps.
After the system was equilibrated, the free energy, ent-
halpy, and entropy of transferring a hydrophobe into a so-
lution were calculated using the Widom test-particle met-
hod,26 and using related fluctuation formula.19 The poten-
tial of mean force between ion and a nonpolar solute was
calculated using the Widom method.11 In addition, simu-
lations of a mixture of water molecules, a single fixed ion
and one hydrophobe molecule were performed to obtain
the various pair distribution functions.

3. Results and Discussion

All the Monte Carlo simulation results presented
here were obtained at reduced temperature T* = kBT/
|εHB| = 0.20 which roughly corresponds to the room tem-
perature (T = 298.15 K)19. kB, as usual, is the Boltzmann
constant. All the simulation results are given in reduced
units: T* = kBT/| εHB|, V* = V/rHB

2, H* = H/| εHB|, and
P*V* = PV/| εHB|. First, we examined the free energy,
ΔG, enthalpy, ΔH, and entropy, ΔS, of transfer of a single
hydrophobe into the pure water. The results are given in

Table 1. The crystal ionic radii, rM
25, and the ion diameters used in

the MB-dipol model. 

Ion rM/nm σσ/rHB

Li+ 0.060 0.24

Na+ 0.095 0.37

Cs+ 0.169 0.66

F- 0.136 0.53

Cl– 0.181 0.71

I– 0.216 0.85

Table 2. Hydrophobe insertions thermodynamics for hydrophobe

molecules of different diameters in pure water as calculated by MC

simulation at T*=0.20.

σσH/rHB ΔΔGhyd/εεHB ΔΔHhyd/εεHB ΔΔShyd/kB

0.47 (He) 0.1564 –0.0730 –1.1471

0.56 (Ne) 0.1897 –0.0894 –1.3955

0.70 (Ar) 0.2456 –0.1090 –1.7731

0.77 (CH4) 0.2770 –0.0709 –1.7395

0.81 (Xe) 0.2976 –0.0941 –1.9585

1.50 (large solute) 0.7624 0.9886 1.1312

Table 3. The experimental data for the hydrophobe solvation ther-

modynamics in pure water at T = 298.15 K.23

Solute ΔΔGhyd/kJmol–1 ΔΔHhyd/ kJmol–1 ΔΔShyd/ kJmol–1 K–1

He 11.556 1.54 –0.0336

Ne 11.175 –1.44 –0.0423

Ar 8.376 –9.97 –0.0615

Xe 5.586 –16.11 –0.0728

CH4 8.385 –11.49 –0.0667

Table 2. The thermodynamic results for the model were
compared with the corresponding experimental values
for the transfer of gaseous molecules into water. The ex-
perimental results were adjusted for the Ben-Naim stan-
dard state27 (Table 3).

The transfer thermodynamics of a hydrophobic so-
lute was at T* = 0.18, and for a broad hydrophobe size-
range studied by Southall et al.18 Our results at T* = 0.20
are consistent with those reported in Ref.18, and are for en-
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tropy and enthalpy, which are related to microscopic dri-
ving forces, in qualitative agreement with experimental
results. For small solutes the thermodynamic properties of
hydration change approximately in proportion with the
solute size. This is not true for the solutes much larger
than the size of a water molecule,18 which suggests two
different solvation mechanisms for the small and large
hydrophobes. The two mechanisms were investigated in
details by Southall et al,18 and were therefore not the sco-
pe of this work. Since the free energy of hydration is
known to be proportional to the surface area of the solu-
te,18 the difference in trends between the model and expe-
rimental results is believed to be due to the two-dimensio-
nal geometry of our model,

Figure 2: Experimental values of the Setschenov salting out coeffi-

cients for different hydrophobes in 1 M NaCl solution.15

The presence of ions in water solutions changes the
water structure, and as a consequence, the hydration of the
hydrophobes. This results in the “salting-out”, or, in some
cases, “salting-in” of the hydrophobic solutes. The experi-
mental Setschenow salting-out coefficients, kS, for diffe-
rent hydrophobes in 1 M NaCl aqueous solution15 are as a
function of the hydrophobe size shown in Figure 2.  As the
hydrophobe size increases, the kS values increase.

To determine the corresponding quantity to Setsche-
now coefficient theoretically, we computed the difference
in free energy of transfer of a hydrophobe into pure water
and water with a single ion, Δ(ΔG). The quantity is for
Na+ and Cl– ion for different hydrophobe sizes shown in
Figure 3. The solid (upper) line connects the results for
chlorine ion, and the dashed (bottom) line shows the re-
sults for sodium ion. One can see that, as shown by the ex-
periment, the model predicts stronger salting-out effect
(more positive Δ(ΔG)s) for larger hydrophobes. The
Δ(ΔG)s are for all hydrophobe sizes lower in the case of
sodium ion that in the case of chlorine ion (Figure 3), the
reason being the asymmetry of water’s dipol in the mo-
del.20

Figure 3: The Δ(ΔG)/kT as a function of the size of the hydropho-

be for Na+ and Cl–.

The effect of different ions is shown in Figure 4a
and 4b, where Δ(ΔG) for different cations and different
anions are shown as a function of the hydrophobe size.
The upper lines in both cases represent the results for
very small ions (kosmotropes), F– and Li+, that are known
to be most disruptive to the water-water hydrogen bon-

Figure 4: The Δ(ΔG)/kT as a function of the size of the hydropho-

be for different cations (a), and anions (b).

a)

b)
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ding due to their high charge density. The solid (middle
lines) represent the results for the intermediate ions (Na+,
Cl–), and bottom (dotted) lines represent the results for
large ions (chaotropes), Cs+ and I–. All the ions show the
same tendency: the salting out effect increases (more po-
sitive Δ(ΔG)) with the increasing hydrophobe size, as al-
so predicted by the experiment. Also, as already discove-
red previously, the salting-out effect is stronger for smal-
ler ions with high charge density.11 The ion size effect is
more pronounced for larger hydrophobic solutes that re-
quire more space in the solutions. This is consistent with
previous observations that the Hofmeister effect in MB-
dipol model occurs due to the exclusion of the hydropho-
be from the space occupied by an ion and their solvation-
shell water.11

So far all the results presented applied to small to in-
termediate size hydrophobes (σ < rHB). While for these so-

Figure 6: Ion-water (dashed lines) and ion-hydrophobe (solid lines) pair distribution functions for different ions and two different hydrophobe sizes.

Figure 5: The Δ(ΔG)/kT as a function of the ion size for a hydrop-

hobe with σ = 1.5 rHB
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lutes it has been shown that their insertion into pure water
is favored by ΔH and opposed by the TΔS term, the oppo-
site is true for solutes with diameter larger than rHB

18. It
was therefore of interest to explore the mechanism of Hof-
meister effect for large solutes. Figure 5 shows the Δ(ΔG)
for transfer of a hydrophobic solute with diameter 1.5 rHB

into the solution containing different ions.
Despite the fact that the scattering of the results is

bigger than in the case of small hydrophobes, the trends
remain the same; ions with higher charge density have
stronger salting-out effect (higher Δ(ΔG) of transfer). The
anions salt out the hydrophobe stronger.

To investigate the mechanism of the Hofmeister ef-
fect, as it occurs in our model solution, the pair distribu-
tion functions (pdfs) between ion and hydrophobe were
examined. They are, together with ion-water pair distribu-
tion functions, for two different hydrophobe sizes (σ/rHB =
0.47, and 1.5) shown in Figure 6.

The ion-water pair distributions functions are shown
by dashed lines, while ion-hydrophobe pair distribution
functions are represented by solid lines. Small ions bind
water very tightly (high peak in the ion-water pdf), and
the hydrophobes are therefore excluded from their first
hydration shell. The hydrophobes position themselves in
the second shell, as previously shown for hydrophobe size
σ* = 0.70.11 As a consequence, the concentration of the
hydrophobe in the remaining space of the solution increa-
ses, leading to salting-out of the hydrophobic solute. Lar-
ger ions with smaller charge density do not bind water
molecules so tightly, and in the case of iodide ion there’s a
relative high probability (the value of ion-hydrophobe pdf
higher than 1) to find a hydrophobe even in the ion’s first
hydration shell (Figure 7). As the hydrophobic solute size
decreases, the probability of finding it in the ion’s first
hydration shell increases.

The mechanism remains similar for large hydropho-
bes studied here (σ up to 1.5 rHB). The structuring of the

water caused by the presence of the ions (first and second
hydration shell waters) is not influenced by the presence
of the hydrophobe (the results are not shown here). A lar-
ge hydrophobe positions itself between the second and
third water shell, where the influence of an ion to the wa-
ter structure is already very small.

4. Conclusions

In this work we used a simple two-dimensional mo-
del to examine the mechanism of Hofmeister effect for
different hydrophobe sizes. For modeling water molecules
we used the MB-dipol model which was previously used
to study the Hofmeister effect for intermediate hydropho-
be sizes. After systematically investigated the Δ(ΔG) of
transfer, which is directly correlated to Setchenow salting-
out coefficient, we concluded that the mechanism of Hof-
meister effect in this model does not depend on the size of
a hydrophobic solute. The ions with high charge density
bind water tightly and hydrophobes are therefore exclu-
ded from their immediate vicinity. This increases the con-
centration of the hydrophobe in the remaining space of the
solution, leading to its salting out. The effect increases
with increasing size of the hydrophobe, as predicted by
the experiment. Large hydrophobes are excluded not just
from the first solvation shell, but also from the second
shell, leading to even higher increase of their concentra-
tion caused by the presence of an ion.

The MB model seems to provide a self-consistent
explanation of Hofmeister effect for simple ions, which
only differ from each other in their charge density. The
more complex ions, containing both charged and hydrop-
hobic groups, that in some cases can cause the increased
solubility of a nonpolar solute relative to pure water, were
beyond the scope of this work and will be investigated in
the future work.
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Povzetek
V ~lanku smo uporabili preprost dvodimenzionalni Mercedes-Benz model za {tudij vpliva velikosti hidrofobnega top-

ljenca na termodinamiko vnosa le-tega v raztopino elektrolita. Model smo {tudirali z ra~unalni{ko simulacijo Monte

Carlo, in sicer v NPT ansamblu. Rezultate smo primerjali z eksperimentalnimi termodinami~nimi podatki za `lahtne

pline in metan v vodi in raztopinah elektrolitov. Pri tem smo se osredoto~ili na Gibbsovo prosto entalpijo prenosa pri ne-

skon~nem razred~enju. Rezultati simulacij se kvalitativno ujemajo z eksperimentalnimi rezultati, na podlagi ~esar smo

predpostavili mehanizem za razlago Hofmestrove vrste.


