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Abstract
Molecular dynamics simulations in slab geometry and surface tension
measurements were performed for aqueous solutions of magnesium acetate and
magnesium nitrate at various concentrations. The simulations reveal a strong affinity of
acetate anions for the surface, while nitrate exhibits only a very weak surface propensity,
and magnesium is per se strongly repelled from the air/water interface. CH3COO- also
exhibits a much stronger tendency than NO3- for ion pairing with Mg2+ in the bulk and
particularly in the interfacial layer. The different interfacial behavior of the two anions is
reflected in opposite concentration dependence (beyond 0.5 M) of surface tension of the
corresponding magnesium salts. Measurements, supported by simulations, show that
surface tension of Mg(NO3)2(aq) increases with concentration as for other inorganic salts.
However, in the case of Mg(OAC)2(aq) the surface tension isotherm exhibits a turnover
around 0.5 M, after which it starts to decrease, indicating a positive net solute excess in the
interfacial layer at higher concentrations.

Keywords: interface, magnesium acetate, magnesium chloride, magnesium nitrate,
molecular dynamics, surface tension.
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Introduction
Ion pairing is an important manifestation of non-ideal behavior of aqueous
electrolyte solutions at finite concentrations.1 In the higher concentration region
(particularly close to the solubility limit) ion pairing is prevalent for all salts, however, at
lower concentrations the tendency of monovalent inorganic ions for pairing is relatively
weak.2-8 Ion pairing is stronger in solutions of polyvalent ions9,10 or for salts in which one
ion is multiply charged,11,12 particularly if the other ion exhibits a certain degree of
hydrophobicity, such as small organic ions.13,14
The process of ion pairing is usually investigated in the bulk of the electrolyte
solution. New interesting questions, however, arise in anisotropic regions of the solution
such as the interface between the aqueous solution and a medium with a low dielectric
constant. Most recently, the issue ion pairing at a hydrophobic surface, which can have
important biological and technological implications, has been addressed.15 Molecular
dynamics simulations (MD) showed that the presence of a model surface can strongly
influence the tendency of aqueous ions to form pairs.15
Conceptually, the simplest of such surfaces is the interface between water and
vapor or air. This interface is traditionally viewed as devoid of simple ions due to image
charge repulsion.16,17 However, recent molecular dynamics simulations,18-22 as well as
surface selective experiments,23-26 indicate that polarizable inorganic ions, such as heavier
halides, exhibit a significant propensity for the aqueous surface. Moreover, small organic
ions, containing a methyl group or a short aliphatic chain can be naturally driven to the
surface due to the hydrophobicity of these groups.
In our previous study, we investigated experimentally and computationally bulk
properties including ion pair formation of aqueous magnesium acetate and nitrate.14 We
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found a strong tendency for ion pairing in the former system and lack of it in the latter
one, which allowed us to rationalize differences in bulk properties such as electrical
conductivities of the two solutions. In this work we focus at the air/solution interface of
Mg(OAc)2(aq) and Mg(NO3)3(aq), which we characterize by means of MD simulations
and surface tension measurements. We point out the strikingly different interfacial
structure of the two solutions, which we trace back to different hydration properties of the
corresponding anions.

Systems and Computational Method
Classical molecular dynamics simulations of solutions of magnesium nitrate and
magnesium acetate were performed in a slab geometry.27,28 The unit cell contained 863
water molecules, 8, 16, or 32 magnesium cations and 16, 32, or 64 anions (nitrate or
acetate), which corresponds roughly to 0.5, 1, or 2 M salt concentrations. The size of the
prismatic unit cell was approximately 30 x 30 x 100 Å, and 3D periodic boundary
conditions were applied.29 Due to the finite size of the unit cell with fixed total number of
ions therein and due to generally different amounts of ions in the bulk and interfacial
regions, the actual bulk concentrations can differ significantly from the nominal values
given above. This is particularly true for cases of strong surface ion enhancement, which
leaves the bulk region significantly depleted of ions.
Non-bonded interactions were cut off at 12 Å and long-range electrostatic
interactions were accounted for using the particle mesh Ewald procedure.30 All bonds
involving hydrogen atoms were constrained using the SHAKE algorithm31 and a time step
of 1 fs was employed. Systems were first equilibrated for 500 ps, after which a 1 ns
production run followed, all at 300 K.
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A polarizable force field was employed throughout the simulations. In order to
avoid the polarization catastrophe32 (which can be particularly severe in the presence of
multiply charged ions) we have adopted a scheme that introduces a sub-linear dependence
of the induced dipoles on the electric field above a threshold value of the electric field.33
As in our previous work, this scaling was chosen such as not to affect the behavior of neat
water,33 for which we employed the POL3 model.34 For nitrate we have developed a
parameterization previously35 (for better numerical stability we reduced the polarizability
by 10 %), while for acetate we used the general amber force field parameter set.36 For
Mg2+, which is missing from this set, we employed the OPLS parameters.37 Partial
charges for acetate and nitrate were evaluated using the standard RESP procedure38
employing the Gaussian 03 program39 and the slab MD simulations were performed using
the Amber 8 program.40 Charges, polarizabilities, and Lennard-Jones parameters for all
the studied ions are summarized in Table 1.
The employed force field was verified via comparison of the calculated and
experimental ion hydration free energies. For the former we used the free energy
preturbation (FEP) method, as implemented in the Gromacs 3.3 program package,41 for a
system of a single ion in a box of 216 water molecules. An NPT ensemble at ambient
conditions was employed. Gromacs rather than Amber was used for FEP calculations,
since it allows a better control of statistical error of the calculated free energies. The same
force field was employed as in the above simulations using the Amber program. Since
Gromacs uses Drude oscillators to describe polarization interactions, we have transformed
atomic polarizabilities from Amber to the corresponding Drude oscillator parameters. We
were able to converge the hydration free energies within a residual relative error of 10%.
The calculated (experimental) values are -420 (-433)42 kcal/mol for Mg++, -72 (-77)1
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kcal/mol for NO3-, and -94 (-80)43 kcal/mol for Ac-. Thus, the calculated values within
their statistical error match the experiment, except for acetate, where the hydration free
energy is slightly overestimated (which means that the present results should provide a
lower bound for the surface propensity and ion pairing tendency of acetate).

Experimental
Mg(OAc)2·4H2O (>99%, SRL, India), Mg(NO3)2·6H2O (>99%, SD Fine
Chemicals, India), and MgCl2.6H2O (>99%, E Merck, India) were recrystallized twice
from double-distilled water and finally dried in a desiccator over P2O5 under vacuum. All
solutions were prepared using double-distilled water and by successive dilution of a stock
solution. The final concentrations were checked by complexometric titration against
EDTA.44
The surface tension, σ, of all solutions was measured with a dynamic contact angle
meter and tentiometer, DCAT-11 (DataPhysics, Germany) using the Wilhelmy plate with
an accuracy of ± 0.01 mN m-1 at 298.15 K. The temperature of the measurements (298.15
K) was controlled by circulating thermostated liquid through from F32HP circulator
(Julabo, Germany) and minimum triplicate measurements were made at each
concentration, which was varied from 0.0145 ≤ M/mol dm−3 ≤ 6.545.

Results and Discussion
Surface propensity and ion pairing was investigated by MD simulations in slab
geometry of solutions of magnesium acetate and magnesium nitrate with mean
concentrations ranging from 0.5 to 2 M. Figs. 1 and 2 depict typical snapshots from
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simulations of the two systems at 0.5 M. The difference between the two solutions is
dramatic. On one hand, Mg(NO3)2(aq) is at the given concentration a well behaved, close
to ideal solution with extensive ion-water mixing and virtually no formation of contact ion
pairs. Magnesium dications are strongly repelled from the surface and the only nonclassical16,17 feature is the weak propensity of nitrate for the solution/vapor interface (top
and bottom of Fig. 2). On the other hand, the 0.5 M aqueous solution of Mg(OAc)2 is
highly non-ideal, with strong ion pairing and even clustering (Fig. 1). This behavior has
been pointed to and analysed already in our recent study of bulk solutions of magnesium
acetate.14 Also note that ion clustering has recently been observed in another solution
containing monovalent organic and divalent inorganic ions, namely aqueous guanidinium
sulfate.13 In addition, we see in our slab simulations a very strong surface propensity of
acetate. As a matter of fact, a large fraction of acetate anions segregates to the interfacial
layer, into which the anions tend to drag also the magnesium dications (top and bottom of
Fig. 1).
The difference between the two solutions persists (or even becomes stronger) for
higher concentrations. Below we present a quantitative analysis of 2 M solutions of
Mg(OAc)2 and Mg(NO3)2, where the sampling statistics is significantly improved
compared to the 0.5 M solutions. Figs. 3 and 4 show the density profiles, i.e., abundances
of individual species in layers parallel to the surface, from the center of the slab across the
solution/vapor interface into the gas phase, for the two solutions. In both cases the bulk
aqueous, interfacial, and vapor phases are defined by the water density profile (black
line). As in our previous studies,21 the normalization of the density profiles is such that the
value for water density in the center of the slab is unity and the integral under all the
curves is the same. Note that the density profiles are not fully converged in the
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subsurface/bulk region due to the finite thickness of our slabs. We have shown in our
previous work45,46 that despite this problem (the full remedy of which would require
computationally hardly feasible unit cell sizes) the surface propensity is practically
converged for the present system size.
Acetate exhibits a sizable surfactant behavior with an interfacial density peak (Fig.
3). Its surface affinity is due to two factors – the hydrophobicity of the methyl group and
the polarization effect (test MD runs with polarizability turned off show a significantly
reduced surface propensity of acetate). Note that the signal from the carbon atom of the
methyl group is shifted by about 2 Å towards the vapor phase with respect to that of the
acetate oxygens (Fig. 3). This clearly indicates a strong orientation of acetate anions in the
interfacial layer with the hydrophilic COO- group being anchored in water and the
hydrophobic methyl group pointing into the gas phase. Recently, similar surface
orientational ordering has been observed for aqueous dicarboxylate dianions with an
aliphatic bridging group.47 Mg2+ions exhibit a strong subsurface peak shifted by about 1 Å
from that of acetate oxygens, creating thus with acetate anions a weak effective interfacial
electric double layer (Fig. 3). This subsurface peak is the results of two competing forces
– the sizable electrostatic repulsion of hard dications from the air/water interface and the
surface electroneutrality effect, which becomes rather strong at higher (molar)
concentrations.
The density profiles of Mg(NO3)2(aq) are very different from those of
Mg(OAc)2(aq). Nitrate exhibits a weak propensity for the solution/vapor interface and can
be occasionally found even in the topmost layer, however, its density profile does not
exhibit any surface peak (Fig. 4), in accordance with the result of most recent MD
simulations of a slab of aqueous sodium nitrate.48 In our previous study of a single nitrate

8

anion at the air/water interface we have observed a somewhat stronger surface
propensity,35 however, the present studies have better statistics and also employ a
polarizability cut off scheme,33 which should slightly reduce the surface ion effect. Since
there is no sizable surface enhancement of NO3-, the surface electroneutrality force is
weak and, consequently, the electrostatic repulsion of Mg2+ dominates and the interfacial
layer is almost devoid of dications (Fig. 4).
We characterized the degree of ion pairing separately in the bulk and interfacial
regions of the solutions in terms of dication-anion radial distribution functions (RDF) and
the corresponding cumulative sums. The latter quantities, which are the integrated values
of RDF, give the total number of anions within a certain distance from Mg2+. Fig. 5 shows
the Mg

2+

- oxygen of acetate RDF and cumulative sum for the interfacial layer, while the

same quantities for the bulk region are depicted in Fig. 6. The strong RDF peak at 2.1 Å
corresponds to prevalent formation of contact ion pairs at the interface: on average every
magnesium dication is directly paired with ~1.5 acetate anions (Fig. 5). This strong
tendency for ion pairing also results in clustering of ions within the interface. A direct
consequence of this is the appearance of magnesium-bridged acetate-acetate pairs. The
second RDF peak around 4.1 Å correlates with solvent separated ion pairs. The RDF
pertinent to the bulk region looks qualitatively similar to the interfacial one, however, the
tendency for ion pairing is significantly reduced (Fig. 6). This might be partially due to
the better ability of bulk water molecules, compared to those at the surface, to dissolve the
salt, but the dominant factor is the dramatically reduced ion concentration in the bulk. Due
to the surface segregation of the aqueous magnesium acetate the remaining amount of
bulk ions corresponds to a significantly lower concentration than the nominal value of 2
M, while the surface salt concentration strongly exceeds this value. The concentration in
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the central region of the slab is even smaller than the value of 1 M adopted in our previous
bulk study,14 consequently, the degree of ion pairing (which increases with concentration)
is also lower.
The situation is again very different in aqueous magnesium nitrate. Within our
previous study of bulk 1 M solution we did not observe any appreciable ion pairing in
Mg(NO3)2(aq).14 Here, at 2 M we see the very onset of formation of contact ion pairs
(Figs. 7-8). More precisely, in the bulk region of the slab there is less than 0.2 nitrate
anions directly paired with magnesium. Within the interface this number slightly increases
(to about 0.4), however, the statistics is poorer there due to the smaller amount of ions
present.
The vastly different interfacial structures of the two solutions should be also
reflected in surface tension trends. Namely, Mg(NO3)2(aq) behaves as typical inorganic
salts, where cations are per se strongly repelled from the surface, while anions exhibit a
certain surface propensity (very weak in case of nitrate). As a result, there is a net
depletion of ions from the interfacial layer, which translates via the Gibbs adsorption
equation into an increase of surface tension compared to neat water.49,50 This is indeed
born out of our MD simulations where we evaluated surface tension from the trajectoryaveraged asymmetry of the pressure tensor.51
We have calculated surface tensions for the two salt solutions for different
concentrations from 0.5 to 2 M. We should stress that these results suffer both from
systematic and statistical errors. The systematic error is primarily due to force field
deficiencies (standard force fields give surface tension values of neat water within 60
mN/m from the experimental value).52 The presently used force field performs acceptably
from this point of view, underestmating surface tension of water by ~17 mN/m.52 The
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statistical error is due to finite simulation length and large pressure fluctuations (due to
low compresibility of water). Within present simulations the root mean square deviations
amounts to 1-2 mN/m. In order not to overinterpret the calculated surface tensions
suffering from the above inaccuracies, we only provide the conclusions which are beyond
the statistical and systematic errors, namely that upon addition of magnesium acetate the
surface tension does not change beyond the statistical error, while upon addition of
magnesium nitrate it increases by ~2 mNm-1M-1.
The computational results are supported by detailed surface tension measurements for
aqueous magnesium acetate, nitrate, and chloride in a wide range of concentrations.
Variations of surface tension of the studied aqueous electrolyte solutions with
concentration at 298.15 K are depicted in Fig. 9. The measured surface tension values of
the three aqueous electrolyte solutions are within ± 0.7 % of literature data53,54 whenever
available.
The general behavior of the surface tension isotherms of Mg(NO3)2(aq) and
MgCl2(aq) are similar to each other – in both cases surface tension increases with
concentration (more for MgCl2(aq) than Mg(NO3)2(aq)) like for other inorganic salts.53
For Mg(OAc)2(aq), however, the surface tension isotherm weakly increases only up to ∼
0.5 M, after which a monotonous decrease with concentration is observed. The significant
differences in surface tension isotherm in these three aqueous electrolyte solutions
definitely suggest that the anions play a key role in modifying the surfaces. In the case of
Mg(OAc)2(aq) the decrease in the surface tension beyond ∼0.5 M envisages the
accumulation of CH3COO− like that of surfactants (surface active agent) with polar head
towards the bulk phase and the hydrophobic group towards the interface, in agreement
with the MD results.

11

Conclusions
Molecular dynamics simulations reveal a very different behavior at the
solution/vapor interface of Mg(OAc)2(aq) vs. Mg(NO3)2(aq). As in the aqueous bulk,14
there is a strong tendency for formation of contact ion pairs and even ion clusters in the
former but not in the latter system. Moreover, acetate exhibits a strong surface affinity
both due to the hydrophobicity of its methyl group and due to polarization interactions. In
contrast, hydrophilic and polarizable nitrate shows only a weak propensity for the
solution/vapor interface and the hard magnesium dication is per se strongly repelled from
the surface. Due to the accumulation of acetate anions in the interfacial layer, magnesium
dications are, however, dragged to the subsurface of Mg(OAc)2(aq) by surface
electroneutrality requirement. This results in a creation of an effective electric double
layer and in increased ion pairing and clustering in the interface. The different interfacial
structure of aqueous magnesium acetate and magnesium nitrate is also reflected in
opposite trends in surface tension change with concentration. Experiments show that
surface tension of Mg(NO3)2(aq) increases roughly linearly with concentration, similarly
as (but less than) for another inorganic magnesium salt, Mg(Cl)2(aq). In Mg(OAc)2(aq),
however, the surface tension curve exhibits a crossover around 0.5 M, after which it starts
to decrease, indicating net accumulation of ions in the interfacial layer. These
experimental findings are directly supported by results from molecular dynamics
simulations.
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Table 1: Charges (e), polarizabilities (α) in Å3, and Lennard-Jones parameters in Amber
convention (Rm in Å and ε in kcal/mol) for magnesium, nitrate, and acetate.
Rm

ε

e

α

N (nitrate)

-0.650

1.200 1.880 0.170

O (nitrate)

+0.950 0.000 1.800 0.160

C (acetate, methyl)

-0.236

0.878 1.908 0.1094

C (acetate, carboxyl) +0.870 0.616 1.908 0.0860
O (acetate)

-0.835

0.434 1.661 0.2100

H (acetate)

+0.012 0.135 1.487 0.0157

Mg2+

+2.000 0.000 0.923 0.875
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Figure captions:

Figure 1: A snapshot from a simulation of a slab of 0.5 M Mg(OAc)2(aq). Color coding:
Mg - green, C - cyan, O - red, H - white. For clarity water molecules are displayed in the
stick representation. Note the surface accumulation of acetate ions (top and bottom)
Figure 2: A snapshot from a simulation of a slab of 0.5 M Mg(NO3)2(aq). Color coding:
Mg - green, N -blue, O - red, H - white.
Figure 3: Density profiles (i.e., abundancies of individual species from the center of the
slab across the air/solution interface into the gas phase) in a slab of 2 M Mg(OAc)2(aq)
solution.
Figure 4: Density profiles in a 2 M Mg(NO3)2(aq) solution.
Figure 5: Mg

2+

- oxygen of acetate ion radial distribution function (RDF) and cumulative

sum (i.e., integrated RDF) for the interfacial layer of a slab 2M Mg(OAc)2(aq). The
normalized RDF is scaled down by a factor of 10, so that the two curves can be shown in
a single plot.
Figure 6: Mg

2+

- oxygen of acetate ion radial distribution function (scaled down by a

factor of 10) and cumulative sum for the bulk region of a slab of 2M Mg(OAc)2(aq). The
normalized RDF is scaled down by a factor of 10.
Figure 7: Mg

2+

- oxygen of nitrate ion radial distribution function (scaled down by a

factor of 10) and cumulative sum for the interfacial layer of a slab of 2M Mg(NO3)2(aq).
The normalized RDF is scaled down by a factor of 10.
Figure 8: Mg

2+

- oxygen of nitrate ion radial distribution function (scaled down by a

factor of 10) and cumulative sum for the bulk region of a slab of 2M Mg(NO3)2(aq). The
normalized RDF is scaled down by a factor of 10.
15

Figure 9: Measured surface tension of Mg(OAc)2(aq), Mg(NO3)2(aq), and Mg(Cl)2(aq) as
a function of salt concentration. Note the decreasing surface tension at higher
concentrations in the former case, as opposed to an almost linear surface tension increase
in the latter two cases. The error bars indicate the statistical error, which is about 1 %.
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