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Abstract
Modelled ions, described by non-polarizable force elds, can suer from unphysical
ion pairing and clustering in aqueous solutions well below their solubility limit. The
electronic continuum correction takes electronic polarization eects of the solvent into
account in an eective way by scaling the charges on the ions, resulting in a much better
description of the ionic behavior. Here, we present parameters for the sodium ion consistent with this eective polarizability approach and in agreement with experimental
data from neutron scattering, which could be used for simulations of complex aqueous
systems where polarization eects are important.
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Introduction
It is a well known problem of non-polarizable force elds for ions that many parameter sets
lead to unphysical ion pairing and clustering in aqueous solutions well below the solubility limit. 14 This is mainly due to two artifacts. The rst problem is the overestimation
of interionic interactions by applying full charges on the ions as if they were in the gas
phase, omitting the electronic polarization eects of the solvent. The second issue is connected with the LennardJones parameters, in particular with combinations of very small
well depth  with large radii σ . 5 The rst problem can be cured, without explicitly including
electronic polarization terms into the force eld, by the so-called electronic continuum correction (ECC). 4,611 ECC takes electronic polarization of the solvent eectively into account
by scaling the ionic charge by the inverse square root of the electronic part of the dielectric constant of the surrounding medium. 9,10,12 For water the ionic scaling factor is roughly
0.75. 10 This approach has been applied successfully to aqueous solutions containing lithium, 4
carbonate, 13 and guanidinium ions, 6 and lately also to calcium. 7,14 Since the original ionic
radii are determined together with the full charges, they have to be rened after charge scaling accordingly. 7 Results from this further renement are denoted as electronic continuum
correction with rescaling (ECCR). 7 Concerning the second problem, considerable work was
done on the parametrization of sodium, which resulted in several parameter sets, see Refs.
1518 and reference herein. Also, a slight improvement for solutions with concentrations
around 1 m and below can be reached using LorentzBerthlot mixing rules instead of the
geometric averages for both LennardJones parameters. 2 In general, the overestimation of
interactions of fully-charged sodium ions with biological molecules could be a problem, e. g.,
when describing sodium-potassium-pumps which transport the ions through cell membranes.
In our earlier studies, neutron diraction with isotopic substitutions (NDIS) was shown
to be a reliable tool for the validation of the size, i. e. the σ parameter of the Lennard
Jones potential, of the ions. 4,7,19 Sodium has no naturally occurring isotopes, which could be
used in NDIS experiments, therefore, another approach was adopted here. Assuming that
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the water structure and the solvation structure around the chloride ion is approximately
the same for equally molar lithium chloride and sodium chloride solutions, their neutron
scattering data can be subtracted. Additional application of a 'null' water mixture (i. e., a
mixture of light and deuterated water which gives zero for it) should lead to cancellation of
additional contributions from water and chloride to the neutron scattering signal.
The two aims of this publication are i) to establish force eld parameters for the sodium
cation using the ECCR ansatz and ii) to provide a more detailed insight into the comparison
of neutron scattering experiments to the simulated data for aqueous sodium chloride. The
neutron scattering data, which were acquired within the framework of this project, serve
the purpose of benchmarking the simulations, especially when establishing the radius of the
sodium ion. Also, the inuence of dierent combinations of Lennard-Jones parameters on
the ion pairing properties are explored within this framework.

Computational Details
The simulated bulk systems consist of 502 ion pairs of NaCl or LiCl in 6002 water molecules
resulting in a molar ratio of 4 mol of ions to 55.55 mol of water, for convenience hereafter referred to as 4 m. Two dierent water models were employed, namely SPC/E 20 and
TIP4P/2005. 21 The LennardJones parameters initially used for sodium, were taken from
Ref. 22 and 23, thereafter referred to by the indexes 'Dang' and 'gmx'. The parameter for
lithium are from Refs. 5 and 4 and the parameters for chloride from Refs. 24 and 19 and 7,
thereafter referred to by the indexes 'PFMJ' and 'KMJ'. Parametrization with full charges
on the ions are denoted as 'full'. The results from charge and size rescaling 7 of the ions are
denoted as electronic continuum correction with rescaling ('ECCR') throughout the paper:
Since the van der Waals radii were determined together with full charges an adjustment of
the ionic sizes after rescaling the charges is needed. All the parameters are summarized in
Table 1. The mixed LennardJones parameters were derived applying LorentzBerthelot
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mixing rules.
All classical molecular dynamics (MD) simulations were performed with the Gromacs
4.6.3 program package 23 using a time step of 2 fs. Periodic boundary conditions were applied
in all three dimensions. Long-range electrostatic interactions were handled using the particlemesh Ewald algorithm 25 with a real space cut o of 12 Å. The van der Waals interactions were
truncated at 12 Å and no long-range Lennard-Jones correction for pressure was applied since
its eect was found to be within the statistical uncertainty of the results. The temperature
was maintained at 298 K by the velocity rescaling thermostat 26 with a coupling time of
0.5 ps. The pressure was controlled by the ParrinelloRahmann barostat 27 at 1 bar with a
coupling time of 0.5 ps. For the water molecules bonds and angles were constrained by the
Lincs algorithm. 28 After minimization, simulations of a length of 30 ns were performed for
all systems, from which the last 20 ns were taken for analysis.
Table 1: Force eld parameters of the ions employed in this study.

fullDang 22
fullgmx 23
ECCRDang
ECCRgmx

σ (Å)
2.350
2.575
2.115
2.318

fullÅqvist 5
ECCRÅqvist 4

σ (Å)
2.126
1.800

24

full
ECCRPFMJ 19
ECCRKMJ 7

σ (Å)
4.4499
4.100
3.7824

4

Na
 (kJ/mol)
0.544284
0.061774
0.544284
0.061774
Li
 (kJ/mol)
0.07647
0.07647
Cl
 (kJ/mol)
0.4184
0.4928
0.4184

charge
+1.0
+1.0
+0.75
+0.75
charge
+1.0
+0.75
charge
-1.0
-0.75
-0.75

Experimental Methods
Heavy water (99.9 atom % D) and light water (H, 18 MΩ) were mixed together (78.688 g
H2 O and 48.975 g D2 O). The hydrogen in this mixed water had an average coherent neutron
scattering length of 0 fm (i.e., for this mixture the scattering from hydrogen and deuterium
cancel each other). LiCl and NaCl were dried in a vacuum oven at 150◦ C overnight. Solutions of LiCl and NaCl were then prepared by direct dissolution of salt in water. In each
case 5 mL samples were prepared. From each solution, 0.75 mL was transferred to a null
scattering Ti/Zr cell, and neutron scattering data of each sample was recorded on the D20
diractometer for around 2 h. The scattering data was then corrected for multiple scattering and absorption prior to being normalized versus a standard vanadium sample to yield
the total scattering pattern for each solution. The corresponding equations and weighting
coecients are provided as Supporting Information (SI).

Results and Discussion
Figure 1 shows representative snapshots of 4 m lithium chloride and sodium chloride solutions
for scaled charges with rescaled van der Waals radii (ECCR). These snapshots illustrate
visually how structurally similar these two solutions are to each other. This is also displayed
in the very similar number densities in experiment (0.0975 atoms/Å3 vs. 0.0976 atoms/Å3 ),
as well as in the simulations, see Table S3 in the SI. The two systems dier in the amount
of ion pairing which is in the sodium chloride solution about twice as pronounced as in
the lithium chloride solution. This is also displayed in the Na/Li-Cl coordination numbers
(CNNa/Cl = 0.63, while CNLi/Cl = 0.27). Various additional coordination numbers for sodium
chloride solutions are presented in Table S4 in the SI.
The results of the rst-order dierence functions both in the Q-space (∆S(Q) = SNaCl (Q) SLiCl (Q)) and the r-space (∆G(r) = GNaCl (r) - GLiCl (r)) from neutron scattering experiments
and from MD simulations are shown in Figure 2 for sodium with full (from Ref. 22) vs.
5

Figure 1: Representative snapshots of the sodium chloride solution (left-hand side) and the
lithium chloride solution (right-hand side). Sodium is colored in green, lithium in white, and
chloride in orange, except for contact ion pairs which are colored in red. Water molecules
are presented as black wire frame.
scaled charges. Here, the dierence between the data from the sodium chloride solution and
the lithium chloride solution is presented. Q denotes the radial scalar part of the scattering
vector. The r-space representation is the Fourier transform of the Q-space representation
and, therefore, the information contained in them is in principle the same. Nevertheless, both
are shown here, since they emphasize dierent aspects of the structure of the solutions. The
peak positions, which translate into the phasing in Q-space, can be more easily compared in
Q-space. In contrast, the peak heights can be more easily determined from r-space data.
To illustrate which features in the r-space representation come from which correlation a
dissection into its components ∆gM/O (r), ∆gM/Cl (r), ∆gO/O (r), and ∆gCl/O (r) (with M = Li
or Na) is shown in Figure 3. The components ∆gM/M (r) and ∆gCl/Cl (r) have been omitted
in this gure, since they are very small. The rst feature around 2.2 Å is due to the oxygen
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atoms in the rst solvation shell of lithium and sodium. Two distinct peaks for ∆gM/O (r)
can be observed in Figure 3, the rst one corresponding to lithium-oxygen correlation and
the second to the sodium-oxygen correlation. Both peaks are positive because lithium has
a negative scattering length. These peaks are fused together in the r-space representation
of Figure 2, because here the experimental resolution (mostly determined by the Q range
of the diractometer) was applied also for the simulation data to make the comparison
more direct. Convoluting the experimental resolution makes the simulated peaks broader
and shorter. Also, a minor contribution to this rst peak comes from the dierence in ion
pairing between the two solutions (green curve in Figure 3), resulting in a shoulder for the
ECCRDang/PFMJ (red curve in Figure 2).
The second peak diers much more than the rst peak between the full charged system
(blue curve in Figure 2) and that with scaled charges. This peak is due to dierences in the
water network (blue line in Figure 3) with a small contribution from the solvation of the
chloride ion (violet line in Figure 3). The shape of this second peak is much better reproduced
by the scaled charges, though its position is somewhat shifted to larger value of r. Note that
also the second solvation shell around sodium and lithium contributes to that peak. Further
scaling of the van der Waals radius of sodium does not lead to any improvement for the
position of this peak (data not shown). Using a slightly smaller chloride ion does not shift
the peak either, see Figures S1 and S2 in the SI. The third peak in the experimental data,
positioned around 6 Å (Figure 2), cannot be fully reproduced by the simulations. This third
peak results from the dierent solvation of the chloride anion and ion pairing in the two
solutions. In conclusion, the comparison with experiment for ECCR concerning the rst and
the second peak is better than for full charges but the improvement is not as impressive as,
e. g., for calcium. 7 This strengthens the thesis expressed in our previous studies that the
scaling of charges is important primarily for ions with a high charge density. 4,7
In Figures 4 and 5 the results for another sodium model, taken from the gmx- parametrization, which is a commonly used biomolecular force eld, 23 are displayed. It can be easily
7

Figure 2: First-order dierence function in Q-space (left-hand side) and in r-space (righthand side) for the simulations with full charges (blue) and scaled charges with rescaled van
der Waals radius (ECCR) in red and the experimentally measured curve in black.
seen that the comparison for ECCRgmx/PFMJ is not as good as for ECCRDang/PFMJ . The
problem is that ion pairing is scaled up to a point where CNNa/Cl is increased almost to
one, see Table S4 in the SI. Small clusters consisting of several ions can also be detected.
Ion pairing decreases slightly upon rescaling of the van der Waals radius, but the rst peak
is then too high and also shifted to smaller distances; it is also too high and too narrow.
This is due to the fact that the signal for the oxygen-lithium correlations and that for the
oxygen-sodium correlations come at nearly identical distances. This is also illustrated in
the splits of the total functions in Figure 5. Nevertheless, some improvement for the scaled
charges over the full charges can still be detected, e. g., the shape of the second peak agrees
well with experiment, although the position is shifted. This can be explained by a better
description of the rst solvation shell of chloride (compare also CNCl/H2 O in Table S4 in the
SI) and the water structure.
The main problem of the sodium parameters from the gmx force eld, due to which we
cannot get a good comparison with experiment within the ECCR approach, is the suspiciously small LennardJones parameter , see Table 1. 23 Problems with this kind of parameters are already known in literature 2,15,29 where a too small  leads to an underestimated
steric repulsion between the ions and thus excessive ion pairing.
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Figure 3: Dierence function ∆G(r) as calculated from the simulations in this study in black
for full charges on the left-hand side and for ECCR on the right-hand side together with
dissections of the r-space data in the dierent contributions (colored lines). M = Li or Na
A more detailed insight into this problem can be gained from Figure 6. The upper panel
on the left-hand side and the two lower panels show the Lennard-Jones potentials for lithium,
sodium, and potassium with Lennard-Jones parameters from Åqvist, 5 Dang, 22,30,31 or gmx, 23 and the oxygen atom of SPC/E water. For lithium, the potential from Åqvist's and
Dang's parameters look very similar to each other, just the potential well is slightly deeper
for the latter. This similarity explains why a good t to neutron scattering measurement for
lithium based on Åqvist parameters was found in our earlier work. 4 As an additional test,
we applied Dang's LennardJones parameters for both lithium and sodium in analogous
simulations and subtracted the r-space data from each other. The result is displayed in the
upper right panel of Figure 6. In the case of ECCR the same σ as before in combination with
Dang's  was taken. The main conclusions are the same as for the analogous comparison in
Figure 4 due to the similarity of the two potentials for lithium. For sodium, the dierence
between the potentials is much more pronounced (see lower left panel in Figure 6), which is
not only due to the small  but also because of the large σ , which is responsible for the much
earlier steep rise of the repulsive part of the potential. The parameters from the gmx- force
eld result in a curve which ts in the repulsive region from Dang's parameters reasonably,
but the potential well is more shallow, resulting in increased ion pairing. The articial steep
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Figure 4: First-order dierence function in Q-space (left-hand side) and in r-space (righthand side) for the simulations with full charges (blue) and scaled charges with rescaled van
der Waals radius (ECCR) in red and the experimentally measured curve in black.
early rise is even more pronounced for potassium where almost no potential well is visible
for the Åqvist-parameters (bottom right panel in Figure 6. These trends go along with an
increase in ion pairing. 2
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Figure 5: Dierence function ∆G(r) as calculated from the simulations in this study in black
for full charges on the left-hand side and for ECCR on the right-hand side together with
dissections of the r-space data in the dierent contributions (colored lines). M = Li or Na

Figure 6: LennardJones potentials for the interaction of Li, Na, and, K with the oxygen atom of SPC/E water. Parameters for the ions were taken from Åqvist, 5 gmx-, 23 or
Dang. 22,30,31 The insets show close-up views of the potential well regions. The upper right
panel shows the r-space dierence for simulations (full charges in blue and scaled charges in
red) using Dang's parameters for lithium and sodium and experiment (black curve).
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Finally, the results for dierent water models are compared. Up to this point all simulations were done in SPC/E water, while here we use for comparison the more recent
TIP4P/2005 model. This is done to demonstrate that the improvements due to charge
scaling are transferable between water models. Figure 7 shows the corresponding Q- and
r-space data. The curves for the two water models agree well with each other and with the
experiment. Also, only a very small dierence in ion-pairing, which is slightly increased in
TIP4P2005 water, can be observed (compare also the corresponding coordination numbers
in Tables S4 and S5 in the SI).

Figure 7: First-order dierence function in Q-space (left-hand side) and in r-space (righthand side) for the simulations with SPC/E (red) and TIP4P/2005 (green) water models and
the experimentally measured curve in black.

Conclusions
In this study, we present and critically analyze a simple way to account for electronic polarization eects in aqueous sodium chloride. The approach applied here is based on the physically
well-justied assumption that the eect of the electronic polarizability of the aqueous solvent on ions can be accounted for in a mean-eld way by scaling the charges by the inverse
square root of the electronic part of the dielectric constant of water. 810,12 The force eld
development is done here in a systematic fashion starting from two dierent sodium ion
12

models, testing dierent chloride ion and water models, and comparing directly with neutron scattering data. In contrast to our previous studies demonstrating signicant merits of
this approach for calcium 7 and lithium, 4 charge scaling leads only to a slight improvement
for aqueous sodium ions. This supports the thesis, that charge scaling is important mainly
for ions with a high charge density which can strongly polarize surrounding water molecules.
Nevertheless, sodium is very often present in simulations of biological systems as a counterion or as an ion maintaining the physiological ionic strength. To have a consistent setup for
eective polarizable simulations, all ionic charges should be treated by the ECCR approach,
therefore, there is need for appropriate sodium parameters which can be then combined with
charge scaling models of higher charge density ions. Our study shows that it is possible
to develop such a consistent set of ionic models by simultaneously scaling the charges and
systematically adjusting the LennardJones parameters.

Acknowledgement
This work was supported by the Czech Science Foundation (grant number P208/12/G016).
PJ thanks the Academy of Sciences for the Praemium Academiae award. We thank the
ILL Grenoble for allocated beamtime and the sta of beamline D20, particularly Dr. Henry
Fischer, for fantastic help with the experiments.

Supporting Information Available
Supporting Information Available: In the SI further results from simulations using a additional parameter set are presented together with tables containing number densities and
coordination numbers for all setups mentioned in the paper. Also, all equations concerning
the neutron scattering experiments can be found in the SI. This material is available free of
charge via the Internet at http://pubs.acs.org/.

13

References
(1) Aunger, P.; Cheatham III, T. E.; Vaiana, A. C. Spontaneous Formation of KCl Aggregates in Biomolecular Simulations: A Force eld Issue?

J. Chem. Theory Comput.

2007, 3, 18511859.
(2) Chen, A. A.; Pappu, R. V. Parameters of Monovalent Ions in the AMBER-99 Forceeld:
Assessment of Inaccuracies and Proposed Improvements. J.

Phys. Chem. B

2007, 111,

1188411887.
(3) Wernersson, E.; Jungwirth, P. Eect of Water Polarizability on the Properties of Solutions of Polyvalent Ions: Simulations of Aqueous Sodium Sulfate with Dierent Force
Fields.

J. Chem. Theory Comput.

2010, 6, 32333240.

(4) Pluharova, E.; Mason, P. E.; Jungwirth, P. Ion Pairing in Aqueous Lithium Salt Solutions with Monovalent and Divalent Counter-Anions.

J. Phys. Chem. A

2013,

,

117

1176611773.
(5) Åqvist, J. Ion-Water Interaction Potentials Derived from Free Energy Perturbation
Simulations.

J. Phys. Chem.

1990, 94, 80218024.

(6) Vazdar, M.; Jungwirth, P.; Mason, P. E. Aqueous Guanidinium-Carbonate Interactions
by Molecular Dynamics and Neutron Scattering: Relevance to Ion-Protein Interactions.
J. Phys. Chem. B

2013, 117, 18441848.

(7) Kohagen, M.; Mason, P. E.; Jungwirth, P. Accurate Description of Calcium Solvation
in Concentrated Aqueous Solutions.

J. Phys. Chem. B

2014, 118, 79027909.

(8) Leontyev, I. V.; Stuchebrukhov, A. A. Polarizable Mean-Field Model of Water for
Biological Simulations with AMBER and CHARMM Force Fields.
Comput.

2012, 8, 32073216.

14

J. Chem. Theory

(9) Leontyev, I. V.; Stuchebrukhov, A. A. Electronic Continuum Model for Molecular Dynamics Simulations of Biological Molecules.

J. Chem. Theory Comput.

2010, 6, 1498

1508.
(10) Leontyev, I.; Stuchebrukhov, A. A. Accounting for Electronic Polarization in NonPolarizable Force Fields.

Phys. Chem. Chem. Phys.

2011, 13, 26132626.

(11) Kann, Z. R.; Skinner, J. L. A Scaled-Ionic-Charge Simulation Model that Reproduces
Enhanced and Suppressed Water Diusion in Aqueous Salt Solutions.

J. Chem. Phys.

2014, 141, 104507.
(12) Leontyev, I. V.; Stuchebrukhov, A. A. Polarizable Molecular Interactions in Condensed
Phase and Their Equivalent Nonpolarizable Models. J. Chem. Phys. 2014, 141, 014103.
(13) Mason, P. E.; Wernersson, E.; Jungwirth, P. Accurate Description of Aqueous Carbonate Ions: an Eective Polarization Model Veried by Neutron Scattering.
Chem. B

J. Phys.

2012, 116, 81458153.

(14) Kohagen, M.; Lepsik, M.; Jungwirth, P. Calcium Binding to Calmodulin by Molecular
Dynamics with Eective Polarization.

J. Phys. Chem. Lett.

2014, 5, 39643969.

(15) Patra, M.; Karttunen, M. Systematic Comparison of Force Fields for Microscopic Simulations of NaCl in Aqueous Solutions: Diusion, Free Energy of Hydration, and Structural Properties.

J. Comput. Chem.

2003, 25, 678689.

(16) Weerasinghe, S.; Smith, P. E. A KirkwoodBu Derived Force Field for Sodium Chloride in Water.

J. Chem. Phys.

2003, 119, 1134211349.

(17) Horinek, D.; Mamatkulov, S. I.; Netz, R. R. Rational design of ion force elds based
on thermodynamic solvation properties.

J. Chem. Phys.

2009, 130, 124507.

(18) Mao, A. H.; Pappu, R. V. Crystal lattice properties fully determine short-range interaction parameters for alkali and halide ions.
15

J. Chem. Phys.

2012, 137, 064104.

(19) Pluharova, E.; Fischer, H. E.; Mason, P. E.; Jungwirth, P. Hydration of the Chloride Ion
in Concentrated Aqueous Solutions Using Neutron Scattering and Molecular Dynamics.
Mol. Phys.

2014, 112, 12301240.

(20) Berendsen, H. J. C.; Grigera, J. R.; Straatsma, T. P. The Missing Term in Eective
Pair Potentials.

J. Phys. Chem.

1987, 91, 62696271.

(21) Abascal, J. L. F.; Vega, C. A General Purpose Model for the Condensed Phases of
Water: TIP4P/2005.

J. Chem. Phys.

2005, 123, 234505.

(22) Smith, D. E.; Dang, L. X. Computer Simulations of NaCl Association in Polarizable
Water.

J. Chem. Phys.

1994, 100, 37573766.

(23) Hess, B.; Kutzner, C.; van der Spoel, D.; Lindahl, E. GROMACS 4: Algorithms for
Highly Ecient, Load-Balanced, and Scalable Molecular Simulation.
Comput.

J. Chem. Theory

2008, 4, 435447.

(24) Dang, L. X.; Smith, D. E. Comment on Mean Force Potential for the CalciumChloride
Ion Pair in Water [J. Chem. Phys. 99, 4229 (1993)].

J. Chem. Phys.

1995, 102, 3483

3484.
(25) Essmann, U.; Perera, L.; Berkowitz, M. L.; Darden, T.; Lee, H.; Pedersen, L. G. A
Smooth Particle Mesh Ewald Method.

J. Chem. Phys.

1995, 103, 85778593.

(26) Bussi, G.; Donadio, D.; Parrinello, M. Canonical Sampling through Velocity Rescaling.
J. Chem. Phys.

2007, 126, 014101.

(27) Parrinello, M.; Rahman, A. Polymorphic Transitions in Single-Crystals  a New
Molecular-Dynamics Method.

J. Appl. Phys.

1981, 52, 71827190.

(28) Hess, B.; Bekker, H.; Berendsen, H. J. C.; Fraaije, J. G. E. M. LINCS: A Linear
Constraint Solver for Molecular Simulations.

16

J. Comput. Chem.

1997, 18, 14631472.

(29) Chen, A. A.; Pappu, R. V. Quantitative Characterization of Ion Pairing and Cluster
Formation in Strong 1:1 Electrolytes.

J. Phys. Chem. B

2007, 111, 64696478.

(30) Dang, L. X.; Annapureddy, H. V. R. Computational Studies of Water Exchange around
Aqueous Li+ with Polarizable Potential Models.

J. Chem. Phys.

2013, 139, 084506.

(31) Chang, T.-M.; Dang, L. X. Detailed Study of Potassium Solvation Using Molecular
Dynamics Techniques.

J. Phys. Chem. B

17

1999, 103, 47144720.

for Table of Contents use only

18

