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Ab Initio Molecular Dynamics Simulations of the In�uence of
Lithium Bromide on the Structure of the Aqueous Solution�Air
Interface
Christopher D. Daub,* Vesa Ha�nninen, and Lauri Halonen
Department of Chemistry, University of Helsinki, P.O. Box 55, Helsinki 00014, Finland

ABSTRACT: We present the results of ab initio molecular dynamics simulations of the solution�air interface of aqueous
lithium bromide (LiBr). We �nd that, in agreement with the experimental data and previous simulation results with empirical
polarizable force �eld models, Br� anions prefer to accumulate just below the �rst molecular water layer near the interface,
whereas Li+ cations remain deeply buried several molecular layers from the interface, even at very high concentration. The
separation of ions has a profound e�ect on the average orientation of water molecules in the vicinity of the interface. We also
�nd that the hydration number of Li+ cations in the center of the slab Nc,Li+�H2O � 4.7 ± 0.3, regardless of the salt concentration.
This estimate is consistent with the recent experimental neutron scattering data, con�rming that results from nonpolarizable
empirical models, which consistently predict tetrahedral coordination of Li+ to four solvent molecules, are incorrect.
Consequently, disruption of the hydrogen bond network caused by Li+ may be overestimated in nonpolarizable empirical
models. Overall, our results suggest that empirical models, in particular nonpolarizable models, may not capture all of the
properties of the solution�air interface necessary to fully understand the interfacial chemistry.

� INTRODUCTION
From seawater to the cellular environment and in many
industrial processes, ionic salts are a major component of
aqueous systems. Great progress has been made in under-
standing the in�uence of monatomic salt ions on, for example,
the air�liquid interface. The determination of the tendency of
larger anions such as Br� and I� to reside at or near the edge of
an aqueous interface, in opposition to classical solution
theories,1 resulted from an intensive combination of
experimental, simulation, and theoretical work over the course
of many years.2�12 The molecular simulation aspects of this
story relied on the ability of classical polarizable models to
describe the ion�water interactions in a way that could
account for the changing electronic properties of the ions,
leading to a polarization-driven change in the ionic solvation
and the appearance of a free energy minimum for ions near the
interface.3�5,12�14 However, a debate continues regarding
whether reparameterized nonpolarizable models may still be
able to reproduce the correct interfacial behaviors.15�17

Polarizability may also be important for the correct description
of ionic interactions at other interfaces, for example, binding of
Ca2+ to phospholipid bilayers18 or interactions of Na+ with
silica nanopores.19

Given the tremendous interest in and importance of better
understanding the air�water interface of ionic solutions,
initially, it seems remarkable that simulation methods which
go beyond empirical polarizable models have not been used
much to study this system. It is only recently that progress in
computational technology has made ab initio molecular
dynamics (AIMD) tractable for the study of the interfacial
properties of simple neat water.20�24 The introduction of salt
ions adds new challenges, including ensuring that the same
methods and basis sets used for pure water are adequate when
ions are added and considerably longer simulation times to
converge structural and dynamical properties of interest. Two
recent studies have investigated the air�liquid interface of
aqueous sodium chloride using Car�Parrinello molecular
dynamics (CPMD).25,26 Previously, quantum chemical inves-
tigations of ion interactions in interfacial aqueous systems were
limited to rather small clusters27�29 or single ions in a water
slab,14,29 which while relevant, are not su�cient to describe a
more concentrated solution with an extended interface.
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In this study, we examine the e�ect of addition of lithium
bromide (LiBr) salt to water using density functional theory
(DFT)-based simulations, in particular AIMD, and more
speci�cally Born�Oppenheimer molecular dynamics
(BOMD). In BOMD, the DFT functional is fully minimized
at each timestep, in contrast to the more e�cient but
somewhat approximate CPMD methodology. On the other
hand, BOMD allows the use of longer integration timesteps
than CPMD. Our choice of LiBr is motivated by our previous
investigations using BOMD to study the properties of formic
acid and other molecules at a water�air interface,30,31 which in
turn was an attempt to use simulations to interpret
experimental investigations of molecular collisions with liquid
microjets, and the probability that the molecules are absorbed
or re�ected by the liquid surface.32,33 These experiments must
use very high concentrations (�8 M) of lithium bromide or
some other highly soluble salt to avoid water evaporation. It
seems plausible that these high salt concentrations may also
impact on the interactions between incident molecules and the
liquid surface. Concentrated aqueous solutions of LiBr are also
used as liquid desiccators in industrial applications,34 and so,
their interfacial properties may be of interest in these �elds as
well.

We have simulated aqueous LiBr in a pseudo-two-dimen-
sional slab geometry, focusing on the interfacial structure of the
solutions, but our results are also relevant to answer some basic
questions about both Li+ and Br� solvation in bulk solution. In
particular, resolving the Li+ hydration number has been a long-
standing issue. All simulations with nonpolarizable empirical
models predict a stable tetrahedral coordination shell with four
hydrating water molecules, and no otherwise reliable non-
polarizable empirical model for the Li+�water interaction has
been shown to predict much deviation from this tetrahedral
hydration.35 One interpretation of this very stable tetrahedral
coordination is that the Li+ ion acts in some ways as a larger
ion which includes the four hydrating water molecules.17,36

Available simulation data using AIMD or hybrid QM-MM
methods also indicate a tetrahedral coordination for Li+;37�39

however, these studies did not include dispersion e�ects in
their computations of the quantum mechanical potential
energy surface, and because inclusion of dispersion has been
shown to be critical to describe the structure of pure water
accurately,23,24,40�43 it is likely that dispersion will be
important in ionic solutions as well. Inclusion of dispersion
has already been found to be important in CPMD simulations
of the solution�air interface of aqueous sodium chloride.26

Recent quantum chemical results also demonstrate that the
tetrahedral cluster of Li+·4H2O has higher binding energy per
molecule than the hexagonal Li+·6H2O cluster but with some
evidence for a more labile solvation shell than that predicted by
empirical methods.44

By contrast, experimental data derived from neutron
scattering in LiCl aqueous solutions measure signi�cantly
larger hydration numbers, about 4.3 at higher concentration
and as high as 5.9 as the ion concentration is lowered.45�47

Available simulation data using empirical polarizable mod-
els48,49 indicate that they can also be parameterized to generate
Li+ coordination numbers above four, which are in better
agreement with the experimental data. The simulations we
present in this work using a fully quantum mechanical
description of the potential energy surface and fewer adjustable
parameters may represent a signi�cant step forward in more
accurately describing the Li+ coordination shell.

� COMPUTATIONAL DETAILS
For initial equilibration and for comparison with AIMD, we
used LAMMPS50 (11 Aug 2017 version) to run MD
simulations using empirical nonpolarizable models. The
TIP4P-Ew model51 was applied for water atoms along with
the associated Joung�Cheatham ion models52 designed for use
with this water model. In the two-dimensional (2D) periodic
slab geometry, we applied the correction to the three-
dimensional (3D) Ewald summation including the usual
�ctitious extra space 3Lz added to prevent interactions between
periodic images in the z direction,53 where the z direction is
de�ned to be perpendicular to the interface. Walls with
repulsive Lennard-Jones potentials were placed at z = 0 and z =
Lz in order to prevent any rare evaporating molecules from
being lost in the nonperiodic z dimension. A Langevin
thermostat was applied to maintain the temperature T near
300 K.

After initial equilibration over several nanoseconds with the
empirical models, molecular snapshots were used to instantiate
ab initio BOMD simulations. These simulations were run using
the QUICKSTEP module implemented in the CP2K code54

with a timestep of 0.25 fs. The energy density cuto� used was
280 Ry, the default value in CP2K. For the density functional
computations of the potential energy, the BLYP exchange�
correlation functional55,56 was used in conjunction with
Grimme’s D2 dispersion correction.57,58 Available results
comparing the e�ect of Grimme’s more advanced D3
correction with D2 on aqueous systems indicate that the
main impact is an improvement in modeling dynamical
properties such as the di�usion constant.59 Because dynamical
properties are not the focus of this work, we used the D2
correction to allow direct comparison with our previous
investigations of similar interfacial aqueous systems.

The DZVP-MOLOPT-SR-GTH basis functions were used
for the basis sets along with the BLYP�GTH pseudopoten-
tials.60 This combination of the level of DFT and basis set has
been shown to be su�cient to describe both bulk water and
the air�water interface with a high level of accuracy;23,42,59

however, the equilibrium water density at T = 300 K and zero
pressure is somewhat overestimated.30,41 There are results
showing that a triple-zeta basis set (TZV2P) may better
reproduce the correct density of water at T = 300 K;24

however, this larger basis set would have signi�cantly increased
the computational cost of our simulations. Instead, we have
run our simulations at T = 330 K in order to more closely
match the expected density at room temperature. The
temperature was held constant by using a Nose�Hoover
chain thermostat of length 3 and time constant 50 fs applied
on the massive degrees of freedom.61,62 The BOMD
simulations were run in a 3D periodic geometry with su�cient
empty space to prevent signi�cant errors because of
interactions between periodic images in the z direction.

We found that the potential energy of the AIMD simulations
converged after only a few ps of simulation time, after which,
we began to accumulate data. A snapshot of the equilibrated
AIMD simulation system with 44H2O molecules and 10 LiBr
pairs is shown in Figure 1. We de�ne the z axis consistently as
the direction perpendicular to the liquid�air interface. In all of
our data analyses, we set the origin of the z axis at the Gibbs
dividing surface, de�ned as the point where the number
density of the liquid has dropped to half of the density in the
center of the slab, as shown schematically in Figure 1.
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