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Our combined analysis of first-principle simulations and experiments conducted on salt solutions at finite
dilution shows that the high frequency range of the infrared spectrum of an aqueous solution of NaCl displays
a shift toward higher frequencies of the stretching band with respect to pure water. We ascribe this effect to
a lowering of the molecular dipole moments due to a decrease in the dipole moments of molecules belonging
to the first and second solvation shells with respect to bulk water. An analysis of the dipole orientation
correlations proves that the screening of solutes is dominated by short-range effects. These jointly experimental
and theoretical results are corroborated by the good agreement between calculated and measured dielectric
constants of our target solution.

1. Introduction

The peculiar structural and solvation properties of water have
long been understood in terms of a continuous hydrogen-bond
(H-bond) network,1-3 where the H-bond lifetime is on the order
of picoseconds.3-5

Several experimental approaches have been used to study
structural correlations in liquid water,6-9 and among them,
infrared (IR) and Raman spectroscopies also provide additional
pieces of information.10-17

However, to date, the molecular origin of the stretching band
νOH in the IR spectrum is still a matter of debate. In fact, this
band is related to the networked structure of water and hence
to the intermolecular coupling due to the H-bonds,4,18-21 whose
effect is to alter the intramolecular O-H bond stretch, thus
affecting the dipole moment and, as a direct consequence, the
IR and vibrational spectra.1,17,20-23 Given this scenario, the
structure of the stretching band is expected to contain additional
information about the H-bond structuring of water. Yet, extract-
ing this important piece of information from the crude data is
a nontrivial task and requires additional atomic-level data not
directly available from experiments.

In this work, we present a combined theoretical and experi-
mental analysis of the IR stretching band of a NaCl solution at
finite dilution, in which the solute density is the one typical of
extracellular environments. The results are compared with the
ones obtained for pure water to disentangle the effects of the
ions from the global behavior of the networked H-bonded water
molecules of the bulk solute.

IR spectra are related to the changes of molecular dipole
moment inside an H-bond network,24,25 and thus such a
comparison can give important insight into the effects of ions
and counterions inside a continuous H-bond network structure.
The role of the solvation shells is analyzed in terms of dipole

space correlations and shows that the primary effects are mainly
restricted to the first hydration shell. These observations have
important consequences on the screening effects of water
solutions and, as such, are bound to be relevant for hydrophilic
interactions of biomolecules.26

2. Experimental Details

Experimental IR spectra of highly pure water and analytical
grade NaCl solutions were obtained with a BOMEM FT-A2000
MB Fourier transform IR spectrometer in an attenuated total
reflection (ATR) configuration using a liquid N2 cooled HgCdTe
(MCT) detector. ATR IR spectroscopy eliminates errors due to
saturation and interference effects for small sample vol-
umes.11-13,15,16,27 Liquid samples (200 µL) were contained in a
Teflon cell attached to a Si(001) ATR crystal prism. The
experimental setup and solution cell are nearly identical to those
used in previous ATR experiments.28,29 The ATR prisms were
0.5 × 10 × 30 mm with 45° bevels on the 10 mm sides,
providing a fixed internal reflection angle of 45°. The design
of the liquid cell requires a gasket to seal it, thus reducing the
effective length of the Si prism, and because of variations in
the size of the Si prism, the resulting number of reflections on
the absorbing medium side can vary from 12 to 19 (i.e., 15 on
average). Spectra were averaged over 400 scans with a resolu-
tion of 4 cm-1 at a fixed temperature of 298 K and collected
under dry nitrogen gas flow to remove residual water vapor and
CO2. NaCl solutions of 1.18% by mass (0.202 M) were prepared
from standard analytical grade NaCl salts and semiconductor
grade ultrapure water (F > 18 MΩ cm). Contact ion pairing
was neglected because it has been shown to be negligible at
concentrations below ∼5 wt % (0.9 M).30 IR spectra were
corrected for both ATR penetration depth dependence17,27 and
density effects.12,24

3. Computational Details

First-principle molecular dynamics simulations were per-
formed within the Car-Parrinello framework (CPMD).31,32
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Valence electrons and atomic positions are treated as dynamical
Lagrangean variables evolving simultaneously via Euler-La-
grange equations of motion in which a fictitious electronic mass
associated with the electronic degrees of freedom ensures an
adiabatic evolution of the electrons and the nuclei.31 The wave
functions of the system are the Kohn-Sham (KS) orbitals, as
provided by the density functional theory (DFT).33 The many-
body part of the interaction, referred to as the exchange and
correlation functional, was represented by Becke34 and Lee-
Yang-Parr35 (BLYP) generalized gradient functionals for the
exchange and correlation parts, respectively. The core-va-
lence interaction was described by norm-conserving Troullier-
Martins pseudopotentials,36 and KS orbitals were expanded in
a plane-waves basis set with a cutoff of 70 Ry in the case of
pure water and 80 Ry in the case of Na+ and Cl- solutions
because of the presence of 2s and 2p semicore states for Na+.
The Brillouin zone of the supercell reciprocal lattice was
sampled at the Γ point only, and periodic boundary conditions
were applied. The integration time step and the electronic
fictitious mass were set to 4.0 au (0.096 fs) and 340.0 au,
respectively, to ensure good control of the conserved quantities
and of the adiabaticity during the dynamics.37 A target temper-
ature of 300 K was controlled via a Nosé-Hoover thermo-
stat.38-40 The fact that the simulation temperature is slightly
higher than the experimental temperature is due to the well-
known problem of DFT-based simulations, which tend to
underestimate the experimental temperature and to give more
or less overstructured radial distribution functions, as extensively
discussed in the literature.41 Because the BLYP functional is
known to be affected by a slight overbinding leading to a sort
of glassy behavior of the dynamics, we performed an auxiliary
simulation increasing the temperature to 350 K to check whether
the system was trapped in a sort of spurious minimum or not
without noticing any changes with respect to the room temper-
ature simulation, as explained in ref 25.

The simulated pure water system consisted of a cubic
supercell containing 64 water molecules of side L ) 12.430 Å
(i.e., a density of 1.0 g/cm3), and the simulation lasted for ∼12
ps. We constructed the salt solution first by equilibrating a larger
cubic supercell of side L ) 15.644 Å containing 128 water
molecules. After about 10 ps equilibration, two water molecules,
separated by ∼9 Å, were replaced by one Na+ and one Cl-;
amounting to a concentration of ∼0.43 M. We chose this
concentration because it is the closest we can get to the
experimental concentration considering the size limits on the
verge of what is feasible by present-day first-principle ap-
proaches of our computational setup. The system was re-
equilibrated for 4.0 ps and statistics were collected during the
following 19.0 ps. It is important to observe that the simulation
times were chosen to allow for meaningful statistics, at least
for the part of the IR spectrum we are focusing on. Specifically,
we are interested in the stretching part of the spectrum, and a
simulation time of 19 ps is sufficiently long to get proper
information from the Fourier transform of the dipole-dipole
autocorrelation function.1 Because initial conditions can have
an influence in the case of solutes dispersed in a solvent,
different starting configurations, with ions at various distances,
were considered, and auxiliary CPMD runs were performed for
shorter simulation times. However, similar ions tend to stay
separated as much as possible, compatibly with the simulation
cell size, and we did not find any significant effect with respect
to the longer simulation started with the configuration described
above.

The total dipole moment was computed at each simulation
step to compute the IR spectrum via Fourier transform of the
dipole-dipole autocorrelation function. Molecular dipole mo-
ments were computed via maximally localized Wannier function
centers (WFCs)42 and uncorrelated configurations extracted from
the trajectories of both systems. It has to be mentioned that
quantum effects might play a role, as was recently discussed
by J. A. Morrone et al.43 In this work, path integral molecular
dynamics (PIMD) was used to compare the results of standard
ab initio MD with the case where nuclear quantum effects are
included. In some cases, the use of PIMD can worsen rather
than improve the agreement with experiments,44 indicating that
other factors such as the degree of accuracy used in the DFT
calculation could be more relevant. Moreover, for our purposes,
a PIMD approach is beyond the possibility of any present-day
computational facility because of the size and time of the
simulations performed here.45 Although quantum vibrations can
be corrected from classical trajectory calculations of small
systems,46 this approach would not be suitable for systems with
hundreds of atoms. Moreover, even if the vibrational frequencies
would be calculated rigorously, calculations of the IR spectra
require calculations of dipole moments, hence not just the atomic
displacements, and the related dipole-dipole autocorrelation
function that are affected by other dominant factors such as the
quality of electron wave functions, the accuracy of the DFT
functional used, the localization technique used for computing
the dipole, and so on. On top of that, we must stress that the
presence of solute ions, as will be discussed in the following
paragraph, has non-negligible local effects on the water
monomers, and the approach used here can take into account
these effects in a self-consistent way. Furthermore, it must be
underscored that quantum corrections are likely to affect mostly
the low-frequency part of the spectrum at room temperature, as
shown in ref 1. Indeed, an approach identical to the one used
here has also been shown to reproduce the IR spectrum of water
accurately under confinement conditions, in which quantum
effects are supposed to be even more important.47 Therefore,
we decided to adopt the approach that has been proven to be
effective in reproducing water’s IR properties.1,47,48

4. Results and Discussion

The experimental IR spectrum and the one computed from
the simulations upon Fourier transform of the dipole-dipole
autocorrelation for pure water and NaCl aqueous solutions turn
out to be in pretty good agreement, as shown in Figure 1A.
The slight overcorrection of bond lengths, inherent in BLYP
gradient-corrected DFT, is responsible for the systematic shift
of the theoretical IR curves.21

For the sake of clarity, because IR spectra of low-concentra-
tion solutions are generally nearly identical to those of pure
water, as in this case, they are typically analyzed as difference
spectra by subtracting the pure water,13,15,16 as seen in Figure
1B for experimental and theoretical NaCl solutions of 0.2 and
0.43 M, respectively. Apart from the absolute intensity and
known shift due to overcorrection in DFT, key features are well
reproduced, that is, the positive (negative) difference peak at
higher (lower) wavenumbers. The larger theoretical prediction
is attributed to the higher concentration used in calculations.
The discrepancy in the lower part of the spectrum, particularly
in the H-O-H bending region, although not relevant to the
present analysis, can be ascribed to: (i) the presence of the solute
that affects the IR spectrum with respect to a pure water system;
(ii) the different salt concentrations used in experiments and in
simulations; (iii) the need for longer simulation times to
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reproduce accurately low frequency bands; and (iv) experimental
uncertainties at low frequencies.

In Figure 2, we report the dipole moment distribution for
pure water (solid line) and the salt solution (dashed line)
computed from the simulations and the difference in the dipole
moment distribution (bold, pure water subtracted out). We notice
that a clear shift in the distribution of molecular dipole moments
appears in the case of the salt solution. Such a shift is in
agreement with both experimental and theoretical IR data of
Figure 1. Previous investigations have shown an increase in the
dipole moment of water from ∼1.8 D, typical of gas phase, to
a maximum of 2.8 D for water clusters and about 3 D for bulk
water.49,50 The shift to lower molecular dipole moments corre-
sponds to an increase in higher wavenumber contributions in
the IR spectra, as seen by a similar qualitative behavior of the
curves in Figure 1B. Because water molecules with fewer
hydrogen bonds typically have lower dipole moments, we
attribute the shifts in IR spectra and molecular dipole moments
to an overall lowering of the tetrahedral symmetry in salty water.

The decrease in the molecular dipole moment due to NaCl
can be macroscopically seen as a decrease in the static dielectric
constant, ε0, and in the Kirkwood factor

defined as the ratio between the square of the total polarizability,
M, and the square molecular dipole, µ, times the number of
molecules, N, comprising the system. It is easily understandable

that for a completely random system with no preferential
orientation, Nµ2 is equal to the square average polarizability,
and hence Gk ) 1. In the case of pure water, where a well-
structured continuous H-bond network is present, experiment
and theory give Gk ) 2.751 and 2.2,52 respectively. Dielectric
relaxation experiments measured ε0 ) 72.91 for 0.404 M NaCl
solutions at 298 K.53 Using the definition of Gk given by eq 1,
this means Gk ) 2.5. A similar analysis on our simulated salt
solution (0.43 M) gives a static dielectric constant of 76 ( 6
and Gk ) 2.44. Both theoretical values for ε0 and Gk are in
good agreement with previous experiments.

To gain deeper insight, we analyzed in more detail the space
correlation between ions and water molecules as well as the
correlation between different water shells when ions are present
in solution. In our previous study, we showed that primarily
the first hydration shell is affected by ions, whereas the
remaining bulk waters are less affected.25 To clarify this claim
better, we performed a study similar to the one in ref 48, where
we computed the spatial dipole-dipole correlation to provide
a measure of how far dipole moments are correlated. This can
offer precise information on the following points: (i) Does the
effect of the ions extend beyond the first or second solvation
shell? (ii) Are size effects relevant so that the approximation
used in our periodically repeated simulation cell is physically
doubtful? To address these issues, we computed the pair dipole
correlation cm(r). Starting from the definition of the dipolar
density correlation

where

is the dipolar density, ri is the position of the ith molecule, and
the dipole correlation function cm(r) is defined as

Figure 1. IR spectra of pure and salty water. (A) Experimental and
theoretical IR spectra of pure and salty water. Curves offset by 1.0
units for clarity. (B) IR difference spectra; the pure water IR spectra
has been subtracted from salty water. Solid and dashed curves are
experiment and theory, respectively.

Figure 2. Gaussian distributions of dipole moments for pure (solid)
and salty (dashed) water and difference curve (bold) from theory. The
distributions are normalized to the area under the curve, and the pure
water curve has been subtracted from salty water for the difference
curve.

Gk ) 〈M2〉
Nµ2

(1)

Figure 3. Dipole correlation of H2O molecules in NaCl solution. The
solid line refers to the inclusion of all water molecules, whereas the
dotted-dashed line refers to the nonsolvating waters. The dashed upper
curve shows the O-O pair correlation for oxygens. Curves are offset
0.5 units along the y axis for clarity.

Cm(r) ) 1
N ∫ 〈m(r + r′) · m(r′)〉d3r′ (2)

m(r) ) ∑
i)1

N

µfiδ(r - ri) (3)

cm(r) ) 1
F

(Cm(r) - 〈µ2〉δ(r)) (4)
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where F is the molecular density. Figure 3 shows the results
for the entire solvent and water molecules not belonging to the
ion’s first hydration shell, respectively.

Interestingly, both curves show a pronounced peak around
2.7 to 2.8 Å, which is due to the alignment of adjacent dipoles
via H bonds. Although a small peak is visible around 5.0 Å,
most of the alignment occurs in the range between 2.5 and 3.3
Å and is a consequence of the standard tetrahedral network of
H-bonded molecules; for comparison, the upper curve shows
the gOO(r) pair correlation function for the oxygens. The decay
of the dipole correlation beyond ∼5.5 Å (second coordination
shell) is an indication that water molecules beyond these
distances are not dipole-correlated with each other, which is in
agreement with ref 52. The negligible long-range dipolar
correlation also implies that size effects are minimal here.

We also calculated the ion-dipole correlation for both Na+

and Cl-. In this case, the ion-dipole correlation is defined using
the same formula as that reported in eq 2 with 〈m(r + r′) ·m(r′)〉
replaced by 〈m(r + r′) · r′〉, where r′ is the position of either
the cation Na+ or the anion Cl-. This quantity gives an
indication of the space correlations of the molecular dipoles
oriented in shells around the ions. The results are summarized
in Figure 4.

Although some additional small alignment occurs at distances
around 4.5 to 5.5 Å, in particular, in the case of the larger anion
Cl-, the first hydration shell is primarily responsible for most
of the orientation. Beyond these distances, the water molecule
dipoles appear to be uncorrelated and largely unaffected by the
presence of the ions. Therefore, the rest of the solvent behaves
like bulk water because screening effects are already achieved
at distances around 5.5 Å. This has practical importance in
several cases where solvating water molecules are present in
limited amounts; for instance, in biosystems such as proteins
or nucleic acids, where a few H2O molecules can be trapped in
pockets or folded structures, together with counterions.

5. Conclusions

In conclusion, experiments and simulations show that salt
ions modify the IR properties of water as a consequence of
changes in the distribution the molecular dipole moments of
the solution. Both theory and experiments indicate a lowering
of dipole moments; this lowering is partially due to the
molecules in the first and second solvation shells not being
polarized to the extent of water molecules in bulk water. As
shown in previous studies48,52 and confirmed here, the dipole

orientation correlation of molecules outside the first two
solvation shells is largely unaffected by the ions, therefore
indicating that screening effects even work at short distances.
This has important consequences in biomolecular systems where
hydration radii can range from 5 to 18 Å.54,55 The negligible
dipole correlation found beyond 5 Å indicates that size effects
are not relevant in this case and are not responsible for the
effects observed. This is corroborated by the agreement of the
dielectric constant of NaCl calculated from our simulations and
that reported for previous experiments on analogous solutions
and from the complementary information provided by our
experiments.
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