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Abstract Hydrogen bonds play critical roles in deter-
mining the structural, thermodynamic and dynamical
behavior of water and aqueous solutions. In solutions of
ions in water, the hydrogen bonded network can be per-
turbed significantly by the presence of ions. This pertur-
bation, in turn, changes many of the equilibrium and
dynamical properties of water in the solutions compared to
those in pure water. The network of hydrogen bonds is
dynamic in nature. It fluctuates at a very fast rate due to
breaking and reformation of hydrogen bonds. In the present
article, a brief review is made of some of the recent
computer simulation studies to ‘see’ these hydrogen bon-
ded molecules in motion in aqueous solutions. Connections
of the simulation results are also made to some of the
recent experimental studies on aqueous solutions using the
method of time dependent infrared spectroscopy.

Keywords Molecular simulations - Dynamics of liquids -
Aqueous solutions

1 Introduction

ichard Feynman famously said in his 1963 Lectures on
Physics “Everything that living things do can be understood
in terms of the jiggling and wiggling of atoms”. The Rahman
1964 paper on “Correlations in the Motion of Atoms in
Liquid Argon” [1] opened the era of molecular dynamics
simulations to see these ‘jiggling and wiggling’ of atoms in
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liquids in virtual laboratories set up in computers. Water is
‘The Liquid’ of nature. The structure and dynamics of water
are primarily determined by the strong and directional
intermolecular hydrogen bonds between oxygen and
hydrogen atoms. In an ideal scenario, each water molecule
would have four hydrogen bonds but in reality it is less by
about 10-12 % in the liquid phase due to thermal fluctuations
[2]. In liquid water, hydrogen bonds break and reform at an
amazingly fast rate due to the cooperative nature of such
phenomena. The dynamics of hydrogen bond fluctuations
influence just about every chemical process in water in one
way or the other [3]. When ions are dissolved, the structure of
water is perturbed. Presence of ions affects the local density
and orientation of water molecules and can even lead to
formation of new hydrogen bonds of different characters.
Hence, the structure and dynamics of aqueous ionic solutions
can be rather different from those of pure water. A molecular
understanding of such changes requires an in-depth study of
the perturbation of hydrogen bonds by ions both structurally
and dynamically.

There have been many experimental studies based on
infrared and Raman spectroscopic measurements [4—6],
extended X-ray absorption fine structural spectroscopy [7,
8], neutron diffraction with isotopic substitution [9—-11],
nonlinear time dependent infrared spectroscopy over the
years to elucidate the effects of ions on hydrogen bonding
network in water. The most successful among them have
been the recent time dependent infrared spectroscopic
studies [12—15] which have provided a rather detailed
picture of the dynamical nature of hydrogen bonded net-
work in water and how is the network perturbed by the
presence of ions. In spite of all these experimental studies,
computer simulations still perhaps offer the most important
tool to investigate the structural and dynamic properties of
aqueous ionic solutions at molecular level.
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Recent experiments using femtosecond pump probe
spectroscopy showed that the rotational dynamics of water
molecules are not significantly affected by ions beyond
their first solvation shells, even for concentrations as high
as 6 M. This led to the conclusion that the hydrogen boned
network essentially remains unchanged beyond the first
solvation shell. The hydrogen bond dynamics of solvation
shells of halide ions in water were initially reported to be
an order of magnitude slower [12, 13]. These studies of
hydrogen bond dynamics were based on time dependent
investigations of the so-called vibrational spectral diffusion
arising from vibrational frequency fluctuations due to
fluctuations in hydrogen bonds. However, more recent
infrared transient absorption and two-dimensional infrared
studies [14, 15] reported that the spectral diffusion and
hydrogen bond dynamics of water in the solvation shells of
halide ions could be slower by a factor of 2—4 compared to
that in bulk water at room temperature. Also, the dynamics
was found to become slower with increase of ion
concentration.

On the theoretical side, the structure and dynamics of
aqueous ionic solutions have been studied through many
computer simulation studies using a variety of simulation
methods. The dynamics of hydrogen bond fluctuations and
vibrational spectral diffusion have been investigated first
through classical molecular dynamics [16—18] and then by
means of ab initio molecular dynamics [19-21]. In the
present article, we make a brief review of some of the
recent theoretical work in this area. Clearly, we do not
intend to be exhaustive. In the next Section, we give a brief
account of the methodologies used in theoretical calcula-
tions and in Sect. 3, we describe some of the results on
both the structural and dynamical aspects of hydrogen
bonds. Our conclusions are briefly summarized in Sect. 4.

2 Simulation Methods for Calculations
of Dynamical Network of Hydrogen Bonds

Both classical and ab initio molecular dynamics simula-
tions have been performed to investigate the dynamical
network of hydrogen bonds in water and aqueous ionic
solutions [16-21]. In classical molecular dynamics simu-
lations, one uses pre-defined empirical interaction poten-
tials to model various inter-molecular interactions. For
water, most of the recent studies have employed the so-
called three-site SPC/E [22] or similar multi-site models
whereas for ions, one typically uses the models of Lennard-
Jones particles with charges [23-25]. The parameters of
these models are well-tuned to provide good description of
water and aqueous solutions at room temperature. Specif-
ically, we will be discussing about aqueous solutions of
sodium chloride and sodium bromide solutions for which
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the details of various parameters are available in above-
mentioned references.

We note that essentially all of the available empirical
potentials of water and ions are developed for ambient
water. They are not readily applicable to non-ambient
thermodynamic conditions. Also, changes of electronic
structure of the solvent with varying ion concentration are
generally not incorporated in the empirical models. The
method of ab initio molecular dynamics goes beyond the
use of such pre-defined empirical potentials and incorpo-
rates a full quantum mechanical description of the inter-
particle interactions. Specifically, the Car—Parrinello and
Born—Oppenheimer molecular dynamics methods have
made possible simulations of liquid water purely from first
principles [26, 27]. These simulation methods consider
electronic degrees of freedom through quantum density
functional theory (DFT) and the ionic motion by classical
dynamics at a finite temperature. Quantum mechanical
methods other than DFT for electronic structure calcula-
tions have also been used. Since no predefined empirical
potentials are used in these methods, they are ideally suited
for studying complex liquids such as water under a variety
of thermodynamic conditions and chemical environments.
It may be noted that the ab initio molecular dynamics
simulations are computationally much more expensive than
classical simulations which use empirical interaction
potentials. However, recent increase in high performance
computing power coupled with more efficient algorithms
have made ab initio simulation a powerful method in
practice for investigating various complex chemical pro-
cesses at different thermodynamic conditions.

3 Hydrogen Bonds and Vibrational Spectral
Diffusion

Generally in liquid state theories of hydrogen bonded lig-
uids, a set of geometric criteria is used to define a hydrogen
bond. However, other kinds of definitions, say based on
energetic criteria, are also available in the literature. In the
following, we discuss some of the results of hydrogen
bonds in aqueous solutions using geometric criteria as
described in Ref. [16-21]. Two water molecules are said to
be hydrogen bonded if their inter-oxygen distance is

<3.5 A and simultaneously hydrogen—oxygen distance is
<2.45 A. A chloride ion is said to be hydrogen bonded
with a water molecule if the chloride-oxygen distance is
<3.90 A and simultaneously the hydrogen-chloride dis-
tance is <3.05 A. Similarly, hydrogen bonds with other
solute ions can also be defined using proper cut-off dis-
tances for ion-oxygen and ion-hydrogen distances. We note
that these cutoff distances are determined from the relevant
pair correlation functions of the ion-water systems. We also
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note that, in addition to distance cut-offs, sometimes angle
cut-offs are also used in the definition of hydrogen bonds.

The numbers in Table 1 shows how the hydrogen bon-
ded structure is affected by the presence of ions. It can be
seen that the number of water—water hydrogen bonds
decreases significantly in the vicinity of ions. The change is
more significant at higher ion concentration. However, a
good part of the loss of water—water hydrogen bonds is
compensated by the formation of new ion-water hydrogen
bonds, so that the net number of hydrogen bonds per water
does not change much beyond the first solvation shell.
These results can be corroborated with earlier spectro-
scopic findings of aqueous ionic solutions [12, 13]. The
results discussed above are for classical molecular
dynamics of aqueous NaCl solutions [18]. Ab initio
molecular dynamics simulations have also been carried out
for a variety of aqueous ionic solutions to explore the
perturbation of hydrogen bonds by ions [19-21]. These
simulations have also revealed that the number of water—
water hydrogen bonds is reduced significantly in the
vicinity of halide ions, however some the lost water—water
hydrogen bonds are compensated by newly formed anion-
water hydrogen bonds. In particular, each of the chloride
and bromide ions were found to form about five hydrogen
bonds with surrounding water molecules [19-21].

Apart from the hydrogen bonded structure, the dynamics
of hydrogen bonds has also been investigated for many
aqueous ionic solutions by means of both classical
molecular dynamics and ab initio molecular dynamics
simulations [16-21]. These studies have generally shown a
slowing down of the dynamics with ion concentration for
diffusion and orientational relaxation. The dynamics of
hydrogen bonds are directly looked at by constructing
suitable time correlation functions of hydrogen bond pop-
ulation variables. The underlying dynamics can also be
investigated indirectly through calculations of frequency
time correlations of stretch modes of water. The frequen-
cies of stretch modes of water are greatly dependent on the
nature of the associated hydrogen bonds, hence any fluc-
tuation in the associated hydrogen bond would alter the
stretch frequency. Thus, the fluctuation dynamics of the
stretch frequencies would capture the dynamics of hydro-
gen bonds. It may be noted that this correlation forms the

basis of the interpretation of all time dependent infrared
spectroscopic results of vibrational spectral diffusion.

In the following, we discuss some of the results of
aqueous ionic solutions at quantitative level. These results
are from ab initio molecular dynamics of aqueous NaCl,
NaBr and Nal solutions. For NaCl solution, the dynamics
of frequency fluctuations, or the vibrational spectral
dynamics, was found to occur in time scale of about 2 ps at
low concentration having only one Cl™ ion and it slows
down to about 3 ps when the concentration is increased to
about 3.5 M. For Nal solutions, the relevant time scales of
spectral diffusion are 2.2 ps for only one ion in water and
3.3 ps for a concentrated solution. These results are in
general agreement with time dependent infrared spectro-
scopic results of Ref. [14]. Thus, the simulations were
found to correctly predict how the dynamics of vibrational
spectral diffusion slows down with ion concentration.
Regarding the hydrogen bond dynamics, it was, however,
found that the bromide-water and iodide-water hydrogen
bonds are weaker than water—water hydrogen bonds and, in
fact, these ion-water hydrogen bonds have shorter lifetimes
than water—water hydrogen bonds. Since the number of
ion-water hydrogen bonds increases with ion concentra-
tion, the dynamics of overall hydrogen bonds would
become faster with increase of ion concentration. Still, the
spectral diffusion was found to slow down. This meant that
apart from hydrogen bond fluctuations, other dynamics
modes such as rotation are also involved in influencing the
dynamics of spectral diffusion. A more quantitative anal-
ysis of this aspect is available in Ref. [20, 21].

4 Conclusions

In this article, we have presented a brief review of some of
the recent studies aimed at investigating the motion of
molecules in aqueous solutions. We have described the
power of molecular dynamics simulations in unraveling the
‘jiggling and wiggling’ of atoms in the solutions. The roles
of recent time dependent infrared spectroscopy as a pow-
erful experimental tool for such studies are also discussed.
Specifically, we have discussed some of the recent results
of the structure and dynamics of hydrogen bond network in

Table 1 The average number of hydrogen bonds per water molecule Ny in infinitely dilute and 5.3 M NaCl solutions at 298 K [18]

Cl™ first shell C1™ second shell Na™ first shell Nat second shell Bulk water
Water—water 2.86 3.78 2.53 3.82 3.75
Infinitely dilute 5.3 M 2.10 2.76 1.96 2.79 2.68
Water—water and ion water 3.81 3.78 2.53 3.82 3.76
Infinitely dilute 5.3 M 3.22 3.25 2.53 3.47 3.29
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aqueous solutions. We have discussed how the structure
and dynamics of the hydrogen bonds get affected by the
presence of ions. We have analyzed the average number of
hydrogen bonds per water molecule, first considering only
water—water hydrogen bonds and then considering both
water—water as well as ion-water hydrogen bonds. It is
reported that although the number of water—water hydro-
gen bonds is significantly reduced in the first solvation
shell of the ions, a good part of the loss is compensated by
the formation of ion-water hydrogen bonds. With increase
in concentration, the ion-water hydrogen bonds are found
to replace many of the water—water hydrogen bonds.

On the dynamical side, results are discussed for the
effects of ions on the dynamics of hydrogen bond fluctu-
ations and vibrational spectral diffusion. The vibrational
spectral diffusion of the stretch modes of water arises from
frequency fluctuations due to fluctuations in the associated
hydrogen bonds. Generally, it is found that the presence of
ions slow down the dynamics of vibrational spectral dif-
fusion which is in agreement with recent time dependent
infrared spectroscopic experiments. The dynamics of
hydrogen bonds, however, can be both slower [19] or faster
[20, 21] depending on the nature of ions. For bromide and
iodide ions, the ion-water hydrogen bonds relax at a faster
rate than water—water hydrogen bonds as the former are
weaker hydrogen bonds. These results imply that other
modes of motion also influence the dynamical character-
istics of vibrational spectral diffusion. For example, rota-
tional motion of water in the vicinity of ions or the
reformation dynamics of water from a non-hydrogen bon-
ded state to a hydrogen bonded state can also alter the
frequency of the concerned stretch modes of water, hence
can influence the dynamics of vibrational spectral diffusion
in aqueous ionic solutions.

Acknowledgments Author gratefully acknowledge the financial
support from Department of Science and Technology (DST),
Government of India.

References

1. Rahman A (1964) Correlations in the motion of atoms in liquid
argon. Phys Rev 136:A405

2. Rahman A, Stillinger FH (1971) Molecular dynamics of liquid
water. J Chem Phys 55:3336-3359

3. Bagchi B (2013) Water in biological and chemical processes:
from structureand dynamics to function. Cambridge University
Press, Cambridge

4. Walfaren GE (1966) Raman spectral studies of the effects of
temperature on water and electrolyte solutions. J Chem Phys
44:1546-1558

5. Walfaren GE (1970) Raman spectral studies of the effects of
perchlorate ion on water structure. J Chem Phys 52:4176-4198

6. Amo Y, Tominaga Y (2000) Dynamical structure of XCl
(X = Li, Na, K) aqueous solutions by low-frequency Raman

@ Springer

10.

11.

12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

scattering: relation between 50 cm ™' vibration mode and relax-
ation mode. Phys A 275:33-47

. Pfund DM, Darab JG, Fulton JL, Ma Y (1994) An XAFS study of

strontium ions and krypton in supercritical water. J Phys Chem
98:13102-13107

. Wallen SL, Pfund DM, Fulton JL (1998) The ion pairing and

hydration structure of Ni*' in supercritical water at 425 °C

determined by X-ray absorption fine structure and molecular
dynamics studies. J] Chem Phys 108:4039-4046

. Enderby JE (1995) Ion solvation via neutron scattering. Chem

Soc Rev 24:159-168

de Jong PHK, Neilson GW, Bellissent-Funel MC (1996)
Hydration of Ni*" and CI~ in a concentrated nickel chloride
solution at 100 °C and 300 °C. J Chem Phys 105:5155-5159
Yamaguchi T, Yamagami M, Ohzono H, Wakita H, Yamanaka K
(1996) Chloride-ion hydration in supercritical water by neutron
diffraction. Chem Phys Lett 252:317-321

Omta AW, Kropman MF, Wouterson S, Bakker HJ (2003)
Negligible effect of ions on the hydrogen-bond structure in liquid
water. Science 301:347-349

Omta AW, Kropman MF, Wouterson S, Bakker HJ (2003)
Influence of ions on the hydrogen-bond structure in liquid water.
J Chem Phys 119:12457-12461

Park S, Fayer MD (2007) Hydrogen bond dynamics in aqueous
NaBr solutions. Proc Natl Acad Sci USA 104:16731-16738

. Timmer RLA, Bakker HJ (2009) Hydrogen bond fluctuations of

the hydration shell of the bromide anion. J Phys Chem A
113:6104-6110

Chandra A (2003) Dynamical behavior of anion-water and water—
water hydrogen bonds in aqueous electrolyte solutions: a
molecular dynamics study. J Phys Chem B 107:3899-3906
Chowdhuri S, Chandra A (2006) Dynamics of halide ion-water
hydrogen bonds in aqueous solutions: dependence on ion size and
temperature. J Phys Chem B 110:9674-9680

Nag A, Chakraborty D, Chandra A (2008) Effects of ion con-
centration on the hydrogen bonded structure of water in the
vicinity of ions in aqueous NaCl solutions. ] Chem Sci 120:71-77
Mallik BS, Semparithi A, Chandra A (2008) A first principles
theoretical study of vibrational spectral diffusion and hydrogen
bond dynamics in aqueous ionic solutions: D,O in hydration
shells of C1™ ions. J Chem Phys 129:194512

Karmakar A, Choudhuri JR, Yadav VK, Mallik BS, Chandra A
(2013) A first principles simulation study of vibrational spectral
diffusion in aqueous NaBr solutions: dynamics of water in ion
hydration shells. Chem Phys 412:13-21

Karmakar A, Chandra A (2015) Water in hydration shell of an
iodide ion: structure and dynamics of solute-water hydrogen
bonds and vibrational spectral diffusion from first-principles
simulations. J Phys Chem B 119:8561-8572

Berendsen HJC, Grigera JR, Straatsma TP (1987) The missing
term in effective pair potentials. J Phys Chem 91:6269-6271
Koneshan S, Rasaiah GC, Lyndel-Bell RM, Lee SH (1998) Sol-
vent structure, dynamics, and ion mobility in aqueous solutions at
25 °C. J Phys Chem B 102:4193-4204

Smith DE, Dang LX (1994) Computer simulations of NaCl
association in polarizable water. J Chem Phys 100:3757-3766
Dang LX, Smith DE (1995) Comment on ‘‘Mean force potential
for the calcium-chloride ion pair in water’’ [J. Chem. Phys. 99,
4229 (1993)]. J Chem Phys 102:3483-3484

Car R, Parrinello M (1985) Unified approach for molecular
dynamics and density-functional theory. Phys Rev Lett
55:2471-2474

Marx D, Hutter J (2009) Ab initio molecular dynamics: basic
theory and advanced methods. Cambridge University Press,
Cambridge



	Seeing Molecules in Motion in Aqueous Solutions
	Abstract
	Introduction
	Simulation Methods for Calculations of Dynamical Network of Hydrogen Bonds
	Hydrogen Bonds and Vibrational Spectral Diffusion
	Conclusions
	Acknowledgments
	References




