
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 14 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Molecular Simulation
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713644482

Molecular Dynamics Simulation of OH- in Water
Mario G. Campoa; J. Raul Grigerab

a Departamento de Física, Facultad de Ciencias Exactas y Naturales, Universidad Nacional de La
Pampa, Santa Rosa, Argentina b Instituto de Física de Líquidos y Sistemas Biológicos (IFLYSIB), UNLP-
CONICET-CIC, La Plata, Argentina

To cite this Article Campo, Mario G. and Grigera, J. Raul(2004) 'Molecular Dynamics Simulation of OH- in Water',
Molecular Simulation, 30: 8, 537 — 542
To link to this Article: DOI: 10.1080/0892702042000212821
URL: http://dx.doi.org/10.1080/0892702042000212821

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713644482
http://dx.doi.org/10.1080/0892702042000212821
http://www.informaworld.com/terms-and-conditions-of-access.pdf
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(Received July 2003; In final form March 2004)

We have simulated the hydration and diffusion of the
OH2 ions in water as well as the OD2 ions in heavy
water by classical molecular dynamics. We find that the
dynamics of the solvation complex continuously fluctu-
ates among H3O2

2 ; H5O2
3 ; H7O2

4 ; H9O2
5 and H11O2

6
hydration structures. We have observed that the
structures H5O2

3 and H7O2
4 are more frequent than the

others. The diffusion coefficient of OH2 agrees with
experimental values. The use of deuterium in the
simulation instead of hydrogen has altered the results
clearly, the hydration structures of the OD2 in heavy
water are more stable, more compact and they diffuse
more slowly than the corresponding structures in H2O.
The results are in good agreement with previous
quantum simulations.

Keywords: Hydroxyl ions; Heavy water ions; Diffusion coefficients
of water ions; Water ions hydration

INTRODUCTION

The hydroxyl ions are fundamental actors in many
chemical processes which take place in water; many
of them are biological importance. In particular, the
OH2 ion is one of the main components in “pure”
water at non-neutral pH. The OH2-ion formation in
water is a very well studied problem [1 – 3].
However, there is as yet no computational model
that reproduces convincingly its hydration and
dynamics.

The OH2 ion is involved in the process of
transport of protons in water. During this process
one of the protons is transferred from a water
molecule or hydronium ðOHþ

3 Þ to the OH2 along
hydrogen bonds. This process is considered as an
example of the Grothus chain mechanism, where

the proton moves from one place to another along
interconnected water molecules. This mechanism is
faster than normal ion diffusion, which is considered
as a process of secondary importance. However, the
OH2 ion has a half life of around 2 or 3 ps period
during which it does not have proton transfer.

Tuckerman et al. [4] have studied the process of
transport of protons in water with ab initio molecular
dynamics. They found two hydration structures of
the OH2 in water: H7O2

4 with three water molecules
surrounding the oxygen of the OH2, and H9O2

5 with
four water molecules around it. Water molecules are
linked by hydrogen bonds to the OH2 oxygen. The
OH2 proton is linked by a hydrogen bond to a water
oxygen. Also, according to these authors, the H7O2

4

structure is more integrated to the solvent environ-
ment; thus the proton transfer is favoured. In the
H9O2

5 structure the hydrogen bonds are in a
plane perpendicular to the O–H axis of the OH2.
This planar conformation hinders the transfer
of protons since it does not fit in the water structure.
The H9O2

5 is a well defined anionic structure which
does not diffuse during the simulation, in contrast
to H7O2

4 ; which diffuses over appreciable distances.
These authors used a box with 31 water molecules
and one OH2.

Hashimoto and Hiwatari [5] have studied the
problem using classical molecular dynamics
simulation (MD) with the Kumagai-Kawamura-
Yokokawa (KKY) model potential [6] which allows
analysing molecule dissociations. They simulated
64 molecules of water with one OH2 ion during
24 ps. These authors found only the H9O2

5 structure
in their simulation, but the planar configuration of
the hydrogen bonds reported in Refs. [4,5] was not
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observed and the proton transfer did not take place
during the simulation time.

However, in the above mentioned works, the
simulation method used has two disadvantages. On
the one hand, their high computational cost forces
very short simulation times; therefore, the con-
clusions regarding molecule solvation must be taken
with caution. The calculation of the radial distri-
bution functions requires simulation times much
longer than those used by these authors to ensure
that the system visits most of the possible configur-
ations. On the other hand, in both works deuterium
is used instead of hydrogen. This substitution is
justified by the difficulties of the simulation methods
used. However, the use of deuterium instead of
hydrogen in the computational model of water
significantly alters the results.

In this work, we have studied the hydration and
diffusion of OH2 in water using classical MD
methods. Although this method does not allow the
study of the transfer of protons, the computer
requirements of classical MD are much lower than
those demanded by ab initio methods. Thus MD
allows us to carry out longer simulations with a
larger systems, therefore yielding a more refined
vision of these phenomena.

METHOD

Molecular Dynamics. Computational Details

We have two systems, where one is obtained from
the other by replacing all hydrogen atoms with
deuterium atoms System 1: the system where the
water is the solvent, and OH2 ions the solutes, and
System 2: the system with OD2 ions dissolved in
heavy water. In both systems there are 212 solvent
molecules and 4 solute molecules, in a cubic box with
periodic boundary conditions.

To model the solvent we used SPC/E water [10] in
System 1, and SPC/HW [11] in System 2. In both
models the geometry is the same, namely the O–H
distance is 0.1 nm, and the HÔH angle is 109.478.
The potential reads

Ui;j ¼
C12

r00ði; jÞ

� �12

2
C6

r00ði; jÞ

� �6

þ
X3

a¼1

X3

b¼1

qaðiÞqbðjÞ

rabðijÞ
ð1Þ

The van der Waals interaction involves only the
oxygen atoms [the Lenard-Jones parameters were, for
both systems, C6 ¼ 0:37122ðkJ=molÞ1=6 nm and
C12 ¼ 0:3428ðkJ=molÞ1=12 nm]. In SPC/E the oxygen
atom charge is 20.8476 e, and the hydrogen atom
charge 0.4238 e. In SPC/HW the values are 20.87 e
and for oxygen and 0.435 e for deuterium. The OH2

(OD2) ions model is based on the corresponding
water model deleting one hydrogen (deuterium) atom,
keeping the O–H (O–D) distance and the charges.

As the initial configuration for System 1 (respect-
ively System 2) we used an SPC/E (SPC/HW)
configuration in which we eliminated four
hydrogen (deuterium) atoms belonging to different
water molecules.

We carried out 20 steps of energy minimization in
both systems while keeping the solute positionally
restrained, until the absolute change in the total
(potential) energy became smaller than 0.1 kJ mol21.
Then, we relaxed each system by 200 steps of energy
minimization without constraints, obtaining a unit
cell of 1:86 £ 1:86 £ 1:86 nm3 with a final density of
water of 0.991 g cm23 in System 1, and a unit cell of
1:87 £ 1:87 £ 1:87 nm3 with a density of heavy water
of 1.083 g cm23 in System 2.

In MD the equilibration criterion was to require
constant potential energy density and a coupling
thermal coefficient (i.e. the coefficient that multiplies
the velocities to adjust the temperature to the
reference) equal to 1 ^ 1026 in an average of 20 ps.

Although the radial distribution function is
satisfactorily obtained using a time step of 1 fs, the
analysis of hydration structures requires a time step
shorter than the lifetime of the structures. We have
reduced the time step gradually to obtain the larger
value that allows description of the hydration
structure, which turns out to be 0.5 fs.

We used the isobaric–isothermal ensemble by
weakly coupling of the system to thermal and
hydrostatic baths using Berendsen’s thermostat [8].
We have set the thermal bath to a reference
temperature of 300 K and a time constant ts ¼ 5 fs
and for the constant pressure a reference pressure of
1:013 £ 105 Pa (1 atmosphere), and a pressure time
constant tp ¼ 50 fs:

To compute the interactions we used a twin range
method [12] which evaluates the potential at every
step for short distances (less than RS ¼ 1:1 nm) and
less frequently at longer distances (up to the cut-off
radius RW ¼ 1:4 nm). Additionally, a reaction field is
included to approximate the contribution of
the electrostatic interaction beyond the larger radius.
We ran the simulation with the GROMOS package [7].

We calculated the radial distributions and
the diffusion coefficients with a total time of 600 ps.
We used 2.4 £ 106 MD steps of 0.5 fs in the
calculation of the life time of the solute hydration
structures and the angular distribution functions of
solvent atoms around solute atoms.

The Life Time

A hydration structure of the solute continues until
one of the molecules of the solvent that surrounds it
moves away from the first hydration shell. The solute
considered in this work has two atoms, so the
distinction of the possible structures is simple: one
needs to analyze what happens around the O*
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(solute oxygen), and around the H* or D* (solute
hydrogen or solute deuterium).

The duration of a hydration structure is not constant
but depends on the residence time (tr), this being the
life time of a bond between molecules (hydrogen
bonds in our case). A histogram of the number of times
that a structure is observed (Ns) as function of the
residence time can be fitted with a single exponential,
a characteristic of a Poissonian process [9], as:

NsðtrÞ ¼ Nsð0Þ expðtr=tÞ ð2Þ

where t is the lifetime (residence time) in which Ns(t)
decays at 1/e of its value in tr ¼ 0:

The Diffusion Coefficient

For the calculation of the diffusion coefficient we
used Eq. (3), where n is the number of molecules and
ri(t) is the position at time t. This formula is used only
for large times, when the diffusive regime is reached

D ¼
t!1
lim

1

6t

1

n

Xn

i¼1

rið0Þ2 riðtÞ½ �2

* +
ð3Þ

RESULTS AND DISCUSSION

Hydration Structures

We have analysed the hydration around the oxygen
atom of the solute (indicated with O*). In System 1,
the simplest hydration structure we found was
H3O2

2 ; formed by the OH2 and one molecule of
water together with a hydrogen bond to the O*.
Other more complex structures we observed were:
H5O2

3 ; H7O2
4 ; H9O2

5 ; and H11O2
6 : We saw the same

kind of structures for heavy water. For simplicity we
called Structure A the structure with one solute
molecule and one solvent molecule, structure B the
structure with one solute molecule and two solvent
molecules, and so on (Fig. 1).

A comparative analysis of the occurrence of the
structures is shown in Fig. 2. In both systems the
structures B ðH5O2

3 and D5O2
3 Þ; and C ðH7O2

4 and
D7O2

4 Þ were more frequent than the others. We can
see that for heavy water the structures C ðD7O2

4 and
D11O2

6 Þ are more frequent than the corresponding
ones for regular water.

We observe that the H* spends long periods of time
(up to 50 fs) without forming hydrogen bonds with
the molecules of the surrounding water, showing
that the behaviour of the hydrate structure H*
is totally asymmetric with respect to the hydrate
structure O*. Similar results hold for System 2.

Radial Distribution Functions

Figure 3 shows the oxygen–oxygen radial distribu-
tion functions [gOO(r)] for the SPC/E water,

the experimental results for water [13], and the
hydration structures around OH2 and OD2 in water
and in heavy water, respectively. The discrepancies
between simulation and experiments on water have
been discussed in Ref. [13]. As regards the hydration

FIGURE 1 Hydration structures formed by the OH2 ion in
aqueous solution. The small grey spheres represent hydrogen
atoms. The oxygen atoms are indicated by black spheres. The O–H
bonds are indicated by light grey cylinders and the hydrogen
bonds by dark grey cylinders. The relative positions and angles
correspond to mean values. Water molecules that are not part of
the first solvation shell have been omitted.

FIGURE 2 Occurrence percentage of observed hydration
structures. Data are average over the complete run.
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structures studied here, both show a more pro-
nounced peak shifted to shorter distance from
the origin, which means there is a more compact
structure around the hydroxyl ions as compared
with pure water. Moreover, the gOO(r) curve of the
OD2 has a more defined second peak. This fact may
be interpreted as indicating that the hydration
structures around the solutes in heavy water are
more compact than in ordinary water.

The radial distribution functions shown are
an average of the radial distribution functions
corresponding to each hydration structure.
An analysis of each structure shows that the first
peak position moves away from the origin as solvent
molecules are added to the shell. The successive
peaks of the radial distribution functions move in the
same direction as the first. This displacement takes
place in both Systems (Table I).

Angular Distribution Functions

To study the distribution of water and heavy water
around the ions we computed the angular distri-
bution function, P(cosf) vs. cosf, where f is
the angle formed by the atoms H�ZO�ZH; when
the atom O* acts as a proton acceptor ðH�ZO� � � �

HZOZHÞ: In an ideal tetrahedral structure this angle

would be 109.478, and cosf ¼ 21=3: The results
show that in all structures the angle between solvent
hydrogen and solute lies in an interval between 808
and 1108. Figure 4 shows the angular distribution
function for each of the structures in the System 1.

In structure A, f is larger than for the other cases,
and in this way the structure fits better in the
environment. Structures B and C, where the function
almost reaches a maximum around 948, are nearly in
a planar configuration. For D and E structures, two
maxima appear, one near 908 and another near 1008.
In Table II a comparative analysis of the peaks of the
functions of angular distribution is presented.

The angular distribution functions of the solute are
quite similar in both systems. However, there are
significant differences for the solvent. Figure 5
shows angular distribution functions for water and
for heavy water, in which we adopted the same
definition of angles as above. For these cases we can
see that the curves are much broader than for the
hydration of solutes, which have more defined
structures. The peak in the angular distribution
function of SPC/E water is found at 1158, and for HW
it is in 1098.

Life Time

Using the trajectories we computed the life time of
the hydrogen (deuterium) bond of the structures.
The results are shown in Table III.

FIGURE 3 Oxygen–oxygen radial distribution functions of
different hydration structures and for water (experimental
diffraction data from Ref. [13]).

TABLE I Position of the first, second and third peaks in the gO*O(r) function in System 1 and 2

First peak (Å) Second peak (Å) Third peak (Å)

System 1 System 2 System 1 System 2 System 1 System 2

A 2.70 2.70 4.57 4.50 6.87 6.77
B 2.71 2.71 4.59 4.51 6.88 6.77
C 2.72 2.72 4.59 4.51 6.88 6.78
D 2.75 2.75 4.62 4.54 6.91 6.80
E 2.79 2.79 4.65 4.57 6.93 6.81

FIGURE 4 Angular distribution functions of the angle f (defined
in the text) for the different hydration structures.
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We can observe that the life time of bonds in
D2O is larger than in H2O. The life time of the
hydrogen bonds in water formed between H* and
the oxygen of the water ðH� –OÞ is 6.7 fs while the
equivalent in heavy water is 7.4 fs. For compari-
son, the life time of H (D) bonds in water and
heavy water ðH–OÞ is 7.7 and 9.6 fs, respectively.
We can see that for the water–water association
the increase in the life time of bonds of heavy
water is around 30%, while for the hydration
structures of the ions—which are much larger—the
increase is about 10%.

The life times of the water–water structures are
around 5 times smaller than the life times of the
two more frequent structures ðH5O2

3 and H7O2
4 Þ;

in H2O as well as in D2O. This clearly identifies a
hydration state around the oxygen of the OH2,
where the solvent molecules are strongly bound to
the ions (Fig. 6).

Diffusion of OH2 and OD2

In both System 1 and System 2, we can see that the
diffusion coefficient of the solvent is not altered
by the presence of the solute, giving a value
of 2.7 £ 1023 nm2 ps21 in the case of H2O, and
of 2.1 1023 nm2 ps21 for D2O. This agrees with

simulation [11] as well as with experimental values
[14] for pure water. We obtain 5.3 £ 1023 nm2 ps21 as
diffusion coefficient for OH2 in H2O in coincidence
with experimental values [15]. The diffusion coeffi-
cient for OD2 in D2O is significantly smaller at
3.2 nm2 ps21.

CONCLUSIONS

Through classical molecular dynamics, we have
studied the solvation and diffusion of the OH2 and
OD2 ions. We may conclude that the presented
models of OH2 and OD2 reproduce convincingly
the dynamic properties of these ions, and they are
adequate for computer simulation.

Comparing the results of both systems we have
found several similarities. From the five different
hydration structures of the O–H ðO–DÞ ion that we
have observed we have seen that those with
hydration number 2 and 3 (called B and C) are the
most abundant. The residence times of the structures
follow the order tA , tB , tC , tD; suggesting
that the stability of the structures increases with

TABLE II Peaks for the angular distribution functions in the
different structures (note that the structures B and C exhibit only
one peak)

Structure First peak (8) Second Peak (8)

A 97 100
B 96 –
C 94 –
D 92 101
E 90 102

FIGURE 5 The angular distribution functions of f, as in Fig. 4,
for water and heavy water.

TABLE III Life time of the hydrogen bonds between water and
the different hydration structures and the solvent

t, fs (life time)

Hydration structure System 1 System 2

A 14 19
B 21 27
C 32 36
D 42 45
E 28 38
H�=D� –O2 6,7 7,4
H/D2O 7,7 9,6

FIGURE 6 Decaying process of residence time of the structure
H7O2

4 : The full line corresponds to the exponential fitting curve for
water. The error bars are shown.
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the hydration numbers. However, this rule is not
satisfied for the structures of type E, where tE < tC;
seemingly indicating that four hydration water
molecules with an orientation angle H � � � O�H�

ðD � � � O�D�Þ around 908 is the most favourable
structure in terms of stability.

There are, however, some differences. For the
heavy water system the residence time of the
hydration structures is around 30% larger with
smaller diffusion coefficients, and better-defined first
and second peaks in the radial distribution
functions of the water oxygen atoms around
oxygen atoms belonging to the ions. These
properties are in agreement with the structural and
dynamic properties of heavy water as compared
with regular water.

Some of the hydration structures we observe were
also detected by Tuckerman et al. The H9O2

5 structure
found by Tuckerman et al. has a planar configuration,
does not diffuse structurally, and has a gO*O(r)
function with first peak at 2.7 Å. We also find
this structure, with the links of hydrogen
atoms located around the angles 928 and 1018, and
a gO*O(r) function with first peak 2.7 Å. However,
we do observe structural diffusion. Tuckerman et al.
also describe a tetrahedral H7O2

4 structure
with structural diffusion and a first peak of
the gO*O(r) function at 2.6 Å. In contrast, we find
that H7O2

4 has a planar structure, with structural
diffusion and a first peak of gO*O(r) at the same
distance. Both simulations find that the O*–O
distance increases when solvent molecules are
added to the hydration sphere.

As regards the only hydration structure found by
Hashimoto and Hiwatari, the H9O2

5 ; our findings are
in agreement as far as the position of the first peak of
gO*O(r) and planar structure are concerned.

The reliability of the present results is supported
by the agreement with previous experimental
results, such as the diffusion coefficients of the
solutes and the solvent. Our results indicate that
substituting deuterium for hydrogen (as done in
previous works) introduces significant changes in
many properties.
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