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Abstract: This study initially obtained the two parameters £y=0.180 kcal +mol™ and o%y=0.288 5 nm of the
Lennard-Jones (12/6) potential for Fe**-waters interaction. Then, the 1-] (12/6) potential with the two parameters
obtained was employed to carry out MD simulation of Fe** hydration process for a dilute aqueous solution system
at 298.15 K and 573 K, respectively. The results show that structural and dynamics properties of Fe** hydration
in the first and second hydration shells agree well with these properties from experiments, as well as other
computer simulations in which different Fe**-waters interaction potentials were employed. Besides, the results give
some new insights into RWK2 water intramolecular geometry. In addition, it is also indicated that increasing

temperature has a certain impact on the Fe* hydration structure and dynamics properties.
Key words: 1-J(12/6) potential model; parameters; Fe*; hydration properties

0 Introduction Therefor, the knowledge of Fe?* hydration process is es-
sential to understand the mechanism related to Fe?*-

Fe is one of the most important elements in natural involved reactions. As it is very difficult to perform such

environments and it is involved in a lot of natural
processes, either chemically or bio-chemically. In
general, the processes take place in H,0-bearing surr-

oundings, and Fe mostly acts in a Fe?* hydration form.
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a kind of experiment, molecular dynamics (MD)
computer simulation method has become a powerful tool
of studying ionic hydration process. MD simulation not

only can obtain thermodynamic data under extreme 7-P
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conditions, but also can provide fundamental and deta-
iled information about the structure and dynamics of
ionic aqueous solution system. However, the success of
MD simulation (and Monte Carlo simulation) of ionic
hydration process strongly depends on ion-waters
interaction potential". Consequently, the application of
different potential models to computer simulation is one
of common activities in this field.

In previous literatores, several potential models
were applied to the MD or MC simulations of Fe®*
hydration process that is essential to understand the
detailed mechanisms of many chemical, biological and

23]

oreforming processes These models include an

empirical pair potential**

, an ab initio effective pair
potential" and a pair potential plus 3-body correction
functions terms model™. Comparatively, they are more

(12/6) potential
(L-J). The latter possesses only two adjustable

complicated than the Lennard-Jones
model
parameters. Due to its simplification and efficiency,
the L-]J (12/6) potential appears to be the most freque-
ntly used to describe ion-waters interaction!"""?. These

“M4 - alkali metal ions and alka-

ions incl-ude Na*™, Li
line earth metal ions™, Zn?* 19 Eu* 8 and Nd* U8,
However, the potential model has not been employed
to describe the interaction between Fe** and waters.
This study attempts to employ the L-J (12/6)
potential to perform the MD simulation of Fe** hydrat-
ion process. Initially, the two parameters of the L-J
(12/6) interaction potential between Fe’* and waters
will be optimized. Then, MD simulation for the system
of single Fe** ion and 230 RWK2 water molecules is
performed to investigate the ionic structural and dyna-
mical hydration properties, and RWK2 water intramol-
ecular geometry. These results will be compared with
experimental and some previous computer simulated
results. The
temperatures of 298.15 K and 573 K in order to

evaluate the impact of temperature on the ion

simulation is carried out at the

hydration behaviors.
1 Details of calculation

1.1 Interaction potentials and parameters
For a dilute aqueous solution system, interaction

potentials include water-water, ion-water and ion-ion.

Since our objective is to find out the single ion
hydration behavior, the ion-ion interactions will not be
discussed here.

The water-water interaction was described using
the flexible RWK2 water potential model. The model
can yield remarkably good predictions of steam, liquid
water, ice, and liquid-vapor phase equilibrium but
receives much less attention to date!™. Tts parameters
may refer to the Appendix of Duan’s paper (1995)".

The ion-water interaction can be expressed:

Coulom Short
Uy Sy F Uy 1)
Where “I” denotes an ion, “W” stands for a water

Coulom

molecule, u,,  represents the Coulombic interaction

and u?‘tm is the short-range interaction. In the Coulo-
mbic interaction, the partial charges for oxygen and
hydrogen atoms are: 2¢y =-¢o =1.2, which are
consistent with the RWK2 water potential model. The
pairwise potential function for the short-range
interaction was modeled as the Lennard-Jones form:
=t ()= () = @

Where ry is the distance between the center of the

Iy

ion and the partial negative charge of the water
molecule (its position can be found on the bisector of
the H-O-H angle), e,y and oy are the energy and size
parameters, respectively.

Based on MD simulated annealing and the stee-
pest descent method™, the minimum energy structures
of Fe**(H,0), (n=1,2,---- ) clusters can be calculated.
However, because the experimental data of the
minimum energy structures of Fe**(H,0), clusters are
scarce at 298.15 K, it is impossible to obtained the
two parameters only by best reproducing the binding
energy of one ion associated with two or three-water
molecule clusters. Therefore, it had to attempt initial
estimates of the parameters &1y and oy by fitting the
Fe?*(H,0), clusters (n=1, 2, 3, 6) data™. Then, the
initial parameters were adjusted to improve the agree-
ment of MD simulation with experimentally observed
Fe*-0 distances and coordination numbers in the first
hydration shell. Consequently, based on the trial proc-
edure, the parameters g and oy for Fe*-water inter-

action were determined. They are listed in Table 1.
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Table 1 Optimized two L-J (12/6) potential parameters

for Fe* ion and water interaction

Interaction

ew / (keal -mol™)
Fe*-H,, 0.180

o / nm

0.288 5

1.2 Molecular dynamics simulation

Once the two parameters of the L-]J (12/6) poten-
tial of Fe? *-water interaction were determined, the
potential was employed to perform the NVT canonical
ensemble MD simulation for the system of 1 Fe?* ion
and 230 RWK2 water molecules. The ion was placed
in the cubic box with length of 1.903 nm equivalent to
a volume of 18.0 em’+mol ™. The periodic boundary
conditions and minimum image conventions " were
used to treat out-of-box atoms and to calculate inter-
atom distances. Long-rang electrostatic forces and
energies were calculated using the Ewald sum. In all
runs, the time step was set as 31.25 a.u. or 0.75 fs.
Initial configurations were selected from the final
configurations of previous simulations. Each simula-
tion began with 40 000 steps pre-equilibrium runs
followed by 60 000 subsequent steps for data collect-
ion. The trajectories of particles were calculated using
the Verlet algorithm™ and the intermediate configura-
tions were saved at certain intervals. Through the ana-
lysis of the trajectory configurations as a function of
time, the ion hydration properties can be obtained. The
calculations above were realized using a FORTRAN
code under the software of Visual FORTRAN 65.

The simulation was performed under the tempera-
tures of 298.15 K and 573 K in order to evaluate the
impact of temperature on the ion hydration properties.
To be pointed out, it is unclear for the quantitative
correlation between the -] (12/6) parameters and

temperatures. Here, we directly employed the
parameters optimized at 298.15 K to carry out the
simulation at 573 K. This is similar to what Yang et
al.  (2002)™! and Duan et al. (2003)® did in their

studies, respectively.
2 Results and discussion

2.1 Radial distribution function and coordination
number
(RDF) of the Fe**

ion-oxygen gio (r) with coordination number ng and the

Radial distribution function

RDF of the Fe** ion-hydrogen gy (r) with coordination
number ny are described in Fig.1. It is remarkable
that two hydration shells are sketched out for g (r)
and g (r), respectively.
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Fig.1 Radial distribution functions of Fe*-0 and Fe*-H

at 298.15 K and 573 K

Table 2 lists the structural properties of the first
and second shells from this work, previous experime-
nts and computer simulations. At 298.15 K, our work
suggests that Ry is 0.210 nm for the first shell, and is
between 0.417 nm and 0.427 nm for the second shell.
Ry 1s 0.283 nm for the first shell, and 0.490 nm for
the second shell. Correspondingly, the coordination
number ng is 6.0 in the first shell, and 13.0 in the
second shell. NH is 12.0 in the first shell. Our results
are in good agreement with the results from the
previous experiments and simulations (Table 2).

Those the effect of temperature on the RDF of
ion-oxygen and ion-hydrogen and the coordination
number can be evaluated. Fig.1 shows that with the
temperature increasing from 295.15 K to 573 K, the
peak positions of the first and second hydration shells
do not shift. Also, the coordination number ny and ny
in the first shell are almost unchanged, indicating that
the shell is quite stable to avoid the entrance of more
water molecules. However, the coordination number n
in the second shell increased by 5 + 1 and ny

increased by 11.5 + 2 (Table 2). This implies that
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Table 2 Structural properties for Fe*-water in hydration shells*

Characteristics®

Method / Reference®

First hydration shell

Second hydration shell

R/ nm MD / This work 0.210 0.417~0.427
MD / This work 0.210 (at 573 K) 0.424 + 0.006 (at 573 K)
EX /16,24] 0.210, 0.218
X /[25] 0.212
N /[25] 0.213
EX, N, X/ [26] 0.210~0.228 0.430~0.451
X, EX /[27] 0.210
MD / [4,5,7.,8] 0.211, 0.215, 0.195, 0.2075
MC /(9] 0.210 0.421
Ry / nm MD / This work 0.283 0.490
MD / This work 0.278 (at 573 K) 0.481 + 0.006 (at 573 K)
N /[26] 0.275
MD / [5.8] 0.289, 0.277 5
MC /(9] 0.278
no MD / This work 6.0 13.0
MD / This work 6.0 (at 573 K) 18 + 1 (at 573 K)
EX /16,24] 6,6
X /[25] 6
N /[25,26] 6,6
QM-MM / [24] 6 12.4
EX, N, X /[26] 5.1-6.1
X, EX /[27] 6
MD /[4,5,7.8] 6,6,6,6
MC /9] 6 12.96+1.44
ny MD / This work 12.0 36.5
MD / This work 12.1 (at 573 K) 48+2 (at 573 K)
N /[26] 12.1
MD /(7] 12
MC /(9] 12
[4 MD / This work 168° 130.3°
MD / [8] 163°
MC /9] 162°
£ HOH MD / This work 103.51 104.60
QM-MM / [25] 104.7 100.8
MD /8] 105.7
Roy / nm MD / This work 0.099 0 0.098 0
QM-MM / [24] 0.096 0.097 2
MD /[8] 0.101 8

Note: * Except the data marked by ‘at 573 K’, the other data were determined at the temperatures of near 298.15 K. * Ry, and Ry denote
the peak positions of Fe?*-O and Fe?*-H RDF distribution, respectively. © EX, Extended X-ray absorption fine structure; X, X-Ray Diffraction; N,
Neutron Diffraction; MD, Molecular Dynamics simulation; MC, Monte Carlo simulation; QM/MM, combined quantum mechanical/molecular me-

chanical molecular dynamics simulation.

when temperature increases, water molecules are easy 2.2 Orientation of water molecules in hydration
to overcome the energy barrier to enter into the second shells

shell, and the shell becomes strikingly less stable. Although RDF can provide the fundamental
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structural information, in order to elucidate a three-
dimensional structural image, it is useful to describe
orientations of water molecules in hydrations. Herein,
the dipole-ion angle (6) distribution and the O-ion-O
angle distribution are investigated.
Fig.2 shows that the distributions of # values in
the first shell and second hydration shell. At 298.15
K, the distribution peak of 8 values in the first shell is
located at around 168° (Table 2). In general, the value
is similar to the values reported in previous simula-
tions. Those simulations suggest that Fe>* more stably
lays 160°~170° away from the H-O-H bisector in the
first shell (Table. 2). The distribution peak of 6 values
in the second shell is located at around 130° (Table
2), with larger fluctuations than that in the first shell
(Fig.2). It implies that the ionic repulsion on the
dipole decreases with increasing distance away from

the Fe* ion.
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Fig.2  Distributions of dipole-ion angle in the first
hydration shell, and in the second hydration

shell at 298.15 K and 573 K

When the temperature increased to 573 K, the
distribution peak of 6 values turns to be broadened

and lower whatever for the first shell or the second

shell

towards narrower 6 value. This means that increasing

temperature reduces the angle of the H-O-H bisector

centered on around 180°

(Fig.2). Meanwhile, the peak positions shift

opposite to the ion-O direction.

Fig.3 gives the O-ion-O angle distributions in the

first shell and the second shell. There are two
pronounced peaks in the first shell at 298.15 K: the

first one is centered on 90° and the second one is

(Fig.3). The characteristics

clearly demonstrate a regular octahedron of water

molecules of the first shell around the Fe* ion, which

is consistent with previous results™?. In the second

shell, two tallish peaks centered on about 66° and
about 109° are found, but their fluctuations are so
larger that it is impossible to figure out its spatial
structure (Fig.3).
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Fig.3  Distributions of O-Fe*-O angle in the first
hydration shell, and in the second hydration
shell at 298.15 K and 573 K
With increasing temperature to 573 K, both
peaks of O-ion-O angles in the first shell decrease by
about 10°. It indicates that increasing temperature
may slightly distort the stable octahedron structure of

the ion-water in the first shell, but still not enough to
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destroy it. The O-ion-O angle distribution in the
second shell is also changed, implying that

temperature has a certain impact on the structure of
the hydration shell.
2.3 Hydrogen bonding analysis

A geometric criteria is taken to identify the
formation of hydrogen bonds: if the oxygen atom of a
water molecule A is within the distance of 0.35 nm of

the oxygen atom of another water molecule B, and the

H (of A)---O-H (of B) angle is greater than 140°, a

d #* The oxygen atom of

hydrogen bond is assigne
water molecules B will be counted as an “acceptor” and
the oxygen atom of water molecules A will be counted
as a “donator”.

Initially, the average acceptors and donators per
molecules in pure water were calculated. The result
shows that they have the same value of 1.745 at
298.15 K, and 1.309 at 573 K. Subsequently, the
average number of acceptors and donators of hydrogen
bonds per water molecules in the ionic aqueous
solutions were calculated. Table 3 lists their values
with variable distances from the ferrous ion. At 298.15
K, within the distance of around 0.4 nm from the Fe®*
ion, the distance is shorter, and the average acceptors
are fewer while the average donators keep compara-
tively stable numbers (a little more than 1.745 of pure
water). Out of the distance, the acceptors and donators
numbers keep comparatively stable, approximately
equal to 1.745. Summing the number of average
acceptors and corresponding donators, we can get the
average number of hydrogen bonds per water mole-

Table 3 Average numbers of acceptor and donator
of hydrogen bonds per water molecule
with variable distances from Fe* ion

Number (298.15 K) Number (573 K)

Distance / nm

Acceptor  Donator Acceptor Donator
0~0.2 0 1.812 0 1.658
0.2~0.3 0.007 1.855 0.044 1.499
0.3~0.4 1.372 1.767 0.921 1.337
0.4~0.5 1.684 1.744 1.307 1.326
0.5~0.6 1.775 1.753 1.302 1.304
0.6~0.7 1.825 1.761 1.373 1.306
0.7~0.8 1.779 1.735 1.333 1.286
0.8~0.9 1.819 1.747 1.359 1.305

cules. Fig.4 displays that the average number of
hydrogen bonds per water molecules with variable
distances from the ferrous ion. The horizontal line
represents the average number of hydrogen bonds per
molecule in pure water. It is clear that within around
0.4 nm, the solid curve is distinctly lower than the
horizontal solid line. However, out of around 0.4 nm,
the solid curve is approximately close the horizontal
solid line. Therefore, we may consider that in the
vicinity of a cation where is not in favor of formation
of “hydrogen bonds”. Out of a certain distance, the
ion has almost negligible effects on the hydrogen

bonds of water molecules.
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Fig.4 Average number of hydrogen bonds per water
molecules for the hydration system with variable
distances from the ion at 298.15 K and 573 K

When temperature increased from 298.15 K to
573 K,
hydrogen bonds per water molecule
(Table 3).

indiscriminated for the vicinity of the ion or the region

the average acceptors and donators of
significantly
decrease This situation is generally
far from the ion, although the exception exists for the
distance of 0.2 nm to 0.3 nm from the ion. As far as
pure water, its average acceptors and donators are
reduced from 1.745 to 1.309. Equally, the average
hydrogen bonds per water molecule also decreased. It
can be seen from Fig.4 that the dash line is always
below the solid line.

With increasing temperature from 298.15 K to
573 K, the number of hydrogen bonds decreases. The
simulation gives the correct number of hydrogen bonds
for pure water at 3.490 at 298.15 K. It is unclear
whether the value of 2.618 at 573 K is correct or not,
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because the corresponding value cant be found in
previous literatures. However, it is certain that incre-
asing temperature plays a negative role in formation of
hydrogen bonds. This can also be proved by lifetimes
of hydration bonds. The simulation shows that the
longest lifetime of hydration bonds is around 19.5 ps
and the average lifetime is 1.20 ps at 298.15 K.
Whereas, when the temperature is 573 K, the longest
lifetime is less than 3.0 ps and the average lifetime is
around 0.28 ps.
2.4 Dynamical residence time

Previous experimental results indicate that the
dynamical residence time of water molecule in the
first hydration shell of Fe** is 10°~107s at 298.15 K™,
meaning that the time is several orders of magnitude
longer than our simulation time. Accordingly, no water

molecule exchange process is observed in the first

hydration shell during our 45 ps simulation. However,
water molecule exchange process can be found in the
second hydration shell during the simulation time. The
longest residence time of water molecules in the shell
is around 13 ps, approximately equal to a 10 ps of the
mean residence time determined by a MD simulation®.
An attempt is made to analyze the residence time
of water molecules in the second hydration shell at
573 K. Our calculation shows the longest residence
time of water molecules in the second hydration shell
is only several picoseconds. It indicates that with the
increasing of temperature, the residence time distin-
ctly decreases. The observation should be reasonable™.
2.5 Intramolecular geometry of RWK2 water
For the analysis of the RWK2 water intramolec-
ular geometry, the distributions of H-O-H angles
(£H-0-H) and O-H distances (Roy) of water molecu-

o~
p 4

L --- 573K
| — 298.15K /

0.20
First shell

’
Il
1]

1
1
\
[\
v
\
1
kY

Distribution

0.16

0.12

0.08

0.04

0.00
020 ___snk

— 29815K

0.16

0.12

0.08

0.04

0.00

0.20

0.16

0.12

0.08

0.04

S~ g

100 110
H-O-H angle / (°)

130

0.00
0.090 0.094 0.098

Ry / nm

0.102 0.106

Fig.5 Distributions of H-O-H angle and O-H distance of water molecules in the first hydration shell,
in the second hydration shell, and in the bulk at 298.15 K and 573 K
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les were investigated. The distributions are described
in Fig.5 and their average values are listed in Table 2.

At 298.15 K, the peak of £H-O-H distribution
in the first shell is located at the left of that in the
second shell or in the bulk (Fig.5). It denotes that the
£/ H-O-H is generally narrower in the first shell than
that in the second shell or in the bulk. The peak of Roy
distribution in the first shell is located at the right of
that in the second shell or in the bulk. It means that
the Roy is longer in the first shell than that in the
second shell or in the bulk. Generally, the intramole-
cular geometry of water in the second shell and the
bulk are indistinguishable. Table 2 shows that their
average / H-O-H values are around 104.60° and their
average Rou values are around 0.098 0 nm. These
values agree well with the results from a MD

Y that was carried out for the system of

simulation !

pure RWK2 water. The

intramolecular geometry show that within the region of

characteristics of the

the first shell, the ferrous ion has stronger influence
on the geometry of the RWK2 water intramolecule.
Whereas, once departing from the region, the
influence turns to be weaker, and the geometry is near
to that of pure water.

In previous simulations of Fe’* hydration, BJH-
CF2 water gave 104.7° of the average £ H-O-H in the
first shell and 100.80° of that in the second shell
(Table 2). A central force water model gave 105.7° of
that in the first and second shells. Obviously, they
have larger the H-O-H angle than the RWK2 water.
Also, Table 2 shows that BJH-CF2 water has smaller
O-H distance of water intramolecule whatever in the
first or second shell than the RWK2 water but the
central force water model has larger the O-H distance
than the RWK2 water.

Fig.5 shows that increasing temperature can
enhance the bending of H-O-H and the stretching of
O-H of water intramolecule,
distributions of the 2 H-O-H and Rgyu values. The
peaks of the £ H-O-H distributions in both hydration

shells are nearly unchanged, but the peak positions of

leading to wider

Ry distributions will shift towards the shorter or

longer Roy value. It seems that temperature has

stronger impact on the O-H distance than on the H-O-
H angle of the RWK2 water intramolecule.

3 Summary

This work initially determined the two parameters
ew =0.180 kcal -mol ' and oy =0.2885 nm of the
Lennard-Jones
tion. Then, the L-J (12/6) potential and the flexible
RWK2 water model were employed to carry out the

(12/6) potential of Fe**-water interac-

MD simulation of Fe** hydration processes for a dilute
(1) the peak
position of Fe?*-O radial distribution functions (RDF)

aqueous solution system. At 298.15 K,

is located 0.210 nm for the first hydration shell where
6 water molecules reside, and 0.417~0.427 nm for the
second shell where 13 water molecules reside. The
peak position of Fe?*H RDF is located 0.283 nm for
the first hydration shell that contains 12 hydrogen
molecules. (2) Six water molecules in the first shell
form a regular octahedron structure and Fe?* stably lays
around 168° away from the H-O-H bisector in the
shell. (3) Within around 0.4 nm away from the Fe?*
ion, the average number of hydrogen bonds per mole-
cule is lower than the number in pure water. However,
out of the distance of around 0.4 nm, the average
number of hydrogen bonds per molecule has approxi-
(4) No

water molecule exchange process is observed in the

mately same number with that of pure water.

first hydration shell during the 45 ps simulation due
to the time is too short compared to the 10°~107 s
residence time of water molecules. However, water
molecule exchange process can be found in the
second hydration shell where the longest residence
(5) For the
intramolecular geometry of RWK2 water, the H-O-H

time of water molecules is around 13 ps.

angle is narrower but the O-H distance is longer in
first shell than in second shell or in the bulk. It seems
that RWK2 water has
geometry with BJH-CF2 water and a central force

different  intramolecular
water model. In general, the structural and dynamics

properties by our simulation agree well with
experimental and previous computer simulated results.
It is reasonable to consider that the 1.-] (12/6) poten-

tial with the determined parameters is available to
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describe the Fe*-waters interaction.

The impact of temperature on Fe* hydration beh-
aviors is evaluated in this simulation. (1) The increase
of temperature lets the statistic distribution peaks of
the ionic hydration structural properties turn to be
wider and less sharp. The observations are consistent
with that increasing temperature can enhance the
translational motion and vibration of water molecules.
(2) Increasing temperature can result in the increases
of the coordination numbers in the second hydration
shell but it is not easy to change that in the first shell.
(3) Increasing temperatures makes the dipole angle be
narrower, and slightly distorts the stable octahedron
structure of waters in the first shell. (4) The increases
of temperature may reduce the numbers of hydrogen
bonds, and decrease the lifetime of hydrogen bonds
and the residence time of the water molecules in
hydration shells. (5) Increasing temperature shortens
or elongates the O-H distances of the RWK2 water
intramolecules in hydration shells, but lays less

impact on the H-O-H angles.
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