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Local hydrated structure of an Fe?T /Fe3' aqueous solution: an
investigation using a combination of molecular dynamics and X-ray
absorption fine structure methods”
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Abstract: The hydrated shell of both Fe?* and Fe** aqueous solutions are investigated by using the molecular
dynamics (MD) and X-ray absorption structure (XAS) methods. The MD simulations show that the first hydrated
shells of both Fe** and Fe®*' are characterized by a regular octahedron with an Fe-O distance of 2.08A for Fe?t
and 1.96A for Fe®*, and rule out the occurrence of a Jahn-Teller distortion in the hydrated shell of an Fe?* aqueous
solution. The corresponding X-ray absorption near edge fine structure (XANES) calculation successfully reproduces
all features in the XANES spectra in Fe?* and Fe3* aqueous solution. A feature that is located at energy 1 eV higher
than the white line (WL) in an Fe** aqueous solution may be assigned to the contribution of the charge transfer.
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1 Introduction

Metal cation aqueous solutions are involved in many
chemical processes and play an important role. For
instance, the formation and extraction of minerals [1,
2], stabilization of surfaces and nanoparticles [3, 4],
solvated ion activating biochemical reactions [5, 6], as
well as transport mechanisms of toxic elements [7]. All
these processes involve the interaction between hydrated
cations and coordinated species, which has an impact
on the polarization extent of hydrated waters, hydrogen
bonding of water molecules in hydrated shells, and the
formation of cation pairs. It is fundamental to iden-
tify the geometrical structures and dynamic properties
of hydrated shells in cation aqueous solution in order to
understand and describe the different mechanisms in all
chemical processes.

Many investigations have been carried out to iden-
tify the local hydrated structure of both Fe*" and Fe3*t
aqueous solutions and conflicts exist among these works.
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In the early 90s, Floris et al. pointed out that Fe?* and
Fe3* aqueous solutions were characterized by a regular
octahedron in the first hydrated shell by using classical
MD simulation [8]. Tawun and Bernd gave a 2.10A Fe-O
distance for Fe>* and 2.02A for Fe?* by using a more ac-
curate QM /MM simulation [9]. In 2004, Jarzecki et al.
considered the influence of bulk water and found that an
Fe**(H,0); cluster was characterized by a Jahn-Teller
distortion with a different Fe-O distance [10-12]. How-
ever, all the work mentioned above involves theoretical
calculations only, there is no experimental evidence. A
combination of the theoretical result with experimental
data will be better for achieving a detailed understanding
and description of the hydrated structure of Fe** /Fe®"
aqueous solutions

The structure of an aqueous solution surrounding an
individual ion is difficult to detect directly, therefore, the
combination of MD and XAS will be a good method for
the detection of the structure of a metal ion in aqueous
solution. In this paper, we will give a reliable hydrated
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structure for Fe?T/Fe** aqueous solutions by using a
combination of MD and XAS investigations. The in-
vestigation points out that Fe** /Fe*T aqueous solutions
are both characterized by a regular octahedron and the
distances of the Fe-O bond in the first hydrated shell
are 2.08A and 1.96A for Fe2* and Fe®', respectively.
No Jahn-Teller distortion has been observed in the Fe**
aqueous solution. A feature that locates at energy 1 eV
higher than the white line (WL) in Fe®* aqueous solu-
tion may be assigned to the contribution of the charge
transfer.

2 Theoretical calculation and experi-
ments

2.1 Force field and scheme of molecular dyna-
mics

In order to obtain enough reliable sample space to
reproduce the X-ray absorption spectra, we have to
simulate a long thermal motion in both Fe?* /Fe®*T aque-
ous solutions (~mns level). To obtain the force field
to describe the interaction between Fe?t/Fe’t-water
molecules, the first principle method is used to scan the
potential energy surface (PES) of Fe?T/Fe*t-H,0. The
PES has been fitted with an empirical potential, which
has been employed to describe the interaction between a
cation and H,O during MD simulations.

We employed the restricted open shell Hartree-Fock
theory [13] with a Lanl2dz valence electron basis and
the corresponding core pseudo-potential to describe Fe
[14, 15], cc-PVTZ basis to O and H atoms [16, 17]. The
PCM model is used to consider the bulk water effect, the
cavity radii in the PCM model is optimized and given
1.072A for Fe>*, 1.022A for Fe3*, 1.68A for oxygen and
1.44A for hydrogen based on the previously described
method, which enables our calculated pair Fe?** /Fe’t-
water molecule potential to contain the contribution of
the three-body term [18]. The SPC/E model is employed
to describe the water molecule.

The scanned PES of the Fe3*-H,0 and Fe?*-H,0 is

Table 1.

fitted by using Egs. (1) and (2), respectively.
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where gp, refers to the charge of Fe™" cation (n=2 or
3), and go and g are the charges centered at the oxygen
and hydrogen site in the water molecule. Here we use the
values defined by the SPC/E model, —0.8476 a.u. for an
oxygen atom and 0.4238 a.u. for a hydrogen atom. 7g..o
and rp..py are the distances of Fe-O and Fe-H, respec-
tively, Ao, B(), Co, D()7 Eo, F(), AH, BH7 OH, DH, A,
B, C and D are the fit parameters. The fit is carried
out by a combination of the quasi Newton method and
the universal global optimization (UGO) algorithm; the
corresponding fit parameters are shown in Table 1.

The interaction model between Fe**/Fe®* cations
and water molecules, e.g., Egs. (1) and (2), have been
embedded in a modified GROMACS package to carry
out the MD simulation [19]. In the MD simulation, one
Fe*t /Fe®t cation and 507 water molecules were confined
in a 25Ax25Ax25A box with a periodic boundary con-
dition. A cut-off of 10 A was used to deal with the non-
bonded interaction as well as the electrostatic interac-
tion. The particle mesh Ewald method [20] was used to
take care of the long-range electrostatic effects. A homo-
geneous background charge was used to compensate for
the presence of the Fe** /Fe®* cation. The simulations
were carried out in the NVT ensemble, coupled with a
Berendsen heating bath at a coupling constant of 0.1 ps
[21]. The simulation lasts for 105 ns with steps of one
fs, while the actual configuration has been stored every
0.5 ps.

The best-fit parameters of the Fe** /Fe®" cation-water effective pair potential.

Ao /(kJ-mol~1-nm*) Bo/(kJ-mol~!-nm%)

Co/(kJ-mol~1-nm?®)

Do /(kJ-mol~!-nm?'?2) Eo/(kJ-mol~1)

—0.07468 0.09285 —0.00147 1.14255x 107 —70759.14122
3+
Fe Fo/(nm~1) Ag/(kJ-mol~!.nm%) By /(kJ-mol~!-nm®) Cq/(kJ-mol~1-nm?) Dy /(kJ-mol~!-nm?'?)
22.18280 —0.14551 0.00347 —1.86834x107° 1.66963x 1010
A/(kJ-mol—1) B/nm~! C/(kJ-mol~!.nm*%) D/(kJ-mol~1.nm5) F/(kJ-mol~'.-nm?'?)
2+
Fe 3478.966 11.52 1.21880 —3.03884x 1072 3.17817x1078
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2.2 The XAS experiment and XANES calcula-
tion

The XAS experiment: analytical grade FeCl, and
FeCl; are used for 0.1M Fe*t/Fe®t aqueous solution.
The Fe-K edge XAS spectra of the fresh Fe?* /Fe* aque-
ous solution were collected at the XAFS station of the
Beijing Synchrotron Radiation Facility (BSRF) with the
storage ring working at 2.2 GeV with an average electron
current of 80 mA. The X-ray beam was monochromatized
by a double-crystal Si(111) monochromator characteri-
zed at the energy resolution AE/E~3x107*. Solutions
were measured with a Teflon cell and the thickness of
the solution was adjusted by optimizing the absorption
thickness Aud=~1. Ay is the absorption edge jump and d
is the thickness of the solution inside the cell. The XAS
spectra at the Au-Lj; edge were recorded in transmis-
sion mode at room temperature and both incident and
transmission intensities were detected using two ioniza-
tion chambers placed before and after the liquid cell.

The XANES calculation: the XANES calculations,
based on a self-consistent multiple-scattering (MS)
method, were carried out using the FEFF8.2 code [22].
We chose the Hedin-Lundgvist (H-L) model for the ex-
change correlation part of the potential. The spectra
were first background subtracted by fitting the pre-edge
using a least-square method and then all spectra were
normalized to one at energies far from the edge.

3 Results and discussion

3.1 The hydrated shell configuration

Figure 1 shows the radial distribution function of the
Fe?T and Fe?*T aqueous solution and the corresponding
running integration number. It can be seen that Fe?*
and Fe3* aqueous solution have a very concentrated first
hydrated shell and the first peak of Fe*T-O g(r) locates at
1.96A while Fe?*-0 g(r) locates at 2.08A. For Fe* aque-
ous solution, the second hydrated shell ranges between
3.5A and 4.72A while Fe*t aqueous solution ranges from
3.8A to0 5.02A. An apparent separation between the first
and second hydrated shell was observed in both Fe?* and
Fe*t aqueous solutions, indicating that water exchange
process between the first and second shell are rare. The
first hydrated shell coordination number of both Fe?*
and Fe3* aqueous solution is 6, pointing out a relatively
weak structural disorder contribution. At the same time,
the first peak in the Fe**-O g(r) is relatively more intense
than its Fe>T-O g(r) counterpart, which implies that the
hydrated structure of the Fe*T aqueous solution is rela-
tively more stable than the Fe?" aqueous solution. We
attribute the difference to a strong constrain effect due
to the relatively high positive charge of an Fe3* cation.
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Fig. 1. The radial distribution functions and corre-

sponding running integrate numbers of both Fe?*
(upper plane) and Fe* (lower plane) aqueous so-
lutions.

In the previous work, the presence of the Jahn-Telller
distortion in the first hydrated shell of the Fe?* aqueous
solution was questioned [8-10]. Jarzecki et al. pointed
out that an Fe?" cation was characterized by 6 electrons
in the 5d orbits in a high spin state. In these 5 orbits, the
d, level was occupied by two electrons leading to a reduc-
tion of the electronic symmetry to form the Jahn-Teller
effect. On the contrary, for the Fe?* cation, whose d®
electron configuration was characterized by a spherical
symmetry, the Jahn-Teller effect disappeared [10]. How-
ever, these calculations contained only Fe?™ (H,O)g clus-
ters without any further water molecules and neglected
important contributions such as the structural disorder
effect that exists in real aqueous solutions, as well as their
dynamic properties. In Tawun’s work, which was based
on the QM/MM simulation, the Jahn-Teller distortion
in the Fe** aqueous solution could be found [9]. On the
other hand, all the previous work was only theoretical
and lacked some experimental evidence. Therefore, the
combination of some theoretical (such as MD) and exper-
imental (such as XAS) methods would provide a reliable
description about the hydrated shells around metal ions
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in aqueous solution.

The angular distribution function of the first hy-
drated shell is shown in Fig. 2, where the angle ¢ is
defined as the O-Fe-O angle. It can be seen that the an-
gular distribution of Fe?* and Fe3™ aqueous solutions is
similar. However, a more concentrated distribution can
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Fig. 2. The angular distribution function of the
first hydrated shell for Fe?* and Fe®*' aqueous
solutions.
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Fig. 3. The angular distribution function for 8- and

7-coordinated species in Fe*t aqueous solution.

be seen in the Fe®™ aqueous solution, which is consis-
tent with a previous investigation showing that the Fe3+
cation has a more stable first hydrated shell. Both an-
gular distributions have intense peaks when 1—cos(¢)
equals 1 and 2, corresponding to ¥ angles of 90° and
180°. Combined with the distribution functions, we can
conclude that the first hydrated shell of both Fe*t /Fe®*
aqueous solutions arrange as a regular octahedron. On
the other hand, seven and eight coordinated species have
been also observed in the MD simulations of Fe3* aque-
ous solution, but they only account for about 0.5% and
can be ignored in the following discussion. Their angu-
lar distribution functions are shown in Fig. 3 and their
broadened peaks also indicate that two species are un-
stable.

3.2 The XANES simulation

The experimental XANES for Fe?t and Fe?T aque-
ous solutions are shown in Fig. 4. It can be seen that
Fe?* and Fe** XANES have similar pre-edge peaks which
are assigned to 1s-3d transition. The multiple scattering
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Fig. 4. The experimental XANES for Fe** and
Fe®t aqueous solutions (upper plane) and the cal-
culated XANES spectra obtained from the instan-
taneous configurations given by the MD simula-
tions (lower plane).

038003-4



Chinese Physics C  Vol. 37, No. 3 (2013) 038003

peak C in Fe** XANES moves to higher energy, indi-
cating a longer Fe-O bond length than that in the Fe**
aqueous solution. The main difference between an Fe?*
and Fe3™ XANES is the occurrence of the shoulder B’ in
the Fe3* XANES.

The XANES is very sensitive to the local structure
around an absorption atom. For the aqueous solution
system, some previous investigations have proved that
the structural disorder has a non-negligible influence on
the XANES spectrum [23]. Therefore, a single structure
obtained from instantaneous configurations in the MD
simulation is not representative for all those structures in
aqueous solution. We compare several calculated spectra
obtained from the instantaneous configurations given by
the MD simulations (Fig. 4(b)) and the structural dis-
order effect can be seen clearly, so a sum and average
are necessary for the reproduction of metal cations in
an aqueous solution. In order to quantitatively include
the structural disorder effect in our XANES calculations,
we carried out several XANES calculations from instan-
taneous configurations obtained from an MD trajectory.
The configuration also includes the second hydrated shell
since a previous investigation pointed out that the second
hydrated shell contributes to the XANES [24]. In order
to determine the minimum amount of sampled configu-
rations necessary to be statistically significant, we cal-
culated a residual function of each averaged spectrum,
which is defined as follows:

RMS(n)—\/Z[wE»—an1(&-)12, ®)

a™(FE;) is the theoretical spectrum averaged over n con-
figurations and the sum goes over all calculated en-
ergy points. The value of the RMS decreases down to
<1x107* when n exceeds 150. Therefore, we calculate
the spectra of both Fe?* and Fe*t aqueous solutions,
which are summed and averaged over 150 “instantaneous
spectra”, and compare them with the experimental data
(Fig. 5). It can be seen that the calculation reproduces
the experimental spectra well, including pre-edge fea-
tures, white lines, and post-edge broadened features. All
these factors imply that the structures obtained from
MD are credible. However, it is clear that the calculated
spectra of both Fe?T and Fe3t aqueous solutions present
more intense features than the corresponding experimen-
tal data in 7145-7200 eV, which is explained as the ex-
istence of 1s-3s multi-electrons excitations in this energy
range [25] and this factor has not been considered in our
theoretical calculation.

On the other hand, it is worth noting that the cal-
culation of the same non-structural parameters used as
Fe?* will only move feature C of the Fe3* aqueous so-

lution to higher energy and feature B’ will not appear,
as shown in Fig. 5(b). In the XANES calculation pro-
gram FEFF8.7, the charge transfer parameter ION can
be used to adjust the charge transfer of Fe?t and Fe3*; it
is worth noting that feature B’ appears when the charge
of the absorbing atom in Fe3* is more transferred to O
atoms (Fig. 5(c)). Therefore, feature B’ can be assigned
to the contribution of the charge transfer.
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Fig. 5. The calculated and experimental spectra

for Fe?T aqueous solution (upper plane), Fe3*t
aqueous solution with less charge transfer (mid-
dle plane), and Fe®t aqueous solution with more
charge transfer (lower plane).
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4 Conclusion

This work demonstrates that the combination of MD
simulations and XAS spectroscopy may provide a new
and accurate structural tool to describe the local geome-
try of disordered systems such as aqueous solutions. In-
deed, this layout is a powerful and reliable method for
a quantitative consideration of structural disorder effect
in XANES analyses.
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