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Ab initio quantum mechanlcal charge field molecular dynamics (QMCF-MD) simulations have been performed for

aqueous solutions of Fe** and Fe®*

ions at the Hartree—Fock level of theory to describe and compare their structural

and dynamical behavior. The structural features of both hydrated ions are charactenzed by radial distribution functions

that give the maximum probability of the ion—O distance for Fe?* and Fe**

ions at 2.15 and 2.03 A, respectively. The

angular distribution functions of both ions prove the octahedral arrangement of six water ligands, whereas the second
shells of these ions differ. Both ions show influence on the water molecules beyond the second shells. The structure-
forming abilities of both ions are visible from the ligand mean residence times and ion—O stretching frequencies
evaluated for both ions. The substantially improved data obtained from these QMCF-MD simulations show better
correlation with available experimental results than the conventional quantum mechanics/molecular mechanics mole-
cular dynamics (QM/MM MD) approaches with one hydration shell treated by quantum mechanics.

1. Introduction

Iron is 1nvolved in numerous biological' ~* and chemical
processes % in the form of either metal or ferrous (Fe**) and
ferric (Fe’ ) ions. The hydration structures of these ions have
been the subject of many experimental® ® and theoretical
studies.'’”'? Earlier theoretical studies of Fe*" and Fe® " ions
in water were based on effective pair potentials,'® potentials
based on the polarizable continuum model for the solvent"!
and on the quantum mechanics/molecular mechanics mole-
cular dynamics (QM/MM MD) approach'? using the concept
that the chemically most relevant region utilizes quantum
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mechanics while the rest of the system is described by ab initio
derived potentials Those simulation studies of Fe’t and
Fe** ions in aqueous solutions had been Eerformed to eva-
luate the solvation shell structure,'*”!? hydrolysis,!”
charge-transfer reactions,'™'? and others.*?' Car—Parinello
molecular dynamlcs s1mulat10ns were also performed on the
Fe’" and Fe*" ions in solution””** using the BLYP func-
tional and limiting the number of ligands to 30—60 mole-
cules. Previous ab initio QM/MM MD" simulations for
Fe’"(aq) and Fe*"(aq) ions were performed for the ions and
only one hydration shell in the QM region, and because of the
data for other hydrated ions,**° this could have caused some

(14) Kneifel, C. L.; Friedman, H. L.; Newton, M. D. Z. Naturforsch. A
1989, 44(5), 385.

(15) Kneifel, C. L.; Friedman, H. L.; Newton, M. D. J. Mol. Lig. 1994, 66
(1, 107.

(16) Guardia, E.; Padro, J. A. Chem. Phys. 1990, 144(3), 353.

(17) Rustad, J. R.; Hay, B. P.; Halley, J. W. J. Chem. Phys. 1995, 102(3),
427.

(18) Kuharski, R. A.; Bader, J. S.; Chandler, D.; Sprik, M.; Klein, M. L.;
Impey, R. W. J. Chem. Phys. 1988, 89(5), 3248.

(19) Gonzélez-Lafont, A.; Lluch, J. M.; Oliva, A.; Bertrdn, J. J. Comput.
Chem. 2004, 12(10), 1165.

(20) Bader, J. S.; Chandler, D. J. Phys. Chem. 1992, 96(15), 6423.

(21) Kumar, P. V.; Tembe, B. L. J. Chem. Phys. 1992, 97(6), 4356.

(22) Ensing, B.; Baerends, E. J. J. Phys. Chem. A 2002, 106(34), 7902.

(23) Ensing, B.; Buda, F.; Blochl, P. E.; Baerends, E. J. Phys. Chem.
Chem. Phys. 2002, 4(15), 3619.

(24) Amira, S.; Spangberg, D.; Zelin, V.; Probst, M.; Hermansson, K. J.
Phys. Chem. B 2005, 109(29), 14235.

(25) DlIncal, A.; Hofer, T. S.; Randolf, B. R.; Rode, B. M. Phys. Chem.
Chem. Phys. 2006, 8, 2841.

(26) Kritayakornupong, C.; Plankensteiner, K.; Rode, B. M. J. Comput.
Chem. 2004, 25(13), 1576.

Published on Web 05/04/2010 pubs.acs.org/IC



5102 Inorganic Chemistry, Vol. 49, No. 11, 2010

Table 1. Average Binding Energies for the [Fe(H,0),’" and [Fe(H,0),]*"
Complexes, Obtained from HF, CCSD, MP2, and B3LYP Calculations

n HF CCSD MP2 B3LYP

[Fe(HZO)n]z+

2 —75.93 —83.37 —83.81 —94.64

4 —67.04 ~72.30 ~76.94

6 —57.87 —61.70 —63.90
[Fe(H;0),]*"

2 ~151.05 ~164.19 —163.56 ~192.03

4 —128.37 —135.98 —149.68

6 -109.37 —114.54 -122.15

Table 2. Average Fe’*—0 and Fe**—O Distances (A) for [Fe(H,0),*"
and [Fe(H,0),>" Complexes, Obtained from HF, CCSD, MP2, and B3LYP
Calculations

n HF CCSD MP2 B3LYP
I'Fe2+—0O

2 2.00 1.96 1.96 1.94

4 2.09 2.06 2.04

6 2.20 2.16 2.15
I'Fe3+—0O

2 1.89 1.88 1.87 1.92

4 1.97 1.95 1.95

6 2.06 2.04 2.05

errors. Hence, we performed quantum mechanical charge
field molecular dynamics (QMCF-MD) simulations for Fe*"
and Fe*" ions, which included both first and second hydra-
tion shells fully into the QM region and provided a number of
other improvements in the evaluation of forces.?’

2. Methods

Simulation Methods. For the QMCF-MD simulations, sui-
table basis sets for these aqueous ionic (Fe** and Fe>™) systems
were selected on the basis of the structural properties repro-
duced compared to the geometry optimization calculations
performed with larger basis set by Remsungnen et al.'**%
for [Fe(H50),—».4.6]" " and [Fe(H,0), -5 4]’ " complexes. Ab
initio unrestricted geometry optimizations were performed by
employing the SBKJC-VDZ-ECP**~3 basis set for Fe and
Dunning double-¢ plus polarization**** basis sets for H and O
atoms of water molecules at different levels of theory. Table 1
shows the calculated binding energies per ligand for these
complexes from optimized configurations. The Hartree—Fock
(HF) values are lower than those of correlated methods, but the
B3LYP values are by a larger extent too high, which would
inevitably lead to too rigid structures. This trend is even more
pronounced in the case of [Fe(H,0),, - 2,4.6]34r complexes than in
[Fe(Hzo),,:M,(,]2+ complexes. However, the ion—O distances
for these ion—water clusters (cf. Table 2) at the HF level deviate
more from the correlated methods (MP2 and CCSD) than those
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of B3LYP, which are in most cases slightly too short. The
thermochemical data and partly also the structural character-
istics reaffirm the limited capability of density functional theory
methods for the description of water*® and aqueous solutions.*
The HF level of theory could be considered, therefore, as the
most appropriate computationally affordable compromise be-
tween accuracy and cost.

The ab initio QMCF-MD methodology?’ has worked very
well with a variety of solutes such as metal complexes and
composite anions’*® without the need for constructing any
potential functions except that for solvent—solvent interactions.
The QMCF-MD approach utilizes a partitioning scheme in
which the system is divided into three regions: the core region
with the metal ion and its first hydration shell, the layer region
containing the second hydration shell, which both are treated
quantum mechanically, and the MM region, where the particles
are taken into account by force-field potentials. The incorpora-
tion of point charges assigned to atoms in the MM region that
dynamically change their positions in the core Hamiltonian for
the QM region via a perturbation term is also one of the
advantages of the QMCF-MD methodology.

M
qJ

V= - 1

;:1 e (1)

The dynamically changing charges of atoms in the QM region are
derived from Mulliken population analysis® to describe the inter-
actions with the atoms in the MM region, thus considering all
polarization and charge-transfer fluctuations in the course of the
simulation in the Coulomb term. The forces acting on the particles
in the core region are evaluated as quantum mechanical plus
Coulombic forces, quantum mechanical plus Coulombic forces
plus non-Coulombic forces are considered in the layer region, and
in the MM region the water model selected (flexible BIH***!) is
used for force calculation. A smoothing function S(r) is applied to
ensure a smooth transition between the QM and MM regions.
Structural Evaluation. Structural analyses included site—site
radial distribution functions (RDFs), which are also obtainable
from experimental methods.*? In this study, the ion—O and
ion—H RDFs for Fe>(aq) and Fe**(aq) ions were calculated to
analyze the geometry of the first hydration shell; O—Fe*™—0O
and O—Fe*T—0 angular distribution functions (ADFs) were
also evaluated in combination with two additional angles, tilt (¢)
and theta (6), which describe the orientation of water ligands
relative to the ions. These tilt and theta angles*® are defined as
the angle between the ion—O vector and the plane formed by the
two O—H vectors and the angle between the ion—O vector and
the sum of the two O—H vectors, respectively (see Figure 1). The
coordination number distributions (CNDs) for the first and
second hydration shells of Fe** and Fe’* ions were also
evaluated up to the first and second hydration shell minima.
Evaluation of Dynamics. The mean residence times (MRTs) ©
for all of the incoming and outgoing water ligands of the second
shell of the ions were calculated utilizing the direct method,**
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Figure 1. Graphical representations of tilt and theta angle schemes.

which is based on a time interval 7* required for the duration of
an exchange process, i.e., the ligand’s displacement from its
orlsgmal coordination shell at 0.0 and 0.5 ps, denoted as 7 and

0.5 ps for the parameter r* corresponds to the average
hydrogen bond lifetime in water®® and is set as a lower limit for
sustainable exchange. The ratio of the number of all transitions
through a shell boundary, N%°, to the number of changes
persisting for more than 0.5 ps, N2, is termed Rey, and it counts
the number of migration attempts required to achieve one
lasting exchange event.

0.0
Rex = Nex
0.5

NY.

)

Further, their relevant dynamical properties are the stretching
frequencies for ion—O bonds, which were determined from the
velocity autocorrelation functions (VACFs) using Fourier
transformation. The normal VACFs, C(¢), are defined by

N, N
2222 () Vit +1)

Clt) =5 3)
NN 5252 (6) 7 (6)

where N is the number of particles, N, is the number of origins in
time, ¢, for autocorrelation of all of the velocity components of
particle J, denoted by v;. The Fourier transformation of VACFs
is directly related to the vibrational spectrum, using a correla-
tion of 2.0 ps with 2000 averaged time origins. These ion—O
stretching frequencies and their force constants were also com-
pared with those of other ion hydrate studies in QMCF-MD
simulations.

Simulation Protocol. The simulation boxes consist of one ion
(Fe’*/Fe’™), and 1000 water molecules with a side length of
31.10 A, corresponding to the density of pure water measured at
298 K (0.997 g cm ), were pre-equilibrated. The Newtonian
equations of motion were integrated with a time step of 0.2 fs
using an Adams—Bashforth predictor—corrector algorithm,
and periodic boundary conditions were applied. The tempera-
ture was controlled by the Berendsen algorithm*® to sample a
canonical (NVT) ensemble by coupling the system to a heat
reservoir at 298 K with a coupling constant of 0.2 ps. Long-
range Coulombic interactions were taken into account by the
reaction field method, and the cutoff distance was set to 15.0 A,
whereas for non-Coulombic interactions, cutoff distances of 5.0
and 3.0 A were used for O—H and H—H interactions among
water molecules, respectively. The water model used in this
simulation was the flexible BJH—CF2;***! the inclusion of
intramolecular parameters provides the full flexibility that is
essential for smooth transitions between QM and MM regions.
The initial configuration of each system was taken from geo-
metry optimization of hexahydrated ferrous [Fe(H,0)¢** and
ferric [Fe(H,0)q]* " ions, and both simulations were performed
at the unrestricted open-shell HF level of theory by employ-
ing the previously mentioned basis sets. These systems were
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Figure 2. (a) Fe’™—0 (solid line) and Fe’*—H (dotted line) and
(b) Fe**—0 (solid line) and Fe>*—H (dotted line) RDFs and their
running integration numbers obtained from QMCF-MD simulations.

subjected to equilibration for 4 ps, after which sampling was
performed only for 8 ps. The radius of the core zone was 3.3 A,
the layer zone extended to 5.8 A, and the smoothing region
ranged from 5.6 to 5.8 A.

3. Results and Discussion

Structural Properties of Hydrated Fe*" and Fe>" Ions.
The hydration structures of Fe>™ and Fe’" ions were
primarily analyzed in terms of ion—O and ion—H RDFs,
which show two distinct hydration shells with an addi-
tional weak and diffuse third hydration shell, reflecting
the long-range influence of these ions on the water
molecules (Figure 2a,b). The first-shell maxima at 2.15
and 2.03 A from ion—O RDFs exhibit the most probable
ion—O distance for Fe’* and Fe*" ions, respectively.
Accordingly, the second hydration shell falls into the
ranges of 3.75—5.25 A and 3.5-5.0 A for Fe** and
Fe" ions. These structural characteristics are in good
agreement with those of previous theoretical and experi-
mental studies,*”**® summarized in Table 3. The shape of
the first-shell peak of the ion—O RDF of Fe*'reveals a
more tightly bound first shell compared to that of the
Fe*" ion, due to the half-width of these peaks, calculated
as0.35and 0.25 A, respectively. Integration of the Fe""—O
and Fe"'—H RDF plots yielded a sharp first-shell
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Table 3. Structural Characteristics for the First Hydration Shells of the Fe’* and
Fe** lon, Resulting from the lon—O RDFs as Well as from Other Theoretical and
Experimental Studies

ion—O distance (A)

method Fe?* Fe*
QMCF* 2.15 2.03
QMMM-MD" 2.10 2.02
ND%? 2.12 2.01
XD, ND, EX® 2.10—2.28 1.99-2.05
MD(CP)* 2.15 2.05
MD(EP)"° 2.11-2.27 1.98—2.11
MD(PCM)'! 2.15 2.03
MC(PCM)'? 2.10 1.96
EXAFS* 2.10 1.98
EXAFSY 2.12 2.01
“This work.
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Figure 3. CND:s for the first and second shells of hydrated Fe?* (dashed
bars) and Fe* " (solid bars) ions.

coordination number of 6 for both ions, consistent with
the result obtained from the experiment.***’

The CNDs for the second hydration shells of both ions
were evaluated up to the boundaries of the hydration
shells as obtained from the ion—O RDFs (cf. Figure 3).
The CND plots show the six water ligands of the first
hydration shell. The second hydration shell of Fe®"
contains in average of 13 water molecules, in a range
from 9 to 18. For the Fe’ " ion, the second hydration shell
shows a CND in the range of 11—17, with maxima near
13 and 14, corresponding to an average coordination
number of 13.6.

The geometry of the first hydration shell is further
illustrated by ADFs for Fe*" and Fe*" ions, also eval-
vated from the QMCF-MD simulations and shown in
Figure 4. Two peaks are found in each O—ion—O ADF
plot at 90° and 170°, proving an octahedral configuration
of the [Fe(H,0)¢]*" and [Fe(H,0)¢]>" complexes.

The alignment of coordinating water molecules toward
the Fe>™ and Fe’' jons and their orientational freedom
relative to these ions were explored by means of tilt (¢) and
theta (0) angle distributions as defined in the Methods
section. The tilt angle distribution of the ions indicates that
the water dipoles are not oriented perfectly along the ion—O

(49) Brunschwig, B. S.; Creutz, C.; Macartney, D. H.; Sham, T. K.; Sutin,
N. Faraday Discuss. Chem. Soc. 1982, 74, 113.
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Figure 4. O—ion—O ADF for hydrated Fe*" (solid line) and Fe*"
(dashed line).

axis, from which it deviates by ~16—18°. The theta angle
distribution describes the orientational freedom of the water
molecules within the first hydration shell, exhibiting a
maximum at ~40° tailing toward ~140° for the Fe*" ion
and 50° and 180° for the Fe** ion, respectively. Both tilt and
theta angles prove a considerable deviation from an idea-
lized octahedral complex.

Dynamics. Ligand-exchange reactions were not obser-
ved between the first and second hydration shells, visible
from the zero regions in the gj,n—o (and gjon—p) plots
between the first and second shells of both ions. Experi-
mental MRTs determined by NMR spectrosco7pg/ for the
first hydration shell of the Fe** ion as 3 x 10~ ’s*” and in
the range of 5 x 107°°" to 6 x 10~ s** for Fe*" show why
in our simulation time of 8 ps no exchange could be
expected. The ligands of the second hydration shell are
involved in multiple exchanges with the bulk, as depicted
in the ion—O0 distance plots for the Fe*>" and Fe* " ions in
an aqueous solution shown in Figure 5a,b, with some
water molecules highlighted: a water molecule constantly
present in the stable first hydration shell, a water molecule
migrating from the second hydration shell to the bulk,
and a water molecule entering the second hydration shell
from the bulk. Figure 5 also illustrates that the water
molecules coordinated to Fe*™ are fluctuating to longer
distances compared to those bound to the Fe’ " ion, with
its more tightly bound first hydration shell.

Ligand MRTs, 7, for the second hydration shells of the
Fe’" and Fe'" ions have been compared with the MRT
value of pure water (Table 4). With 2.4 and 3.1 ps,
respectively, they are still lower than the estimated value
in the range of 10~ '°—10~"" s for the aqueous Fe* ion.” It
should be mentioned, however, that any estimation not
based on a femtosecond laser probe experiment is not able
to produce reliable data for rates above 10'” s. On the
other hand, compared with the value of 1.3 ps for pure
water, both ions display a structure-forming ability up to
the second hydration shell. To have deeper insight into
the dynamics of the second hydration shell of Fe*" and
Fe", the data for exchange processes were compared,

(50) Swift, T. J.; Connick, R. E. J. Chem. Phys. 1962, 37, 307.
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Figure 5. Plots of distances between (a) Fe*™ and water O atoms and
(b) Fe*™ and water O atoms of the first and second hydration shells.

Table 4. Characteristic Data for the Solvent Dynamics for Second-Shell Water
Ligands of Fe** and Fe* Tons and Pure Water®

ion (method) CN N> N 75(0s) Too(DS) Rex
Fe’* (QMCF-MD) 133 46 305 2.4 0.34 6.6
Fe’*(QMCF-MD) 13.6 35 254 3.1 0.42 7.2
Fe’t (QM/MM MD)* 144 31 359 5.4 0.6 11.6

Fe** (QM/MM MD)* 140 6 157 198 0.8 26.2
H,0* 41 20 131 1.3 0.19 6.5
H,O0* 41 24 269 1.7 0.2 11.2

“ Ny is the number of exchange events, R,y is the number of attempts
needed to produce one lasting exchange, and CN is the average
coordination number.

and it was observed that 46 exchange processes lasted
longer than 0.5 ps for the Fe>" ion, whereas for Fe* ", only
35 exchange events were observed, verifying the more
stable second hydration shell of Fe** compared to Fe*™.
Table 4 also includes data for the second-shell dynamics
of ions, obtained from a previous QM/MM MD simula-
tion'? in which only one hydration shell was treated
quantum mechanically. The coordination numbers of
the second hydration shell are similar in both types of
simulations, but the dynamic characteristics show strong
differences. The apparently too high MRT values result-
ing from the conventional one-shell QM/MM MD simu-
lation are partly an “artifact” linked to the assignment of
fixed charges to the QM atoms while using paired three-
body potentials in this scheme, partly a problem of
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Table 5. Ion—0 Stretching Frequencies and Corresponding Force Constants of
Hydrated Fe?" and Fe** Tons

ion method Qion_o (cm™h Fiono (Nm™")
Fe**  QMCF-MD 357 93
Fe’*  QMCF-MD 513 193
P>t  QMCF-MD* 196 33.6
Zn**  QM/MM MD* 310 73
AP QMCF-MD* 560 185
Fe*" Raman scattering®”> 380 106
Fe** Raman scattering®’ 520 198

describing hydrogen bonds between the first and second
shells chemically. The inclusion of the second hydration
shell in the QM region in the QMCF formalism offers
significant improvements for the description of these
hydrogen bonds, and the improved embedding scheme
enhances these improvements.

The fluctuation in the effective charges of aqueous Fe* "
and Fe’ " ions was also monitored by performing Mulliken
population analysis during the course of the whole simu-
lation, and these charges are in the range of 1.25—
1.45, with an average value of 1.36 for Fe", and the ave-
rage charge for Fe’ " was 1.85, ranging between 1.70 and
1.95. The inclusion of more realistic fluctuating point
charges for the two hydration shells in QMCF-MD
compared to QM/MM MD results in the improved
evaluation of Coulombic forces between the first and
second hydration layers. The fixed point charges for the
water molecules in the previous methodology experience
a strong electrostatic attraction between hydration shells,
resulting in a strong electrostatic attraction between the
first and second hydration layers.

Besides the evaluation of the MRT values, the dynamic
behavior of the Fe? " and Fe*" ions was also characterized
by evaluation of the ion—O stretching frequencies, which
were compared with those obtained from experiments. To
determine the relative strength of ion—O bonds in hy-
drated Fe>" and Fe’" ions, they were also compared with
the ion—O frequencies of other divalent and trivalent ions
(cf. Table 5). The ion—O stretching frequencies from the
QMCF-MD simulations in water are in very good agree-
ment with the experimental values. The frequency of the
Fe*"—O stretching mode corresponds to a force constant
of 93 N m ™' (exptl 106 N m™"), which is hi%her than the
values for other divalent ions such as Zn*" > and Pb*".>*
The stretching frequency for the Fe**—O bond corres-
ponds to a force constant of 193 N'm ™! (expt] 1998 Nm ™),
which is higher than the force constant obtained for
hydrated A" (185 N m ™ !),* classifying the Fe*'—0O
bond stronger than the AI**—O bond, which is due to the
contribution of covalent interaction along with electro-
static interaction. These spectroscopic data also seem to
validate the accuracy level of the QMCF-MD simulation
technique.

The average stabilization energies (A Eg.p,) of hydrated
Fe*™ and Fe’' jons from QMCF-MD simulations are
also compared with the experimental enthalpies of hydra-
tion (AHpyg) for both ions. The experimental molar

(53) Fatmi, M. Q.; Hofer, T. S.; Randolf, B. R.; Rode, B. M. J. Chem.
Phys. 2005, 123,4514.

(54) Bhattacharjee, A.; Hofer, T. S.; Pribil, A. B.; Randolf, B. R.; Lim, L.
H. V.; Lichtenberger, A. F.; Rode, B. M. J. Phys. Chem. B 2009, 113(39),
13007.
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enthalpies of hydration were computed, based on the
TATB approximation, as —471 and —1066 kcal mol ™"
for Fe*" and Fe’" ions,>® respectively. The average
hydration energies from the simulations are —512 and
—1115 kcal mol ™! for these ions, in good agreement with
the experimental values.

4. Conclusion

The description of the hydration structures of the Fe** and
Fe*" ions is significantly improved by the ab initio QMCF-
MD formalism treating two hydration layers quantum mecha-
nically, compared to conventional QM/MM approaches
including the ion and only one hydration shell. The resulting
ion—O distances are now within the limits of the experimental

(55) Marcus, Y. Ion Solvation; Wiley: New York, 1985.

(56) Randolf, B. R.; Hofer, T. S.; Rode, B. M. Unpublished results.

(57) Jenkins, J.; Lewis, J. Spectrochim. Acta 1981, 37(1), 47.

(58) Halley, J. W.; Hautman, J. Ber. Bunsen. Phys. Chem. 1987, 91, 491.

(59) Best, S. P.; Armstrong, R. S.; Beattie, J. K. Inorg. Chem. 1980, 19(7),
1958.
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values, and other data such as force constants, ligand MRTs,
and exchange rates could also be improved; e.g., the ion—O
stretching frequencies closely agree with the experimental
results. The reasons for the improvements in the new simula-
tion methodology are seen in the significantly larger QM
region, which includes all binding between the first and
second shells in the quantum mechanical force calculations,
and in the use of the more realistic fluctuating atomic charges
of all species in the QM region and a better embedding scheme
introducing the MM charges as a perturbation in the core
Hamiltonian of the whole QM region. The results for the
structure and dynamics of divalent and trivalent iron ions in
the dilute aqueous solution presented here are considered,
therefore, as a major advance in the characterization of these
ions, chemically and biologically important in manifold ways.
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