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Abstract

Using a simple ionic model with polarizable oxygen ions and dissociating water molecules, we have calculated the energetics govern-
ing the distribution of Fe(II)/Fe(III) ions at the reduced (2 · 1) surface of a-Fe2O3 (hematite) (012) under dry and hydrated conditions.
The results show that systems with Fe(II) ions located in the near-surface region have lower potential energy for both dry and hydrated
surfaces. The distribution is governed by coupling of the ferrous iron centers to positive charge associated with missing oxygen atoms on
the dry reduced (2 · 1) (021) surface. As the surface is hydroxylated, the missing oxygen rows are filled and protons from dissociated
water molecules become the positive charge centers, which couple more weakly to the ferrous iron centers. At the same time, the
first-layer iron centers change from fourfold or fivefold coordination to sixfold coordination lowering the potential energy of ferric iron
in the first layer and favoring migration of ferrous iron from the immediate surface sites. This effect can also be understood as reflecting
stronger solvation of Fe(III) by the adsorbed water molecules and by hydrolysis reactions favoring Fe(III) ions at the immediate surface.
The balance between these two driving forces, which changes as a function of hydration, provides a compelling explanation for the
anomalous coverage dependence of water desorption in ultra-high vacuum experiments.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

Hematite (a-Fe2O3) is the most stable iron oxide at the
Earth’s surface and is abundant in natural environments
(Cornell and Schwertmann, 1996). Work over the last dec-
ade has focused on its interaction with water (Wasserman
et al., 1997; Henderson et al., 1998; Parker et al., 1999;
Rustad et al., 1999; Jones et al., 2000; Henderson, 2002;
Trainor et al., 2004) and electron transfer across mineral-
water interfaces (Eary and Rai, 1989; Eggleston, 1999; Jeon
et al., 2003; Williams and Scherer, 2004; Madden and
Hochella, 2005). It has been shown that the reduction of
U(VI) (Liger et al., 1999), Tc(VII) (Lloyd et al., 2000; Fred-
rickson et al., 2004), and nitrobenzene (Williams and
Scherer, 2004) by ferrous ions is dramatically enhanced
by the presence of hematite particles in aqueous solutions.
0016-7037/$ - see front matter � 2006 Elsevier Inc. All rights reserved.
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Oxidation–reduction processes taking place at hematite
surfaces are believed to involve small amounts of ferrous
iron dissolved in nominally Fe3+ oxide (Eary and Rai,
1989). The question of the structural arrangement of Fe(II)
on Fe(III) oxide surfaces is thus central to understanding
iron oxide reactivity.

Ultra-high vacuum (UHV) experiments on the behavior
of water on reduced hematite (012) surfaces provide a well-
defined benchmark for understanding the driving forces
governing Fe(II)–Fe(III) distributions at iron oxide surfac-
es (Henderson et al., 1998). In UHV environments, the
hematite (012) surface has been shown to exist in two sta-
ble oxidation states. The stoichiometric (1 · 1) state under-
goes a (2 · 1) reconstruction upon heating in UHV
conditions above 900 K. This reconstruction is driven by
the emission of O2 and the generation of oxygen vacancies
and Fe(II) ions produced by the electrons left behind by the
oxygen gas (Gautier-Soyer et al., 1996). Henderson et al.
(1998) examined the chemisorption of water on the reduced
(2 · 1) surface. They showed that the temperature-pro-
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grammed desorption of water exhibited anomalous and
complex coverage dependence. We hypothesize that the
complexity observed in the experiments of Henderson
et al. (1998) results from changes in the surface distribution
Fe(II)–Fe(III) as a function of water coverage. To test this
hypothesis, we calculate the relative energies of different
Fe(II)–Fe(III) arrangements within slab models of the
hematite surface, and ascertain the effect of surface hydra-
tion on these energies.

2. Methods

2.1. Structure and construction of the model surface

The (012) surface of hematite has two oxidation states
(Henderson et al., 1998) [the right-hand convention is used
here to index the lattice planes, see Henderson et al. (1998)
for discussion of the various conventions in the literature].
Under UHV conditions, the (1 · 1) surface is fully stoichi-
ometric and has a bulk-terminated structure (Henrich and
Cox, 1994) with fivefold coordinated Fe(III) at the surface.
This surface can be prepared by oxidation of natural hema-
tite at PO2

= 10�6 mbar and 700 K (Gautier-Soyer et al.,
1996). After annealing (PO2

= 10�10 mbar) at temperature
900 K, the (012) surface showed a (2 · 1) LEED pattern,
indicating surface reconstruction (Gautier-Soyer et al.,
1996; Henderson et al., 1998; Lad and Henrich, 1988).
The exact atomic structure of reconstructed (2 · 1) surface
remains unknown, however, high resolution electron ener-
gy loss (HREELS) and Auger spectra have shown that the
surface has reduced Fe(II) ions (Henderson et al., 1998).
The similarity of the HREELS spectra of the (1 · 1) and
(2 · 1) surfaces suggested that the near-surface regions
are terminations of the hematite structure.

We model the surface as a 2D periodic slab cut from
bulk hematite structure parallel to (012), with supercell
dimensions in the surface plane fixed at the optimized bulk
values of 10.28 Å and 5.51 Å. These dimensions reflect the
minimum dimensions of the (2 · 1) surface cut from the
bulk optimized within the potential used here (Fig. 1a).
Each iron layer has four iron atoms. The surface slab con-
sists of a total of 10 iron ion layers (25 atomic layers) with a
total thickness of �17.5 Å (Fig. 1b). This slab is thicker
than the stoichiometric slabs required for model conver-
gence in previous studies (Wasserman et al., 1997, 1999).
The inversion symmetry present in bulk hematite was en-
forced in the slab to eliminate any ferroelectric response
in the (001) direction. The dimension of the cell normal
to the surface was set to 100 Å to prevent interactions be-
tween the two surfaces when applying three-dimensional
periodic boundary conditions. A smaller spacing may be
possible but this was not investigated. A total of four Fe(II)
ions were introduced in the system to replace Fe(III) ions,
and one oxygen atom was removed from the top and bot-
tom surface, as indicated in Figs. 1a and 2a. In the hydrat-
ed state, water molecules fill the surface oxygen vacancies
on the top and bottom of the slab. Water molecules are
also adsorbed on the surface iron atoms (four on top and
four on the bottom) (Fig. 2b). There are therefore 10 water
molecules (five on top and five on the bottom) added per
each (2 · 1) unit cell indicated in Fig. 1a.

2.2. Interaction potentials

A review of the testing and development of the potential
set may be found in Rustad (2001). A few relevant points
are restated here. The Fe–O potential parameters were fit-
ted to ab initio calculations of the Fe3+-H2O potential sur-
face of Curtiss et al. (1987). The O–O and O–H interactions
are those of the polarizable, heterolytically dissociative
water model of Halley et al. (1993). Solid-state data were
not used to any extent in the parameterization process.
Despite this, very good agreement was obtained for surface
relaxation as a function of depth on vacuum-terminated
hematite (00 1) surfaces as measured with X-ray photoelec-
tron diffraction (Rustad, 2001 and references therein). Both
the a and c parameters of optimized bulk hematite are
within 3% of experimental values (5.14 Å and 13.91, com-
pared with the experiment of 5.03 and 13.75 Å) (Waychun-
as, 1991). A similar level of agreement is obtained for the
FeOOH polymorphs and Fe(II)-containing minerals such
as magnetite (Rustad, 2001 and references therein). The
potentials have also been used extensively for monomeric
(Fe2+, Fe3+; Rustad et al., 1995, 2004) and multimeric spe-
cies (Fe3+) in aqueous solution, including hydrolysis spe-
cies. The potentials were also instrumental in the
interpretation of UHV experiments the interaction of water
with the hematite (01 2) surface (Henderson et al., 1998).
These simply constructed potentials give quite reasonable
results for Fe2+, Fe3+–H2O, OH�, O2� and have been suc-
cessfully applied to a wide range of problems in mineralo-
gy, high-vacuum surface science, and interfacial chemistry,
including problems involving the pH-dependence of rates
of electron transfer (Rustad, 2001 and references therein;
Rustad et al., 2003, 2004).

Formal charges are used for all species in the model
along with polarizable oxygen anions. The point dipole li

on the oxygen atom self-consistently satisfies the relation
li = aEi, where Ei is the electric field at the oxygen and a
is the oxide ion polarizability, set to 1.444 Å3. The cat-
ion-oxygen charge–dipole interactions at short distance
are screened through multiplication by a cutoff function
(the same for the Fe(II) and Fe(III) ions), having a value
of zero at small distance and unity at large distance.

This work makes the approximation that Fe(II)–Fe(III)
charges are well localized. Prediction of the extent of char-
ge localization in these and similar systems is an area of
ongoing research and appears to be a sensitive function
of the theoretical method used. Goethite, for example, is
metallic in the generalized gradient approximation of den-
sity functional theory (R. Pentcheva, personal communica-
tion). Experimentally, it has been established that the
effective Verwey transition temperature of magnetite is
much higher for a surface than in the bulk (Wiesendanger



Fig. 1. (a) Schematic model of the bulk terminated hematite (a Fe2O3) (2 · 1) (012) surface. Larger spheres are oxygen atoms. The more lightly shaded
oxygens are removed from the surface; the more darkly shaded oxygen atoms remain. Small dark spheres are Fe(II) ions which have the electrons left
behind during removal of oxygen; smaller, lighter spheres are Fe(III) ions. The surface lattice unit for (2 · 1) surface is highlighted with the dimensions of
10.28 Å and 5.51 Å. (b) Computational (012) surface supercell in [012] and [100]. Arrows show the different Fe layers.
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et al., 1994), so it may be that the localized-charge repre-
sentation is a reasonable approximation in a surface envi-
ronment. In any case, the localized charge arrangement
serves as a useful end member in the interpretation of
mixed-valence oxide surfaces.

2.3. Simulation procedures and analysis

Energy optimizations were performed for the reduced
(2 · 1) surfaces by searching over all possible distributions
of Fe(II) and Fe(III) ions under both hydrated and dry
conditions. The initial atomic positions were set to those
of the relaxed (unreduced) (012) surface. Previous work
indicated negligible effects from the artificial periodic
dimension normal to the slab, provided there is no overall
dipole moment and provided the slabs are neutral (Wasser-
man et al., 1999). We therefore used the simpler three-di-
mensionally periodic Ewald summation for the charge–
charge, charge–dipole, and dipole–dipole interactions
(deLeeuw et al., 1980). The conjugate-gradient algorithm
was used in energy minimization. All atomic positions
and induced dipoles are fully optimized; the only con-
straints are the a and b vectors representing the surface unit
mesh which are fixed at bulk values. For each surface, two
sites out of 20 Fe atoms in the top half of the slab were
designated to be Fe(II). These are repeated through the
inversion operation in the lower half of the slab, resulting
a total of 190 (=20 · 19/2!)combinations for which energies
were computed.

One of the important contributions to the slab energy is
the effective electrostatic repulsion between the Fe(II) ions
and their attraction to the surface defect (oxygen vacancy
or adsorbed protons) to which the Fe(II) ions are coupled.
Because of the inversion constraint, the concentration of



Fig. 2. Low-energy conformers (2 · 1) surface of (a) vacuum-terminated
and (b) hydrated hematite (012) surface. The larger spheres are oxygen
atoms, the intermediate-sized spheres are light (Fe3+ ions), dark (Fe2+

ions. The small, unfilled spheres are hydrogen ions. In (a), the inset shows
the octahedral (90� and 180�) O–Fe(II)–O angles. For the vacuum-
terminated surface the Fe(II) atoms remain directly at the surface sites. In
(b) the top panel is normal to (012); the bottom cross-sectional panel is
along [121]. In the hydrated surface, the Fe(II) ions have moved into the
2nd layer. Dashed lines indicate strong hydrogen bonds within H3O2

�

surface groups.
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Fe(II) ions is far from the dilute limit of an infinitely thick
slab, and the artificial interaction between Fe(II) ions
across the slab will interfere to some extent with that be-
tween Fe(II) ions and rest of the surface. We have tried
to minimize such effects by choosing a relatively thick slab.
Since the coupling is the same for hydrated surface and dry
surface, the comparison between these two systems is not,
to first order, affected by this coupling.

3. Results

3.1. Structure of the low-energy surfaces

The lowest-energy structures for both the vacuum-termi-
nated and hydrated surfaces are shown in Figs. 2a and b,
respectively. The vacuum-terminated surface is consistent
with the observed (2 · 1) structure and has the Fe(II) sites
in fourfold coordination, but, as shown in the inset in
Fig. 2a, the Fe(II) remains in nearly octahedral geometry;
O–Fe(II)–O angles are close to 90� and 180�. The hydrated
surface in Fig. 2b has the oxygen vacancies filled in by ad-
sorbed water molecules, which have dissociated to com-
pletely fill the ‘‘zig-zag’’ surface oxygen rows with OH
ions. The adsorbed water molecules have also dissociated
on the (2 · 1) surface, forming infinite –H2O–OH–H2O–
chains along [121]. The dissociation is consistent with pre-
vious experimental investigations of Henderson et al.
(1998). As can be seen in Fig. 2b, hydration of the surface
drives the Fe(II) sites from the surface layer into the second
layer. The low energy configuration for the hydrated sur-
face is (1 · 1) with respect to the Fe(II)–Fe(III) distribu-
tion. This prediction is in disagreement with low-energy
electron diffraction experiments in Henderson et al.
(1998), where it was found that the (2 · 1) structure persist-
ed from zero water coverage to coverages exceeding one
monolayer. This is possibly a deficiency in the model, or
may also reflect anisotropy in electron transfer rates in
hematite (Iordanova et al., 2005). It is important to keep
in mind that this paper does not deal with kinetics, only
with equilibrium structure.

3.2. Slab energies

The parameterized model gives a good description of the
structural relaxation and energetics of vacuum-terminated
hematite (001) (Rustad, 2001). For example, the surface
energy of the (001) slab is predicted to be 1.64 J/m2, as
compared with first-principles calculations of 1.52 J/m2

(Wang et al., 1998). This is a small difference relative to
the unrelaxed energy of 4.24 J/m2. The predicted (1 · 1)
hematite (012) surface energy is 2.0 J/m2. As yet, there
are no first principles calculations to compare this against.

The hydration energy is defined as:

½Ehyd
slab � ðE

dry
slab þ nEH2OÞ�=2A ð1Þ

where Ehyd
slab is the energy of the hydrated slab, Edry

slab is the
energy of the dry slab, EH2O is the energy of a gas-phase
water molecule, A is the surface area, and n is the number
of water molecules added to the slab (10 in this case). The
hydration energy of the lowest-energy hydrated slab in



Fig. 3. The energy of the vacuum (upside-down triangles) and hydrated
(open diamonds) surface as a function of the average position of the Fe(II)
ions, �z, measured from the center of the slab. Energies are calculated
relative to the lowest-energy surface for the hydrated states as shown in
Fig. 2 (and, are therefore zero by definition for the slabs in Fig. 2. For the
hydrated surface, the minimum-energy surface has �z ¼ 6:8 Å, while for the
vacuum-terminated surface, the minimum-energy surface is close to
�z ¼ 8:4 Å.
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Fig. 2b is �5.2 J/m2, much higher than the hydration ener-
gy of the stoichiometric (1 · 1) surface of hematite (012),
�3.0 J/m2, calculated using the same atomic interaction
parameters (Rustad et al., 1999). The fact that, for the
(1 · 1) surface, the hydration energy is greater than the sur-
face energy simply indicates the metastability of hema-
tite + water relative to goethite or Fe(OH)3. Negative
surface energies in oxide systems have been discussed in
Wasserman et al. (1997) (iron oxide) and Lodziana et al.
(2004) (alumina).

The higher hydration energy for the reduced (012) sur-
face obtained here is qualitatively consistent with the tem-
perature programmed desorption (TPD) experiments for
water on stoichiometric (1 · 1) and reduced (2 · 1) surfaces
(Henderson et al., 1998). The highest desorption peak ob-
served on the (2 · 1) (012) surface is about 405 K at mono-
layer coverages. On the stoichiometric (1 · 1) surface, this
peak is at 350 K (independent of coverage), indicating
stronger hydration of the reduced surface. Both desorption
peaks have been shown to result from recombination of
dissociated adsorbed water. At the stoichiometric (1 · 1)
surface, the oxygen atom of the dissociated adsorbed water
molecule is coordinated to only one surface Fe(III) ion. At
the reduced (2 · 1) surface, however, the oxygen atom of
the dissociated adsorbed water molecule occupies the sur-
face oxygen vacant site and is coordinated to three Fe ions
(Fig. 2b). The higher desorption peak at the reduced sur-
face is related to a different recombination of a H and an
OH to form a H2O, which needs to detach from three Fe
ions while it only needs to detach from one Fe(III) ion at
the (1 · 1) surface.

The slab energy as a function of the average z coordi-
nate of the ferrous iron, �z, is shown in Fig. 3. Each point
on this curve represents one of the 190 possible Fe(II)–
Fe(III) distributions (some are the same by symmetry).
For the dry surface, the minimal potential energy shows
no minimum; the Fe(II) is predicted to lie directly on the
surface as in Fig. 2a. For the hydrated surface, E vs �z
decreases more rapidly, and has a minimum around
�z ¼ 3:4 (two Fe(II) atoms in the second layer from the
top), as in Fig. 2b.

These results support our hypothesis that the anomalous
coverage dependence of the water TPD experiments are
due to rearrangements of the Fe(II)–Fe(III) ion distribu-
tions in response to increasing hydration. One of the
important observations made in that study was that the
main TPD peak at 405 K (at monolayer coverage) decreas-
es with decreasing water coverage. This observation was
puzzling because TPD peaks typically increase in tempera-
ture with decreasing water coverage in dissociative adsorp-
tion, as recombination is inhibited at low coverages. Our
results suggest the following interpretation: The dry
(2 · 1) surface has the ferrous iron confined to the first
layer. As the surface hydrates, a minimum develops in
the E vs �z curve, moving some ferrous iron off the immedi-
ate surface into the second layer. The presence of this min-
imum results in a slight enrichment of ferric iron in the top
layer, giving rise to stronger water binding for higher
coverages.

3.3. Normal mode analysis of the low energy structures

A normal mode analysis was carried out on (2 · 4)
supercells representing the low-energy structures in
Fig. 4. The normal mode analysis was carried out by diag-
onalization of the dynamical matrix calculated from finite
difference using the forces evaluated with the conjugate
gradient code. Starting from the optimized structure, each
atom was moved forward and backward 0.001 Å and a fi-
nite difference of the forces was taken, allowing the polar-
ization degrees of freedom to completely relax. The three
eigenvectors representing translational motion of the lattice
had associated frequencies less than 7 cm�1. No negative
eigenvalues were found; the structures therefore appear to
be stable. The vibrational density of states was constructed
by accumulating the observed frequencies (2301 frequen-
cies for the vacuum-terminated surface and 3166 frequen-
cies for the hydrated surface) into histograms about
10 cm�1 in resolution.

The force field has not been tested very thoroughly for
vibrational frequencies. As a crude benchmark, consider
the symmetric stretch mode of FeðH2OÞ63þ. The model pre-
dicts 614 cm�1, 100 cm�1 higher than the experimentally
observed frequency of approximately 500 cm�1. While it
is difficult to resolve anything definitive in the low frequen-
cy range of either the reduced or hydrated surface, it is
worthwhile to point out some interesting features of the
hydrated surface in the mid-range bands. The band at
1300 cm�1 is due to the d-modes involving Fe–O–H bend-
ing in Fe3OH groups. The modes at 1670–1730 and the



Fig. 4. Vibrational density of states evaluated for a (2 · 4) supercell of
hydrated (solid) and vacuum-terminated (dashed) surfaces. The vibra-
tional frequencies (2349-vacuum) and (3069-hydrated) were accumulated
into bins approximately 10 cm�1 in width to obtain the vibrational density
of states shown in the figure.
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rather surprising intensity at 2050–2100 cm�1 is due to H–
O–H wagging and bending motions, respectively, for Fe–
(OH2)–(OH)Fe groups—essentially H3O2

� groups ad-
sorbed at the surface. To check these predictions, an elec-
tronic structure calculation was carried out on
(H2O)4Al(l-OH)2Al(OH)ðH2OÞ33þ using B3LYP and 6-
31G*, having an HO–HOH moiety similar to those ob-
served in our force field calculations on the surface. The
frequency of the H–O–H bending motion for the (Al)–
HO M HOH–(Al) group is 1957 cm�1, indicating that our
calculations are in a reasonable range. There are no obvi-
ous features in this range in the HREELS spectrum of
the hydrated (2 · 1) surface measured by Henderson
et al. (1998). On the other hand, there was abundant evi-
dence for water dissociation on this surface, which would
presumably indicate the presence of HO–OH2 groups on
the surface. It is possible that the HREELS signal of these
groups is small, but the discrepancy warrants further inves-
tigation. To our knowledge, the usefulness of this frequen-
cy band, potentially diagnostic for water dissociation on
oxide surfaces, has not been previously recognized. The fre-
quencies at 3300 cm�1 are HO–H stretching motions within
the H3O2

� groups at the surface, and those above
4200 cm�1 are the free-OH stretches.

4. Discussion

Several factors are expected to influence the distribu-
tion of ferrous iron on the (2 · 1) surface. First, there is
the electrostatic interaction between Fe(II) ion sites and
the missing oxygen atoms producing the O2 gas emitted
from the surface. Relative to Fe(III) the reduced Fe(II)
act like negatively charged sites, carrying an additional
electron. At the dry surface, the missing oxygen atoms
leave a net positive charge relative to the occupied surface
oxide sites. The electrostatic interaction between the ‘‘neg-
atively charged’’ Fe (II) sites and the ‘‘positively charged’’
missing oxygen rows, of course, binds the Fe(II) ions to
the surface.

A second factor concerns the fourfold and fivefold coor-
dination of the surface iron sites on the dry (2 · 1) surface.
All else being equal, the reaction:

IVFeðIIIÞ þ VFeð IIÞ ¼ VFeðIIIÞ þ IVFeðIIÞ ð2Þ
should be favored: there are four strong Fe(III)–O bonds
on the left and five on the right. In a restricted surface
environment, where the Fe center remains octahedral, the
Fe(II) ions should partition into the lower-coordinated
sites. The picture would change if the sites converted to
tetrahedral geometry with shorter Fe–O bonds. For
example, in comparing the energies of Fe(II) and Fe(III)
for different sites in magnetite, our model does in fact give
preference to the inverse structure with Fe3+ in the tetrahe-
dral sites, [see Rustad (2001) ]). However, the coordination
geometry of the Fe(II) sites is maintained in our calcula-
tions (see Fig. 2a), and also seems supported by HREELS
data of Henderson et al. (1998), which were consistent with
the (2 · 1) surface being a termination of the hematite
structure.

Hydroxylation of the surface changes both of these fac-
tors. As the surface is covered with water molecules, the
positively charged oxygen vacancies are filled in with oxide
ions from water molecules. The compensating charge is
then associated with protons that dissociate from the water
molecules filling in the missing row on the dry surface.
These protons ultimately end up binding to triply coordi-
nated surface oxide ions to form OH� ions. In effect, the
positive charge associated with the missing oxide ions on
the dry surface has migrated to ‘‘extra’’ protons adsorbed
to the hydroxylated surface. It is interesting to ask how this
might affect the E vs �z curve. Does the ferrous iron couple
more strongly to the protons or to the oxygen vacancies?
Does hydroxylation, which also converts the fourfold or
fivefold surface sites to sixfold surface sites, eliminate the
contribution from Eq. (2)?

Our calculations suggest two things. First, the overall E

vs �z curve is lower for the hydroxylated system than the
vacuum system; the ferrous irons appear to couple less
strongly to the protons than to the oxygen vacancies. This
may be due to the fact that the ferrous iron can get closer to
the oxygen vacancies than to the protons. More striking,
however, is that completing the coordination shells of the
surface ions by adsorbed water molecules appears to have
forced the ferrous iron into the second layer. This is in part
due to the elimination of the fivefold coordinated sites as
the surface is hydroxylated. This might also be looked at
as a solvation or acid–base effect; to the extent that the
adsorbed water acts like a dielectric solvent, a more
favorable solvation contribution will come from the
Fe(III)–H2O interaction than from the Fe(II)–H2O
interaction. The enhanced acidity of the Fe(III)–OH2

groups will drive the reaction in the same way because
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there is potential energy to be gained from dissociation of
surface functional groups.

5. Geochemical implications

Our results, which employ the simplest possible molecu-
lar model, provide a compelling interpretation of the exper-
iments of Henderson et al. (1998) , and highlight the
significance of that work for geochemistry. One important
point, often overlooked, is that motion of the ‘‘extra’’ elec-
trons associated with the ferrous iron must be coupled to
positive charges somewhere else. It is clear that ferrous iron
ion will not migrate into the solid without taking these
charges with them. In the case of the dry UHV experi-
ments, these are oxygen vacancies. For hydrated surfaces,
the ferrous iron is coupled to proton positions. In geo-
chemical contexts, the hydrated surface is relevant, and
the migration of electron charge is likely to be associated
with the mobility of protons into the lattice. The reorgani-
zation energies associated with the motion of surface pro-
tons into the bulk are likely to be larger than the
reorganization energies associated with the transfer of elec-
trons, and are probably rate-limiting.

The overall interaction between the ferrous iron and the
localized proton charge centers (on the hydroxylated sur-
face) is somewhat weaker than between the ferrous iron
and the positive charge associated with oxygen vacancies
(on the dry surface). For the hydrated surface, the existence
of a minimum in the energy for configurations in which fer-
rous iron ions move off the immediate surface sites indi-
cates that the ferrous iron may be buried slightly below
the immediate surface in the presence of water. These
near-surface rearrangements, driven by solvation forces
and acid–base reactions, appear to be rapid, since the elec-
trons appear to redistribute on the hour-long time scales
associated with the TPD experiments, having an important
influence on the chemical behavior of surface water. The
relatively fast kinetics associated with the near-interfacial
burial of ferrous iron are consistent with the oxidation of
sorbed Fe(II) to Fe(III) at iron oxide/oxyhydroxide surfac-
es observed by Williams and Scherer (2004) in Moessbauer
studies. These results also have implications for the recently
discovered catalytic effect of Fe(II) on solid-state Fe-oxide
transformations (Pedersen et al., 2005). Migration of Fe(II)
into the bulk weakens foundational bonds, and is likely to
enhance lability, and aid structural reorganization.

The structural state of adsorbed Fe(II) will differ from
the idealized configurations in the UHV systems, but the
factors governing the behavior of these sorbed ions are
likely to be similar to the factors we have identified in
our analysis of the UHV experiments. The driving forces
uncovered by the ionic model presented here are funda-
mental; additional sophistication, such as could be
achieved with methods based on electronic structure, are
unlikely to change this first-order picture, which will serve
as an important boundary condition to the details of the
ultimate electronic response of the system.
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