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Abstract

Goethite(a-FeOOH), an abundant and highly reactive iron oxyhydroxide mineral, has been the subject of numerous stud-
ies of environmental interface reactivity. However, such studies have been hampered by the lack of experimental constraints
on aqueous interface structure, and especially of the surface water molecular arrangements. Structural information of this
type is crucial because reactivity is dictated by the nature of the surface functional groups and the structure or distribution
of water and electrolyte at the solid-solution interface. In this study we have investigated the goethite (1 0 0) surface using
surface diffraction techniques, and have determined the relaxed surface structure, the surface functional groups, and the three
dimensional nature of two distinct sorbed water layers. The crystal truncation rod (CTR) results show that the interface struc-
ture consists of a double hydroxyl, double water terminated interface with significant atom relaxations. Further, the double
hydroxyl terminated surface dominates with an 89% contribution having a chiral subdomain structure on the (1 0 0) cleavage
faces. The proposed interface stoichiometry is ((H2O)A(H2O)AOH2AOHAFeAOAOAFeAR) with two types of terminal
hydroxyls; a bidentate (B-type) hydroxo group and a monodentate (A-type) aquo group. Using the bond-valence approach
the protonation states of the terminal hydroxyls are predicted to be OH type (bidentate hydroxyl with oxygen coupled to two
Fe3+ ions) and OH2 type (monodentate hydroxyl with oxygen tied to only one Fe3+). A double layer three dimensional
ordered water structure at the interface was determined from refinement of fits to the experimental data. Application of
bond-valence constraints to the terminal hydroxyls with appropriate rotation of the water dipole moments allowed a plausible
dipole orientation model as predicted. The structural results are discussed in terms of protonation and H-bonding at the inter-
face, and the results provide an ideal basis for testing theoretical predictions of characteristic surface properties such as pKa ,
sorption equilibria, and surface water permittivity.
� 2009 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Goethite (a-FeOOH) is one of the most common and
reactive crystalline iron oxide phases found in soils and sed-
iments (Cornell and Schwertmann, 2003; van der Zee et al.,
0016-7037/$ - see front matter � 2009 Elsevier Ltd. All rights reserved.
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2003). Chemical reactions at the goethite/water interface
play an important role in numerous natural processes, from
controlling the fate and transport of environmental con-
taminants (Hays et al., 1987; Brown et al., 1999; Cornell
and Schwertmann, 2003) to the biological availability and
geochemical cycling of iron (Lovley et al., 1991; Lower
and Hochella, 2001; Hansel et al., 2004). Because of
goethite’s importance as a ubiquitous environmental
substrate, it is commonly studied to investigate interfacial
processes such as sorption, dissolution, aggregation, and
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precipitation (Sposito, 1989; Davis and Kent, 1990; Brown
and Parks, 2001; Brown and Sturchio, 2002; Penn, 2004;
Waychunas et al., 2005; Gilbert et al., 2007).

Interfacial processes at model surfaces are frequently
studied to understand and interpret many types of macro-
scopic observations driven by heterogeneous reaction path-
ways. However, such studies are hampered by the limited
molecular knowledge of the aqueous interface structure.
Structural information of this type is crucial because reac-
tivity is critically controlled by the precise nature of the
surface functional groups and the structure or distribution
of water and electrolyte at the solid-solution interface
(Hiemstra and Van Riemsdijk, 1996; Hiemstra et al.,
1989; Rustad et al., 1996; Sverjensky and Sahai, 1996;
Sverjensky, 2005; Sverjensky and Fukushi, 2006; Kubicki
et al., 2008). For instance, the widely used surface complex-
ation approach to modeling interfacial reactivity relies on
several simplifications and generalizations about interfacial
structure that may result in limited extendibility of model
parameters (Davis and Kent, 1990). A number of recent
studies have shown that the surface structure of minerals
can vary markedly from the bulk stoichiometric termina-
tion of the crystal lattice, and that water at the interface
may show ordering that is significantly different from bulk
water molecular arrangements (Eggleston, 1999; Eng et al.,
2000; Cheng et al., 2001; Eggleston et al., 2003; Trainor
et al., 2004; Fenter and Sturchio, 2004; Catalano et al.,
2007; Tanwar et al., 2007). In several of these cases the
differences in reactivity of particular crystal planes can be
directly related to the specific surface protonation, func-
tional group occupation, and bond distance relaxations at
the surface (Hiemstra and Van Riemsdijk, 1999; Templeton
et al., 2001; Bargar et al., 2004).

A considerable amount of both semi-empirical, theoret-
ical and experimental work has gone into development of
surface structural and thermodynamic/electrostatic models
for goethite-water interfaces (Russel et al., 1974; Parfitt
et al., 1975; Hiemstra et al., 1989; Hiemstra et al., 1996;
Rustad et al., 1996; Sverjensky and Sahai, 1996; Rakovan
et al., 1999; Sverjensky, 2005; Kerisit and Rosso, 2006;
Sverjensky and Fukushi, 2006; Kubicki et al., 2008). In
many of these efforts, researchers have used structure–reac-
tivity relationship in which an assumed surface structure is
used as a starting point for interpreting reactivity, based on
the coordination chemistry of surface functional groups. In
the majority of these approaches the goethite surface is as-
sumed to be terminated with bulk interatomic distances,
site occupations and composition. Purely theoretical ap-
proaches to the goethite–water interface have also been at-
tempted, generally assuming a bulk structure surface
termination model without a complete aqueous solution
in contact with the interface. While the various models have
generally proved to have predictive power, and provide a
qualitative structural interpretation of reactivity, we know
that reduction in surface free energy drives relaxations of
near surface atoms, possible deviation of stoichiometry at
the surface, and specific surface proton stoichiometry, all
of which can have major effects on surface reactivity. Such
variations can have significant consequences for the predic-
tion of surface reactivity and chemistry as they can lead to
differences in the number and types of reactive sites upon
which structure-based reactivity models are founded, as
well as substantial differences in local electrostatic interac-
tions affecting proton exchange and hydrolysis (pKa val-
ues). Furthermore, the nature of sorbed water layers may
play a significant role in controlling surface processes.
Ordering of interfacial water and associated reduction in
the interfacial dielectric permittivity may affect sorption
behavior markedly. Finally, most experimental work typi-
cally utilizes sub-micron sized crystallites that average reac-
tivity over many growth planes and crystallite habits. This
approach can only yield incomplete geochemical insight
as reactivity is neither connected to an accurate model of
interfacial structure, nor is it being observed for a particular
set of interfaces.

A number of previous studies have shown ordering of
water at crystal/water interfaces (Eng et al., 2000; Cheng
et al., 2001; Reedijk et al., 2003; Fenter and Sturchio,
2004; Geissbühler et al. 2004; Toney et al., 1994). In this
article we present the experimental determination of the
three dimensional atomic structure of goethite/water inter-
face. By use of crystal truncation rod (CTR) analysis we
have refined the three-dimensional positions of both sur-
face atoms and overlayer water oxygens (Robinson, 1991;
Fenter, 2002; Ghose et al., 2008). Using bond-valence
analysis, we have assigned the protonation states of the
surface oxygens, from which we can infer the orientation
of the surface hydrogen bonding network.

The measurements were performed using a small (1 0 0)
cleaved crystal from a high quality mineral specimen from
Cornwall, UK, resulting in a highly ordered interface that
permitted high-resolution structural analysis. The (1 0 0)
plane is not the main growth face on natural goethite crys-
tals, but is a common one and the perfect cleavage affords
experimental surfaces with no angular miscut. Our analysis
provides both the coordination environment of the func-
tional groups terminating the goethite (1 0 0)–water inter-
face as well as the three-dimensional refinement of the
overlying water layer molecular positions. The structure
refinement shows a double hydroxyl, double water termi-
nated interface with significant atom relaxations. An inter-
esting chiral subdomain structure has also been identified
on the (1 0 0) cleavage faces. Further, using the structure
of the surface hydroxyls and three dimensionally ordered
water layers with bond-valence analysis, a complete surface
hydroxyl model, along with dipole orientations of the water
layers, could be predicted. These results are useful in com-
paring and leveraging some of the theoretical models al-
ready predicted by DFT calculations, and will also be
testable (sorbed water structure and hydroxyl orientations)
via sum frequency vibrational spectroscopy (SFVS)
measurements.

2. MATERIALS AND METHODS

2.1. Sample preparation

High quality single crystal surfaces of Goethite (a-FeO-
OH) suitable for CTR diffraction study are uncommon due
to the fact that natural samples typically grow as an
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aggregate of small (<0.1 mm diameter) single and polycrys-
talline sprays. A natural sample from Cornwall England
with crystals up to a millimeter in size provided a rare
opportunity to cleave hundreds of small chips that could
be sorted optically. Optical and X-ray characterization re-
sulted in about 10 high quality crystals with near atomically
smooth cleaved surfaces. All candidates cleaved along the
(1 0 0) plane. For this study, we used a chip with a
1 � 1 mm surface, 0.2 mm thickness, that was prepared
using an acid–base cleaning procedure and left in water be-
fore mounting on the diffractometer in a water saturated He
environment (relative humidity >90 %, pH2O > 20 Torr) at
standard temperature and pressure condition. (Trainor
et al., 2004; Tanwar et al., 2007).

2.2. CTR data collection and data analysis

The data were collected at The University of Chicago
Center for Advanced Radiation Sources (CARS), at the
Advanced Photon Source (APS) sector 13 undulator beam-
line. Experiments were carried out using 12 keV monochro-
matic X-rays of spot size 50 � 150 lm, from a LN2 cooled
double crystal Si (1 1 1) monochromator and using Rh
coated vertical and horizontal focusing (and harmonic
rejection) mirrors. Sample orientation and scanning were
performed using a 2 + 2 + kappa-geometry diffractometer
equipped with a sample cell with X-ray transparent win-
dows (Trainor et al., 2006). To collect non-specular rods
the incident angle was fixed at 2� and rocking scans through
the truncation rods were performed using a continuous
(trajectory) scan of the diffractometer u-axis at a particular
reciprocal lattice setting. Specular rods were collected by
scanning the diffractometer x-axis with the direction of
sample miscut (<0.2�) oriented in the scattering plane to en-
sure collection of all CTR intensity. A total of 2375 struc-
ture factors (|FHKL|) were determined by taking the square
root of the background subtracted intensity of the rocking
scans through the three dimensional crystal truncation rods
and correcting for active area, polarization, scan speed, and
Lorentz factor (Robinson, 1991). In the notation used
above, the reciprocal vector indices H and K correspond
to in-plane momentum transfer and L corresponds to per-
pendicular momentum transfer. After symmetry (pm)
equivalents were averaged, the final data set consisted of
1760 unique data points from 10 unique crystal truncation
rods. The two sigma error bars on the data are typically
about 8%. A subset of the data set was recollected period-
ically to check for beam induced surface damage; these re-
peats showed 2–5% intensity variation during the course of
measurements, which is less than the measurement error,
indicating the surface was stable during data collection.

Nonlinear least-squares fits of the full data set to a mod-
el consisting of a fixed bulk structure and an adjustable sur-
face region of a-FeOOH (1 0 0) were performed using
widely used CTR model analysis procedures (Robinson,
1986, 1991; Vlieg, 2000; Fenter, 2002; Trainor et al., 2002;
Ghose et al., 2008). The fit parameters include atomic dis-
placements in x, y and z directions, atomic occupancies,
Debye–Waller factors, and an overall roughness factor as
derived by Robinson (1986). A single overall scale factor
was used in the CTR analysis procedure. The quality of
the fit is characterized using a reduced v2 value. We em-
ployed Hamilton’s R-ratio test to provide a statistical com-
parison of the fit quality among different models (Hamilton,
1965). A more detailed discussion of the data analysis pro-
cedure is described in a separate file in the Electronic
Annex.

2.3. Bond-valence calculation and protonation states

An independent check on the chemical plausibility of the
structural models was performed using Pauling’s bond-va-
lence (BV) principle (Pauling, 1960), with further quantifi-
cation using bond strength–bond length relationships as
developed by Brown and Altermatt (1985). The Pauling
bond-valence sum (

P
s) for a central atom is defined as

the sum of individual bond-valence contributions from each
neighboring atom, where each contribution is defined as
s = Z/CN, where Z is formal valence and CN is the coordi-
nation number of the neighboring atom. For accurate com-
parisons the bond-valences are modified to allow increased
s values with shorter interatomic distances and vice versa,
and in this way the effects of bond changes due to relax-
ations or other structural variations can be estimated. This
methodology has been shown to be a valuable tool in
deducing molecular structural details in the analysis of
many of crystal structures, and more recently is finding
widespread use in the analysis of surface structures
(Hiemstra et al., 1996; Bargar et al., 1997; Venema et al.,
1998; Bickmore et al., 2006; Tanwar et al., 2007). In much
the same way, using the bond-valence approach the proton-
ation states of the interfacial hydroxyls could be determined
by estimating the accepter and donor hydrogen bond con-
tribution to the bond-valence sum in saturating the surface
oxygen atoms. In these calculations we assumed that the
binding of a single proton to oxygen to form a hydroxyl
group contributes approximately 0.8 bond-valence units
(vu) to the BV sum, while a hydrogen bond contributes
approximately 0.2 vu.

3. RESULTS AND DISCUSSION

3.1. a-FeOOH Bulk and a-FeOOH (1 0 0) surface structure

The bulk goethite (a-FeOOH) structure can be described
as a distorted hexagonally close packing of O and OH groups
with Fe3+ occupying half of the octahedral interstices. Each
of the six-coordinated iron sites have three short FeAO
bonds (1.96 Å) and three long FeAOH bonds (2.10 Å) and
there are four repeat formula units (FeOOH) present within
each unit cell (Fig. 1a) (Cornell and Schwertmann, 2003). The
structure has a space group symmetry of Pnma and the bulk
unit cell parameters are defined in an orthorhombic setting
with lattice constants a = 9.9629 Å, b = 3.0231 Å, and
c = 4.6088 Å (refined from bulk XRD measurement at The
University of Chicago using one of the crystals from the same
specimen from which the CTR crystal fragment was
obtained). The goethite (1 0 0) surface can be indexed in
an orthorhombic setting with the lattice vector cs defined
parallel to the surface normal. This results in a surface unit



Fig. 1. Atomic structure models for (a) side view of the best fit
model: double-hydrated double hydroxyl ((H2O)A(H2O)AOHA
OHAFeAOAOAFeAR), termination model for the a-FeOOH
(1 0 0) surface. The atomic symbol and layer sequence in the z-
direction are shown. Atoms in bold face represent layers added
above the first layer of the stoichiometric termination. A bulk
stoichiometric unit cell is shown (dashed box). (b) Top view model
of the a-FeOOH (1 0 0) surface structure. The large spheres (red)
represent oxygen, small spheres (violet) represent iron atoms, and
the small spheres (light) represent H atoms. The large spheres in the
topmost layer (light blue) and next layer (deep blue), represent the
two water layers W2 and W1, respectively. IO and IIO represent
oxygen atoms coordinated to one and two iron atoms, respectively.
The plausible hydrogen bonds between the terminal solid surface,
and water layers, as well as in the bulk structure, are shown with
dashed lines.
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cell defined by an orthogonal mesh with lattice constants
|as| = 3.0231 Å, |bs| = 4.6088 Å, and |cs| = 9.9629 Å. The
(1 0 0) cleavage face of goethite has six chemically distinct ter-
minations of the bulk structure, each occurring with left or
right handedness as shown in Fig. 1a: a double hydroxyl layer
(layer 1), a single hydroxyl layer (layer 2), an iron over double
oxygen layer (layer 3), a double oxygen layer (layer 4), a single
oxygen layer (layer 5), and an iron over double hydroxyl layer
(layer 6). The presence of the screw axis within the unit cell
results in chemically equivalent termination pairs, that have
opposite handedness (i.e. layers 1 through 6, left handed,
and layers 7–12 right handed) and are therefore crystallo-
graphically distinct.

3.2. Surface termination

Nonlinear least-squares fits of the full data set to a mod-
el consisting of a fixed bulk structure and an adjustable sur-
face region of a-FeOOH (1 0 0) comprised of thirteen
surface layers, were performed. The goodness of the fit
was determined from the reduced v2. Each of the six distinct
terminations was tested, and the double hydroxyl termi-
nated model, (OH)A(OH)AFeAOAOAFeAR (R repre-
sents the repeat of the stoichiometric atomic layer
sequence) was found to be the best fit to the data. A fit of
the model with only left handed double hydroxyl termina-
tion (layer 1) of the unrelaxed bulk structure resulted in a
v2 of 7.0 (black dash-dotted lines in Fig. 2). A fit of this
model with an equal fraction of the left (layer 1) and right
(layer 7) handed terminations, where the surface and near
surface atoms, y � z positions, Debye–Waller factors, and
occupancies were allowed to vary resulted in a v2 value of
3.7 (purple dot dashed lines in Fig. 2). As is evident from
the bulk model, any arbitrary x-displacement would deviate
from the bulk symmetry. There is no evidence that the sur-
face symmetry deviates from the bulk. Therefore, the x dis-
placements were fixed at their bulk values during the fit.
Additional symmetry constraints where used, requiring
atoms in symmetry-related domains to maintain the same
y and z displacement parameters. Z displacements deeper
than eight layers and y displacements deeper than six layers
were found to negligibly affect the fit and were therefore
fixed at their bulk values in the final analysis (Table 1).

The calculated 02L and 22L rods based on the model
with equal fractions of opposite handed domains are sym-
metric about the origin (Fig. 2), however, the data are
clearly asymmetric. This indicates that the surface is com-
posed of inequivalent chiral contributions, despite chemical
and energetic equivalency. To better understand the step
configuration, atomic force microscopy (AFM) measure-
ments were performed on different cleaved samples (see
Electronic Annex for details). Fig. 3a shows atomically flat
areas and the existence of a small fraction of steps with
heights of quarter, half and three quarters of the unit cell
dimension. Half unit cell steps are consistent with the pres-
ence of two chiral domains for a given chemical termina-
tion, whereas quarter and three quarter steps suggest
there is a mixture of chemically distinct domains. These
observations lead us to consider a new model with unequal
surface fractions for the chemically equivalent but crystallo-
graphically distinct terminations in the unit cell.

The CTR data was further refined using a multi-domain
model (Fig. 3b), in which the fractional contribution of the
different domains was optimized. The structural parameters
for the chiral domains for a given chemical termination are
kept the same and only constrained to allow opposing dis-
placement in the y-direction. In consideration of possible
X-ray coherence length effects, both coherent and incoher-
ent intensity sums from different domains were calculated.
The fits are consistently of higher quality using the incoher-
ent summation method. Hence, subsequent intensities sum-
mation was done in-coherently during the rest of the fitting
process. This new multi-domain model improves the fit at
the 95% confidence level by Hamilton’s test (Hamilton,
1965), yielding a v2 value of 2.53 (Fig. 4, blue solid line).
The best fit model consists of 71% double hydroxyl layer 1,
9% double Oxygen layer 4, 18% double hydroxyl layer 7
(the opposite handed layer 1) and 2% double oxygen layer
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Fig. 2. Selected crystal truncation rods with experimental (circles) and theoretical structure factors (FHKL) as a function of perpendicular
momentum transfer (L, in reciprocal lattice units) for the a-FeOOH (1 0 0) surface. The black dotted lines represent calculated CTRs for the
unrelaxed left handed double hydroxyl (layer 1) termination (OHAOHAFeAOAOAFeAR) model. The violet dash-dotted lines represent
calculated CTRs for the relaxed model with equal fractions of the left and right handed double hydroxyl terminations. The blue solid lines are
the calculated CTRs for the combined relaxed model with 89% of the surface consisting of the double hydroxyl termination
(OHAOHAFeAOAOAFeAR). The red solid lines represent the best fit model, utilizing the double-hydrated double hydroxyl terminated
model ((H2O)A(H2O)AOHAOHAFeAOAOAFeAR), where the atoms in bold face represent the water layers.

Table 1
Relaxed and unrelaxed atomic positions and best model fit parameters.

Layers Unrelaxed surface
OAOAFeAOAOAFeAR

Relaxed best fit surface
(OAO)AOAOAFeAOAOAFeAR

Predicted model
(H2O)A(H2O)A(OH2)A
(OH)AFeAOAOAFeAR

X Y Z X Y Z Biso(Å2) Occp.
P

s(vu) Protonation
P

s(vu)

W2 O 0.40(1) 0.77(8) 1.35(2) 10(2) 0.7(1) H2O

W1 O 0.32(5) 0.25(7) 1.21(1) 4(1) 0.7(1) H2O

1 IO 0.75 0.803 1.053 0.75 0.66(2) 1.02(1) 2.6(4) 0.81(4) 0.34(6) HAOAH 1.94
2 IIO 0.25 0.197 0.947 0.25 0.15(1) 0.968(3) 0.73 1.0(1) 0.82(4) H. . .OAH 1.82
3 Fe 0.75 0.951 0.854 0.75 0.82(4) 0.853(2) 0.63 0.79(2) 2.95(4) Fe 2.95
4 O 0.25 0.705 0.800 0.25 0.956(4) 0.795(3) 0.73 1.00 1.82(4) O. . .H 2.02
5 O 0.75 0.205 0.700 0.75 0.72(1) 0.698(3) 0.73 1.00 1.84(4) Fe 2.04
6 Fe 0.25 0.451 0.646 0.25 0.22(1) 0.645(1) 0.63 1.00 3.06(3) Fe 3.06
7 O 0.75 0.697 0.553 0.75 0.452(3) 0.553(2) 0.73 1.00 1.19(2) OAH 1.99
8 O 0.25 0.303 0.447 0.25 0.697 0.446(2) 0.73 1.00 1.19(2) OAH 1.99
9 Fe 0.75 0.549 0.354 0.75 0.303 0.354 0.63 1.00 2.97(1) Fe 2.97
10 O 0.25 0.796 0.300 0.25 0.549 0.300 0.73 1.00 1.78 O. . ...H 1.98
11 O 0.75 0.296 0.200 0.75 0.796 0.200 0.73 1.00 1.78 O. . ...H 1.98
12 Fe 0.25 0.049 0.146 0.25 0.296 0.146 0.63 1.00 2.96 Fe 2.96
13 O 0.75 0.803 0.053 0.75 0.049 0.053 0.73 1.00 1.18 OAH 1.98

Fractional coordinates (a = 3.0231 Å, b = 4.6088 Å, c = 9.9629 Å) of atoms in the surface model for unrelaxed double hydroxyl termination
(bulk) and best fit relaxed surface. Estimated errors from the least-squares fit at the 95% confidence level are given in parentheses. Values
without reported errors were held fixed in the fits. Bond-valence sum (

P
s) values in Valence Unit (vu) were calculated according to the method

described in the text. Protonation for the best fit model and the resulting BV sums, as well as for all layers in the bulk are also reported.
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Fig. 3. (a) Step height distributions of goethite (1 0 0) surface:
AFM image in height mode analysis shown over one 2 lm � 2 lm
area, but representative of many such areas. Step height analysis
shows the presence of quarter, half, and three quarter step heights.
Here a full step height corresponds to the size of the unit cell along
the surface normal cs = 9.9629 Å. (b) A schematic representation of
the steps on the (1 0 0) surface of the goethite surface model. The
blue dashed box shows the unit cell dimensions for a (0 1 1) face.
The unequal fractions of different domains are determined from the
CTR analysis. The best fit model consists of 71% of double
hydroxyl layer 1, 9% double Oxygen layer 4, 18% double hydroxyl
layer 7 (an opposite handed layer 1) and 2% double oxygen layer 10
(an opposite handed layer 4) with the layer fractions determined
with a 2% uncertainty.
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10 (the opposite handed layer 4, Fig. 1a) with the layer frac-
tions determined with a 2% uncertainty (Fig. 3b). We note
that the double hydroxyl terminated surface dominates
with an 89% contribution. Heterogeneity in surface step
morphology has been reported on cleaved goethite crystals
previously (Rakovan et al., 1999). This may be due to stress
variations as a fracture propagates through the crystal,
analogous to the chirality of K2Cr2O7 surface domains
which have been shown to be controlled by the direction
of cleavage forces (Plomp et al., 2001).

3.3. Interface structure

Although the multi-domain model yields reasonable
FeAOH bond lengths and plausible chemical coordination
for the terminal Fe atoms, close examination shows misfits
to the (00L) and (H0L) rod data (Fig. 4). The good fit to
rods with large in-plane momentum transfer together with
the pronounced misfit on the 00L rod (specular at
L = 1.5, 2.5 and L = 6.75) and 10L low Q in-plane rods,
indicates there is a missing component in the model with
substantial in-plane disorder. To address this we added a
single layer of oxygen (W1, Fig. 1a) with its own displace-
ment and disorder parameters to the model, intended to
simulate a partly ordered hydrogen-bonded water layer.
The water layer was added to all the chemically and crystal-
lographically different domains starting at their bulk oxy-
gen positions. During subsequent fitting only the
parameters of this new oxygen layer (W1) were allowed to
vary resulting in a v2 value of 2.19, an improvement at
the 95% confidence level (Hamilton, 1965). The in and
out of plane displacement of the first oxygen layer (W1)
with a Debye–Waller factor (DWF) of 4 Å2 resulted in a
good fit to the specular and low Q off-specular rods
(Fig. 4). However, at L = 3 on the (00L) rod a small misfit
remained (green solid line, Fig.4) prompting the addition of
a second oxygen layer (W2, Fig. 1a) with separate displace-
ment, disorder and occupancy parameters. This model was
tested with both oxygen (waters W1, W2) layers and the ter-
minal hydroxyls free to move during optimization. The
double oxygen overlayer model (Fig. 1a and b) produced
our best fit (red solid line Fig. 2 & Fig. 4) with
v2 = 2.11(an improvement at the 95% confidence level).

A striking feature of the water layers is their three
dimensional order. Based on the DWF and the estimated
errors (see Table 1), W1 water is well ordered both in and
out of plane. In comparison, W2 water has substantial
out of plane ordering with its in-plane coordinates less cer-
tain indicating greater in-plane disorder than W1. Both the
W1 and W2 water layers are uniquely constrained in the x

and z directions, and positioned 1.9 Å and 3.3 Å above
the layer 1 oxygen respectively. There is, however, degener-
acy in the y-direction since a model with y positions
swapped between the W1 and W2 water layer gives an
equally good fit. We selected the solution that is most plau-
sible both sterically and with respect to formation of hydro-
gen bonds with the terminal hydroxyls. The three
dimensional ordering of the water layers appears to be sim-
ilar to previous theoretical simulations and experimental
findings (Toney et al, 1994; Eng et al., 2000; Cheng et al.,
2001; Reedijk et al., 2003; Fenter and Sturchio, 2004;
Ostroverkhov et al., 2005; Kerisit and Rosso, 2006). The
occupancy of the W1 and W2 layers yields 1.4 ± 0.2 waters
per surface unit cell (see Table 1). The OAO distance be-
tween W2 and terminal hydroxyl layers IO and IIO are
3.46 ± 0.07 Å and 4.19 ± 0.05 Å, respectively, and the dis-
tance between W1 and terminal hydroxyl layers IO and
IIO are 2.97 ± 0.04 Å and 2.49 ± 0.02 Å, respectively.
Based on these OAO distances we conclude there are
apparently two distinct types of water-surface interactions:
W1 is likely hydrogen bonding to the terminal hydroxyl
groups (e.g. in the bulk the OAH. . .O distance is 2.76 Å
(Cornell and Schwertmann, 2003)), while W2 does not have
direct interaction with terminal hydroxyl groups, and is
interacting most strongly with the W1 waters (Fig. 5).

Table 1 compares the best fit and the unrelaxed double
hydroxyl surface model. The fit model indicates that near
surface Fe3+ are six-coordinated and connect to two types
of surface (hydr)oxo groups: monodentate (FeAO) (A-
type) and bidentate (Fe2O) (B-type) (Fig. 1a). Despite large
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Fig. 4. Selected rods with experimental (circles) and theoretical structure factors (FHKL) as a function of perpendicular momentum transfer
(L, in reciprocal lattice units) for the a-FeOOH(1 0 0) surface. The blue solid lines are the calculated CTRs for the combined-domain relaxed
fit model with double hydroxyl termination (OHAOHAFeAOAOAFeAR) with no water layers present. The green solid lines represent the fit
model, with single-hydrated double hydroxyl termination ((H2O)AOHAOHAFeAOAOAFeAR). The red solid lines represent the best fit
model, the double-hydrated double hydroxyl termination ((H2O)A(H2O)AOHAOHAFeAOAOAFeAR). The atoms in bold face represent
the water layers. The arrows mark the reciprocal lattice positions where the fits have significant mismatch to the experimental data.

Fig. 5. Three dimensional prospective view (60 degree projected
angle) of the interface structural model of hydrated goethite (1 0 0)
as derived from the CTR and BV analyses. The view is through the
octahedral coordinated crystal interface to the water layers above.
Colored dashed lines shows the four hydrogen bonding for the first
water layer (W1) with the terminal hydroxyls and the second water
layer (W2). The dashed colored lines correspond to different
hydrogen bond lengths, Green 2.0 Å, Black 1.9 Å, and Blue 1.7 Å.
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y-relaxations and interlayer contractions for layers 1–2 and
expansions for layers 2–3, the surface FeAhydroxyl bond
lengths are 2.16 ± 0.03 Å and 2.09 ± 0.03 Å, close to the
bulk value of 2.10 Å. The occupancies of the Fe, IO and
IIO layers, track within error, hence maintaining a fixed
Fe/O ratio. An rms surface roughness of 1.8 ± 0.4 Å deter-
mined from the CTR measurement is, consistent with the
AFM measurement, indicating a relatively smooth surface.
3.4. Interfacial hydroxyl structure

Hydrogen positions cannot be directly fit in our model
due to their relative weak X-ray scattering factors. However,
protonation states of surface oxygens may be estimated
from the number of hydroxyl bonds and/or hydrogen bonds
required to satisfy oxygen bond-valence sum. The FeAO
bond-valence contributions were computed using the bond
length–bond strength relationships of Brown and Altermatt
(1985). The results (Table 1) show that the uppermost Fe
layer has a BV sum of 2.95 ± 0.04 valence units (vu), identi-
cal to the bulk value of 2.96 vu, indicating reasonable Fe3+

coordination. The terminal oxygen atoms have a BV sum of
0.34 ± 0.06 vu and 0.82 ± 0.04 vu for layer 1 (IO) and layer
2 (IIO), respectively (Fig 1a), showing substantial undersat-
uration. Following numerous studies, we assume that add-
ing a proton to form a hydroxyl group contributes
approximately 0.8 vu to the BV sum, while a hydrogen bond
contributes approximately 0.2 vu (Brown and Altermatt,
1985). The addition of one proton results in BV sums of
1.14 ± 0.06 vu, and 1.62 ± 0.04 vu for layer 1 (IO) hydroxyl,
and layer 2 (IIO) hydroxyl, respectively. The layer 1 oxygen
is thus near saturation of 2 vu with the addition of a second
proton (AOH2), but addition of a second proton to the layer
2 oxygen results in substantial oversaturation. Hence we as-
sign these oxygens to be doubly and singly protonated,
respectively. Addition of a single hydrogen bond to layer 2
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oxygen yields a sum of 1.82 vu slightly undersaturated, but
another bond is unlikely due to steric constraints.

Considering the bond-valence sums and steric factors, it
is inferred that the FeAOH2 surface sites should be H-bond
donors while the Fe2AOH sites act as H-bond acceptors
and donors (Venema et al., 1998). The assignment of the
layer 1 oxygens as aquo groups, of the form FeAOH2,
based on BV is also consistent with the refined structural
parameters. We observe a large disorder parameter
(DWF, Table 1) for the layer 1 (IO) hydroxyls consistent
with a (loosely bound) singly coordinated surface species.
Given this likely weak binding, and the proximity (and high
disorder) of the W2 water groups, it is plausible that these
sites participate in dynamic exchange (Casey et al., 2000;
Phillips et al., 2000). This proton configuration results
in FeAOH2 and Fe2AOH groups being the dominant moi-
eties exposed at the a-FeOOH (1 0 0) surface. This same
stoichiometry was suggested by Kubicki et al. (2008) to
be the lowest energy surface based on their ab initio calcu-
lations.

From the CTR model and BV analysis we infer that the
layer 1 oxygen is saturated by double protonation. Layer 2
oxygen is singly protonated and could be saturated with a
hydrogen bond to layer W1 water. The orientations of the
water molecules were inferred by only considering configu-
rations that satisfy the bond-valence requirements while
maintaining a tetrahedral coordination of the oxygens.
With the above constraints a plausible hydrogen bonding
network could be described with the dipoles of the water
layers oriented such that layer 1 oxygen attains a near va-
lence saturation (2 vu) and oxygen of W1 water layer builds
a tetrahedral co-ordination with water layers above (Fig. 5).
The average OAO distance within the ordered water
(W1 �W2) is 2.68 ± 0.03 Å, shorter than that in liquid
water, but similar to that found in the orthorhombic ice
XI structure (2.73 Å) (Line and Whitworth, 1996).

The above defined water model and H-bonding network
also suggests a well defined orientation of the water dipoles
(Fig. 5). The interfacial dielectric properties and water
mobility will be influenced by the orientation of the water
molecules and the structure of the H-bonding network.
As water ordering is coupled to the domain model, the
net handedness of this domain arrangement leads to a net
in-plane water dipole moment. This net moment is expected
to be experimentally verifiable using sum frequency vibra-
tional spectroscopy (SFVS) (Ostroverkhov et al., 2005).
The water orientation should also be strongly influenced
by the surface charge; the current model proposes that
the layer 1 oxygen is doubly protonated, hence the surface
carries a net positive charge. Therefore, the negative water
dipoles are facing the doubly protonated surface positive
charge. Deprotonation of this group at higher pH (Venema
et al., 1998) would likely alter the water arrangement signif-
icantly. The water model presented in this study differs
slightly from that suggested by Kubicki et al. (2008) in their
DFT calculations for a neutral surface. However, as we ex-
pect that under the circum neutral pH conditions of the
experiment there is a net positive surface charge, differences
in hydrogen bond lengths and dipole orientation are ex-
pected. In our model the W1 water layer acts as a proton
donor and acceptor with the surface hydroxyls forming
H-bonds of 2.0 Å and 1.7 Å with FeAOH2 and Fe2AOH
surface functional groups (Fig. 5), respectively. Kubicki
et al. in their DFT calculation reported these two H-bonds
to be 1.6 Å and 1.55 Å for the L1 water layers to the surface
hydroxyls. The H-bond lengths decide the bonding strength
and dipole orientation of the adsorbed water layers with re-
spect to the surface hydroxyls.

3.5. Reactivity of interfacial hydroxyls

The posited interface structure allows testing of struc-
ture-based reactivity models and their sensitivity to choice
of surface termination and stoichiometry. For example,
Bronsted acidity of the surface (hydr)oxo groups, expressed
in terms of pKa values, can be estimated from a semi-empir-
ical model. The CD-MUSIC (Hiemstra et al., 1989) model
uses a surface (hydr)oxo group’s BV sum for the prediction
of site pKa values. This model predicts a first pKa value of
7.7 for a FeOH2 (presumably with single hydroxyl and sin-
gle hydrogen bond) group using a FeAO BV contribution
of 0.61 vu (Venema et al., 1998). However the FeAO bond
length for the doubly protonated surface group in our mod-
el results in a significantly lower BV of 0.34 vu which sug-
gests a different pKa value. However, deprotonation of
this group should result in bond length contraction and in-
creased stability of the FeOH group (Bargar et al., 1997).
Our analysis shows that a semi-empirical BV approach
may be compromised by using bulk metal-oxygen bond
lengths because: (1) actual bond lengths will depend upon
both protonation state and nature of hydrogen bonding,
and (2) feedback between surface relaxation and site satura-
tion is ignored by using bulk bond lengths.

Summarizing, we propose the interface stoichiometry to
be ((H2O)A(H2O)AOH2AOHAFeAOAOAFeAR) with
two types of terminal hydroxyls; a bidentate (B-type) hy-
droxo group and a monodentate (A-type) aquo group.
These functional groups provide effective Lewis base sites
for cations through direct inner-sphere association (Arai
et al., 2001) of Lewis acids (e.g. via proton exchange).
The high lability of the A-type aquo group would also re-
sult in an effective Lewis Base exchange site. These aquo
groups may also be effective sites for strong Coulombic
association with anions species, due to their excess positive
charge, and hence result in effective outer sphere binding of
species such as arsenate (Catalano et al., 2008).

4. CONCLUSIONS

The interface molecular structure of goethite (1 0 0)/
water has been determined using CTR and bond-valence
analysis methods. The interface structure is determined as
a double hydroxyl, double water terminated interface with
significant atom relaxations. Further, the double hydroxyl
terminated surface dominates with an 89% contribution
having a chiral subdomain structure on the (1 0 0) cleavage
faces. The proposed interface stoichiometry is ((H2O)A
(H2O)AOH2AOHAFeAOAOAFeAR) with two types of
terminal hydroxyls; a bidentate (B-type) hydroxo group
and a monodentate (A-type) aquo group. Using the
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bond-valence approach we determined the protonation
states of the terminal hydroxyls to be OH type (bidentate
hydroxyl with oxygen coupled to two Fe3+ ions) and OH2

type (monodentate hydroxyl with oxygen tied to only one
Fe3+). A double layer three dimensional ordered water
structure at the interface was determined from refinement
of fits to the experimental data. Further, application of
bond-valence constraints to the terminal hydroxyls with
appropriate rotation of the water dipole moments allowed
a plausible dipole orientation model to be predicted. The
overall analysis clarifies how the ordered water structure
and dipole orientations are derived by a combination of
the surface structure and specific charge/protonation state
of the terminal hydroxyls. From the protonation models
of the interfacial hydroxyls, the relative Bronsted acidity
of the surface (hydr)oxo groups, generally expressed in
terms of surface pKa value(s) could be estimated using a
semi-empirical approach. Finally, the experimental results
for the interfacial hydroxyls and their protonation state
could be useful as a direct comparison with theoretical
and computational predictions made by previous studies.

Numerous studies have utilized goethite as a model envi-
ronmental sorbent and data interpretation requires assump-
tions about the surface chemistry, sorbate binding, and
magnitude of binding constants. Our results provide a de-
tailed interface structural model that removes many of these
assumptions. Hence our findings have direct implications
for site-specific models of proton and metal–ion sorption
at the goethite (1 0 0) water interface. Further, many of
the structure and bonding ideas treated here will also apply
to sorption of any species on goethite surfaces, and may be
generalizable to other environmental oxides.
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