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Summary

The transport and bioavailability of sulphate in soils are significantly affected by adsorption reactions at
the mineral-H»O interface. Therefore, an understanding of the mechanisms and kinetics of sulphate
adsorption is of fundamental importance in soil chemistry. In this investigation, the binding geometries
of bidentate bridging and monodentate sulphate complexes at the Fe (hydr)oxide-H,O interface were
predicted with static cluster and periodic slab density functional theory (DFT) calculations. The cluster
calculations were performed with edge-sharing dioctahedral Fe** models, using the unrestricted PBEOQ
exchange-correlation functional and a combination of effective core potential (LanL2DZ — Fe atoms)
and all-electron (6-311+G(d,p) or 6-3114+G(3df,p) — S, O, and H atoms) basis sets. The periodic slab
calculations were performed with a (3 x 2) slab of the (100) a-FeOOH surface, by means of the pro-
jector-augmented wave method and a plane-wave basis set. For the periodic slab DFT calculations, the
spin-polarized (SP) PBE exchange-correlation functional, with and without explicit consideration of an
on-site Coulomb interaction parameter (i.e. SP-PBE and SP-PBE+U methods), was used. Despite the
lack of long-range order, cluster model predictions of the interatomic distances and angles of bidentate
bridging and monodentate sulphate were in good agreement with the periodic slab model predictions.
Quantitative analysis of the cluster and periodic slab DFT predictions is expected to result from theo-
retical fitting of extended X-ray absorption fine structure measurements. The application of computa-
tional chemistry methods to soil chemistry research is anticipated to provide novel insight into the
mechanisms and kinetics of ion sorption.

Introduction

The transport and bioavailability of sulphate in soils are signif-
icantly affected by adsorption reactions with metal oxides and
clay minerals. In tropical soils that possess appreciable anion
exchange capacity (AEC), for example, variably-charged Al
and Fe (hydr)oxides and 1:1 clay minerals (e.g. kaolinite) can
retain plant-available sulphate through adsorption. In soils that
do not possess appreciable AEC, however, sulphate can become
unavailable for plant uptake due to leaching through the soil
profile (Sparks, 2003). Therefore, an understanding of the mech-
anisms and kinetics of sulphate adsorption is of fundamental
importance in soil chemistry. In particular, determining the
mechanisms of sulphate adsorption will help to constrain sur-
face complexation models, which can be used to simulate the
reactive transport of chemical species in soils.
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Spectroscopic measurements can provide valuable molecular-
scale information with respect to the mechanisms and kinetics of
sulphate adsorption. Unfortunately, the initial adsorption reac-
tions of sulphate, and other oxyanions such as phosphate and
arsenate, can reach steady-state rapidly (e.g. < 1 ms) (Sparks,
2003). As a result, it is challenging to perform high-resolution
spectroscopic measurements necessary to identify reaction inter-
mediates and to determine the kinetics of a reaction (Brown &
Sturchio, 2002). In addition, spectroscopic studies often use
inconsistent experimental designs and data analysis protocols,
which can lead to conflicting interpretations. Consequently, it
remains difficult to systematically test and validate proposed
reaction mechanisms based upon spectroscopic measurements.
In this respect, computational chemistry methods can provide
novel insight into the mechanisms and kinetics of adsorption
reactions. For example, computational chemistry methods can
be used to interpret spectroscopic measurements, predict adsorp-
tion rate constants and activation barriers, and to estimate the
energies of adsorption reactions.
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Computational chemistry methods have been used recently to
investigate the adsorption of oxyanions and organic acids on Al
and Fe (hydr)oxides, particularly to interpret extended X-ray
absorption fine structure (EXAFS) and Fourier transform infra-
red (FTIR) spectroscopic measurements (Ladeira er al., 2001;
Sherman & Randall, 2003; Kwon & Kubicki, 2004; Omoike
et al., 2004; Yoon et al., 2004; Bargar et al., 2005; Paul et al.,
2005; Persson & Axe, 2005; Zhang et al., 2005; Baltrusaitis
et al., 2006; Tribe et al., 2006;). In general, density functional
theory (DFT) calculations were performed with edge-sharing
dioctahedral AI*" or Fe*™ cluster models (exceptions included
Yoon et al., 2004; Persson & Axe, 2005; Baltrusaitis et al.,
2006). For example, Sherman & Randall (2003) investigated
the adsorption of arsenate (As(V)) on Fe (hydr)oxides, using
a combination of EXAFS spectroscopy and DFT cluster
model calculations. Previous EXAFS studies had proposed
conflicting binding geometries for As(V) complexes on Fe
(hydr)oxides, including bidentate bridging, bidentate chelat-
ing, and monodentate (Sherman & Randall, 2003, and refer-
ences therein). The DFT cluster model calculations predicted
that the most thermodynamically favourable adsorption prod-
uct was a bidentate bridging As(V) complex. EXAFS measure-
ments of the As(V)-Fe interatomic distance agreed well with
the bidentate bridging As(V) cluster model, which corroborated
the thermodynamic DFT prediction (Sherman & Randall, 2003).

As another example, Paul et al. (2005) investigated the effect
of hydration on sulphate adsorption and speciation at the Fe
(hydr)oxide-H,O interface, with a combination of attenuated
total reflectance (ATR) FTIR spectroscopy and DFT cluster
model calculations. DFT calculations of IR vibrational fre-
quencies predicted that sulphate formed a bidentate bridging
or monodentate complex at the Fe (hydr)oxide-H,O interface.
Under dehydrated conditions, however, the DFT calculations
predicted that a speciation change would occur. Specifically,
sulphate probably accepts a proton to form a bidentate bridg-
ing or monodentate bisulphate complex. The results reported
by the investigation of Paul er al. (2005) were important
because the moisture content of soils is in constant fluctuation.
Fluctuations of soil moisture content may affect nutrient
transport and bioavailability, but unfortunately our under-
standing of this natural process remains limited.

DFT cluster model calculations of oxyanion and organic acid
complexes have been valuable for predicting and interpreting
EXAFS and FTIR spectroscopic measurements. However, pre-
vious DFT studies have generally relied on edge-sharing diocta-
hedral AI** and Fe*" cluster models to simulate the surfaces of
Al and Fe (hydr)oxide minerals. It is reasonable to assume
that edge-sharing dioctahedral cluster models cannot accu-
rately predict the binding geometries of oxyanion and organic
acid complexes on every surface of a soil mineral. Common
soil minerals, for example goethite (a.-FeOOH), possess sev-
eral surfaces with unique structures and compositions (e.g. the
(101) and (001) a-FeOOH surfaces; Gaboriaud & Ehrhardt,
2003). Consequently, complications may arise if the geometry-
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optimized structures of edge-sharing dioctahedral cluster mod-
els inaccurately predict binding geometries (e.g. interatomic
distances). An alternative approach is to model a soil mineral
surface as a periodic slab (i.e. a two-dimensional periodic sur-
face constrained by boundary conditions). Unfortunately, few
studies have used periodic slab models to investigate the
adsorption of nutrients at the mineral-H,O interface.

The objective of this investigation was to compare the binding
geometries of inner-sphere sulphate complexes predicted by
cluster and by periodic slab DFT calculations. The DFT cluster
calculations were performed with edge-sharing dioctahedral
Fe*™ models. The periodic slab DFT calculations were per-
formed with a (3 x 2) slab of the (100) a-FeOOH surface.
Goethite is the most abundant iron oxyhydroxide in soils. Fur-
thermore, the (100) a-FeOOH surface possesses a similar
structure and composition to the edge-sharing dioctahedral
Fe** cluster models. The periodic slab DFT calculations
account realistically for long-range order and should therefore
predict accurate binding geometries. This investigation is also
part of an ongoing research effort to analyse how well DFT
models of sulphate complexes fit experimental EXAFS
measurements. This investigation will demonstrate that DFT
cluster models of inner-sphere sulphate complexes compare
reasonably well with similar periodic slab DFT models,
despite their lack of long-range order.

Computational methods
Cluster model calculations

The local binding geometries of inner-sphere sulphate complexes
were predicted, using static configurations of edge-sharing dio-
ctahedral Fe*" cluster models. Edge-sharing dioctahedral clus-
ter models of metal cations (e.g. A’ and Mg>") have been
shown to reproduce accurately the main geometrical features
of metal oxides and clay minerals (Sainz-Diaz et al., 2000).
Similar cluster models have also been used to analyse the local
binding geometries of inner-sphere As(V) complexes on gibb-
site (Ladeira er al., 2001) and Fe (hydr)oxide minerals
(Sherman & Randall, 2003), as well as inner-sphere arsenite
(As(I11)) complexes on goethite (Manning et al., 1998; Zhang
et al., 2005), based upon EXAFS measurements. In this inves-
tigation, bidentate bridging and monodentate sulphate com-
plexes were modelled. Bidentate bridging and monodentate
sulphate are the most common inner-sphere complexes pro-
posed by spectroscopic studies (Parfitt & Smart, 1977, 1978;
Harrison & Berkheiser, 1982; Turner & Kramer, 1991; Watanabe
et al., 1994; Hug, 1997; Peak ef al., 1999; Wijnja & Schulthess,
2000; Paul et al., 2005).

The overall charge of each edge-sharing dioctahedral Fe’*-
sulphate cluster model was neutral (i.e. +2 charged edge-
sharing dioctahedral Fe* cluster and —2 charged sulphate).
Therefore, the cluster model calculations simulated adsorption
below the pHp,. (pHy,c is defined as the pH at which the net

© 2007 The Authors

Journal compilation © 2007 British Society of Soil Science, European Journal of Soil Science, 58, 978-988



980 K. W. Paul et al.

surface charge density equals zero; Sposito, 1998). To simulate
a hydrated environment, several explicit H,O molecules (i.e.
H,0O molecules included in the geometry optimization) were
H-bonded to the sulphate complexes. Experimental studies
have shown that hydration significantly influences the IR-
active vibrational modes of oxyanion complexes (Hug, 1997;
Myneni ef al., 1998). For bidentate bridging sulphate, cluster
model calculations were performed with four or 10 explicit
H,0 molecules (Figures 1 and 4). For monodentate sulphate,
cluster model calculations were performed with six or 10
explicit H,O molecules (Figures 1 and 4). In addition, the
bidentate bridging sulphate cluster model containing four
explicit H,O molecules was geometry-optimized with the Inte-
gral Equation Formalism Polarized Continuum Model
(IEFPCM) method (Cances et al., 1997). For the IEFPCM cal-
culation, the dielectric constant of bulk water (¢ = 78.4) was
specified, and therefore both explicit and implicit solvation
were considered.

The DFT cluster model calculations were performed with
Gaussian 03 (Frisch et al., 2003). The DFT calculations were
performed with the unrestricted, hybrid exchange-correlation
functional of Perdew et al. (1996), denoted UPBEO. The
LanL.2DZ effective core potential (ECP) basis set (Hay &
Wadt, 1985) was used for the Fe atoms. The high-spin state of
Fe** was specified for each Fe atom. The 6-311+G(d,p) or
6-3114+G(3df,p) all-electron basis sets were used for the S, O,
and H atoms. It should be noted that several other exchange-
correlation functionals and basis sets were evaluated. For the
purposes of this investigation, however, only the UPBEQ pre-
dictions are reported because of their comparatively closer
agreement with the periodic slab DFT predictions. Numerous
DFT investigations have used similar clusters to model oxy-
anion and organic acid complexes on Al or Fe (hydr)oxides,
and successfully compared the predictions to experimental
measurements (Ladeira et al., 2001; Sherman & Randall, 2003;
Kwon & Kubicki, 2004; Omoike er al., 2004; Yoon et al., 2004;
Bargar et al., 2005; Paul et al., 2005, 2006; Persson & Axe, 2005;
Zhang et al., 2005; Baltrusaitis et al., 2006; Tribe et al., 2006).

(b) &

Figure 1 Geometry-optimized inner-sphere sulphate complexes on
edge-sharing dioctahedral Fe** cluster models: (a) bidentate bridging
sulphate (Fe,(OH)4(OH,);S0,4-(H>0)4) and (b) monodentate sulphate
(Fes(OH)4(OH,)sSO4-(H,>0)g). Explicit H,O molecules are H-bonded to
the sulphate complexes. Red, oxygen; white, hydrogen; yellow, sul-
phur; orange, iron.
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The starting configurations for the bidentate bridging (four
explicit H;O molecules) and monodentate (six explicit H,O
molecules) sulphate complexes corresponded to energy-mini-
mized cluster models from a previous investigation (Paul et al.,
2006). The cluster models were geometry-optimized without
symmetry or geometrical constraints. Frequency calculations
were subsequently performed to determine whether the geome-
try optimization had successfully located a potential energy
minimum (i.e. no imaginary frequencies). It should be noted,
however, that only one configuration was geometry-optimized
for each cluster model. Therefore, the potential energy minima
were unlikely to correspond to the global minima for these
configurations (i.e. conformational analysis of the potential
energy surfaces was not performed).

Periodic slab model calculations

The unit cell of bulk a-FeOOH (Pnma space group) was con-
structed in Cerius® (Accelrys Inc., San Diego, California)
according to the experimental lattice parameters and atomic
coordinates published by Szytula ef al. (1968). The unit cell of
bulk a-FeOOH was cleaved through the (100) plane ((010)
plane in the Pbnm space group; Hahn, 1996), corresponding to
a depth of one unit cell. The (100) surface is a stable low-index
surface of a-FeOOH (Cornell ez al., 1974). A slab model of the
(100) a-FeOOH surface was constructed, corresponding to
a quasi-cubic slab with lattice vectors a = 9.03, b = 9.24, and
c=28.89 A (i.e. a (3 x 2) slab). The (100) a-FeOOH surface
was exposed equivalently on both sides of the slab. Periodic
images of the slab perpendicular to the (100) o-FeOOH sur-
face (i.e. a-b plane) were separated by a vacuum space of
approximately 10 A (c=18.89 A).

Cleavage of bulk a-FeOOH through the (100) plane resulted
in surface Fe atoms with 5-fold coordination. These surface Fe
atoms were terminated with singly-coordinated OH, functional
groups. The overall charge of the (100) a-FeOOH slab was
stoichiometrically neutral (Fe,4OqHyg). The vacuum space
was subsequently filled with explicit H,O molecules (including
the one or two singly-coordinated OH, functional groups
replaced by the SO4> ligand), corresponding to a density of
approximately 0.95 g cm™. One Ca’* cation was also added to
maintain a neutrally-charged simulation cell and to simulate
the presence of a counterion. Starting configurations for the
inner-sphere sulphate complexes on the (100) a-FeOOH sur-
face (e.g. bond distances and angles) were approximately equal
to the energy-minimized configurations predicted by the DFT
cluster model calculations.

The periodic slab DFT calculations were performed with
the Vienna ab initio simulation package (VASP) (Kresse &
Furthmuller, 1996a, b). VASP is a DFT electronic structure
program that solves the Kohn-Sham equations (Kohn & Sham,
1965), using pseudopotentials or the projector-augmented
wave method and a plane-wave basis set. The exchange-
correlation functional chosen was the spin-polarized generalized
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gradient approximation (SP-GGA) functional of Perdew et al.
(1996), denoted SP-PBE. The Kohn-Sham equations were
solved by minimizing the norm of the residual vector to each
eigenstate and efficient charge- and spin-mixing routines (Pulay,
1980; Wood & Zunger, 1985).

The electron—ion interactions were described by the projector-
augmented wave method of Blochl (1994), as implemented by
Kresse & Joubert (1999). The number of valency electrons trea-
ted explicitly for each heavy element was as follows: Fe,
3p®3d74s'; O, 2s%2p*; S, 3s*3p®. Brillouin zone sampling was
performed automatically through implementation of the Mon-
khorst-Pack scheme (Monkhorst & Pack, 1976). The recipro-
cal space of the Brillouin zone was subdivided intoa 2 x 2 x 1
mesh, which resulted in two k-points that sampled the irreduc-
ible part of the Brillouin zone. The plane-wave kinetic energy
cutoff was set to 400 eV. The atomic positions were relaxed
using a conjugate-gradient algorithm. The geometry opti-
mizations were considered completed when the Hellmann-
Feynman forces acting on the atoms were less than 0.02 eV
A! and the error in total energy was less than 107* eV. All of
the atomic positions were allowed to relax, but the shape and
size of the simulation cell were conserved. The geometry opti-
mizations were performed with a first-order Gaussian smear-
ing coefficient, o, of 0.10 eV (Methfessel & Paxton, 1989).

At room temperature, o-FeOOH is known to be an antifer-
romagnetic mineral. In this investigation, the number of
unpaired valency electrons initially specified for each Fe atom
corresponded to five (i.e. high-spin state of Fe*"). Unfortu-
nately, SP-GGA methods can fail to describe correctly the
strong electronic correlations of valency electrons in transition
metal atoms. Therefore, the periodic slab DFT calculations
were performed with both the SP-GGA and SP-GGA-+U
methods. In both cases, the GGA functional corresponded to
the SP-PBE exchange-correlation functional.

The SP-GGA+U method considers explicitly the on-site
Coulomb repulsion for strongly correlated d- and f-electrons.
In the SP-GGA+U method, a Hubbard term describing the on-
site Coulomb and exchange interactions is added to the DFT
Hamiltonian. Explicit consideration of the on-site Coulomb
repulsion has been shown to improve significantly predictions
of the local magnetic moments of Fe atoms, band gaps, and band
energies for bulk haematite (a-Fe,O3) (Rollmann et al., 2004).
For a description of the SP-GGA+U method applied to the
closely related a-Fe,O5 system, refer to Rollmann et al. (2004).
Dudarev’s rotationally-invariant approach to the SP-GGA+U
method was used in this investigation (Dudarev er al., 1998).
The effective on-site Coulomb and exchange interaction
parameters for each Fe atom were set to 4 eV and 1 eV,
respectively, as recommended by Rollmann et al. (2004).

Results and discussion

The adsorption of sulphate at the Al and Fe (hydr)oxide-H,O
interface has received significant attention in the literature. In
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particular, several studies have published results from in situ
ATR-FTIR spectroscopic measurements (Hug, 1997; Eggleston
et al., 1998; Peak et al., 1999; Wijnja & Schulthess, 2000; Paul
et al., 2005). For example, Hug (1997) performed ATR-FTIR
spectroscopic measurements of sulphate adsorbed at the a-
Fe,O3—H->O interface as a function of pH and hydration.
Interestingly, a diagnostic IR-active vibrational mode > 1200
cm ™' was only observed when the ATR-FTIR measurements
were performed on dehydrated samples (i.e. ex situ). The diag-
nostic IR-active vibrational mode was also observed with sul-
phate solutions acidified below pH 2 (i.e. less than the pK, of
HSO,4"). Hug (1997) proposed that sample dehydration may
alter the coordination or speciation of an inner-sphere sul-
phate complex. Paul er al. (2005) subsequently showed with
DFT cluster model calculations that sample dehydration prob-
ably results in bisulphate formation (i.e. a change in sulphate
speciation).

The application of in situ ATR-FTIR spectroscopy to the
investigation of oxyanion adsorption at the mineral-H,O inter-
face is not without its limitations. One principal limitation is
that a point group symmetry analysis of the IR-active vibra-
tional modes is generally performed to determine the binding
geometry of an oxyanion complex (e.g. monodentate or biden-
tate). Hence, IR spectroscopy has been referred to as an
‘indirect structural’ method (Waychunas ef al., 2005). Unfortu-
nately, the IR-active vibrational modes of an oxyanion com-
plex are usually broad and overlapping. Consequently,
identifying the exact number of IR-active vibrational modes
remains challenging and interpretations can be inconclusive.
For example, Paul er al. (2005) found that the DFT-predicted
vy and v; IR-active vibrational frequencies of monodentate and
bidentate bridging sulphate had relatively similar energies.
Assuming that the correct number of experimentally measured
IR-active vibrational modes was identified, it was reasonable to
propose either a monodentate or bidentate bridging sulphate
complex (Hug, 1997; Paul et al., 2005). Furthermore, although
bisulphate probably formed on a-Fe,O; as a function of dehy-
dration, differentiating between the monodentate and biden-
tate bridging bisulphate complexes proved impossible
(predicted IR-active vibrational frequencies were indistin-
guishable).

EXAFS is an alternative in situ spectroscopic method often
used to investigate oxyanion adsorption at the mineral-H,O
interface. However, in contrast to IR spectroscopy, EXAFS is
a ‘direct structural’ method (Waychunas et al., 2005). An
EXAFS analysis typically provides the interatomic distances
between a central absorbing atom and its next-nearest neigh-
bours (e.g. first and second shells). Furthermore, the coordina-
tion numbers of the first and second shells can be estimated. In
principle, EXAFS spectroscopy is capable of differentiating
between monodentate and bidentate bridging complexes,
assuming their second shell interatomic distances and coordi-
nation numbers are sufficiently different (e.g. Fendorf et al.,
1997). To determine the binding geometry of an oxyanion
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complex at the mineral-H,O interface, EXAFS analyses typi-
cally employ standard reference compounds as structural
models for EXAFS fitting. A promising alternative is to derive
structural models from DFT cluster calculations (e.g. Persson
& Axe, 2005). DFT-predicted structural models of oxyanion
complexes can be used to calculate photoelectron scattering
amplitudes and phase shifts necessary for EXAFS fitting.

Recently, we initiated an investigation into the adsorption of
sulphate at the Fe (hydr)oxide-H,O interface, using a combi-
nation of S K-edge EXAFS spectroscopy and DFT model cal-
culations. A primary goal of this research effort is to fit the
EXAFS measurements with DFT-predicted structural models
of sulphate complexes. In this respect, it is particularly worth-
while to quantify the potential differences between cluster and
periodic slab DFT predictions. Several researchers have used
DFT-predicted cluster models of adsorption complexes to
interpret bulk EXAFS measurements (Ladeira er al., 2001;
Sherman & Randall, 2003; Persson & Axe, 2005; Zhang et al.,
2005). In addition, a growing number of metal and oxyanion
adsorption studies are being performed with single-crystal min-
eral surfaces, using grazing incidence (GI) EXAFS and crystal
truncation rod (CTR) diffraction measurements (e.g. Bargar
et al., 2004; Catalano et al., 2005; Waychunas et al., 2005). For
these studies DFT-predicted periodic slab models are antici-
pated to be valuable.

Tables 1 and 2 list selected interatomic distances and angles
corresponding to the bidentate bridging and monodentate sul-
phate complexes, predicted by the cluster and periodic slab DFT
calculations, respectively. The geometry-optimized cluster and
periodic slab DFT models are displayed in Figures 1-3. It
should be noted that the periodic slab SP-PBE and SP-PBE+U
calculations did not result in significant differences regarding
the predicted interatomic distances and angles of the sulphate

complexes (Table 2). As expected, however, differences were
predicted for the average local magnetic moments of the indi-
vidual Fe atoms. The average local magnetic moment was 3.65
ug Fe ! atom (£ 0.03 up) and 4.09 g Fe ™' atom (& 0.01 ug)
for the SP-PBE and SP-PBE+U geometry-optimized config-
urations, respectively. Nevertheless, differences in the average
local magnetic moments of the individual Fe atoms did not
significantly affect the binding geometries of the sulphate
complexes.

The binding geometry of the bidentate bridging sulphate
complex will be discussed first. Overall, the cluster and periodic
slab DFT predictions of the interatomic distances and angles
were in good agreement, with only a few notable exceptions
(Tables 1 and 2). In EXAFS analysis, a diagnostic feature of
the binding geometry of an oxyanion complex is its second shell
interatomic distance (e.g. the S—Fe interatomic distance). The
average S—Fe interatomic distance predicted by the cluster (3.25
A, LanL2DZ/6-311+G(3df,p)) and periodic slab (3.29 A) DFT
calculations agreed to within 0.04 A, approximately equal to
experimental error (Brown & Sturchio, 2002) (Tables 1 and 2).
The predicted average S—O and S—-O(Fe) bond distances (i.e. the
first shell bond distances of S) were also in good agreement. The
average S—O bond distance predicted by the cluster and periodic
slab DFT calculations was 1.46 and 1.49 A, respectively. Like-
wise, the average S-O(Fe) bond distance predicted by both the
cluster and periodic slab DFT calculations was 1.49 A (Tables 1
and 2).

One notable discrepancy between the cluster and periodic slab
DFT predictions was the average (S)O-Fe bond distance of
bidentate bridging sulphate. The average (S)O—Fe bond distance
predicted by the edge-sharing dioctahedral Fe** cluster model
was 2.03 A (Table 1). On the other hand, the average (S)O-Fe
bond distance predicted by the periodic (100) a-FeOOH slab

Table 1 Geometry-optimized bidentate bridging and monodentate sulphate complexes on an edge-sharing dioctahedral Fe** cluster model. Inter-
atomic distances are reported in angstroms (A) and bond angles in degrees. *Denotes interatomic distances and angles within the Fe-O-Fe—O ring

between the two edge-sharing Fe** octahedra coordinated to sulphate

Bidentate SO,2 Fex(OH)4(OH2),SO04(H,0),

Monodentate SO, Fe,(OH)4(OH,)sSO4-(H>0)6

LanL2DZ/ 6-3114+G(d,p) LanL2DZ/ 6-311+G(3df,p) LanL2DZ/ 6-3114+G(d,p) LanL2DZ/ 6-311+G(3df,p)

Distance/A

S-Fe 3.27 3.25 3.46 3.49

S-O 1.48 1.46 1.50 (£0.02) 1.48 (+£0.02)

S-O(Fe) 1.51 1.49 1.51 1.49

(S)O-Fe 2.03 2.03 2.12 2.14

Fe-Fe** 3.08 3.02 3.00 2.95

Fe-O*" 2.03 (£0.04) 2.01 (£0.03) 1.98 (£0.05) 1.96 (£0.05)
Angle/degrees

S-O-Fe 134.5 134.1 144.7 147.3

O-Fe-O* 78.8 80.3 81.2 82.6

Fe-O-Fe* 98.9 97.4 98.8 97.4

“Experimental bulk Fe—Fe interatomic distances in Fe (hydr)oxides along single, edge-sharing dioctahedral chains range from approximately 2.96 to

3.07 A.

PExperimental bulk Fe-O and Fe-O(H) bonds bridging two Fe’* octahedra range from approximately 1.89 to 2.12 A (Waychunas et al., 1996).
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Table 2 Geometry-optimized bidentate bridging and monodentate sulphate complexes on a hydrated (100) a-FeOOH surface slab. Interatomic
distances are reported in angstroms (A) and bond angles in degrees. *Denotes local interatomic distances and angles within the Fe-O-Fe-O ring
between two edge-sharing Fe* octahedra coordinated to sulphate (monodentate values are averaged from two pairs of adjacent edge-sharing Fe**
octahedra)

Bidentate SO4>~ Monodentate SO,
SP-PBE SP-PBE+U SP-PBE SP-PBE+U

Distance/;\

S-Fe 3.29 3.29 3.48 3.47

S-O 1.49 1.49 1.50 (+ 0.01) 1.50 (+0.01)

S—O(Fe) 1.49 1.49 1.48 1.48

(S)O-Fe 2.16 2.15 2.18 2.16

Fe-Fe** 2.99 2.99 3.02 3.02

Fe-O*® 2.03 (+ 0.05) 2.03 (£ 0.04) 2.04 (£ 0.06) 2.04 (+ 0.05)
Angle/degrees

S-O-Fe 127.5 128.0 142.9 143.5

O-Fe-O* 84.7 85.0 83.7 (£ 0.3) 84.1 (£ 0.4)

Fe-O-Fe* 95.2 95.1 95.9 (£ 3.6) 95.7 (£ 3.1)

“Experimental bulk Fe—Fe interatomic distances in Fe (hydr)oxides along single, edge-sharing dioctahedral chains range from approximately 2.96 to
3.07 A.
PExperimental bulk Fe-O and Fe-O(H) bonds bridging two Fe*" octahedra range from approximately 1.89 to 2.12 A (Waychunas et al., 1996).

model was 2.15-2.16 A (Table 2). This significant disagree-
ment was probably related to differences in the treatment of
hydration. For the geometry optimization of bidentate bridg-
ing sulphate on the edge-sharing dioctahedral Fe®" cluster
model (Figure 1), only four explicit H,O molecules were
included. Conversely, 20 explicit H,O molecules were included
in the (100) a-FeOOH slab model, corresponding to a density
of approximately 0.95 g cm ™ (Figure 2). In the latter model,
the sulphate complex was completely hydrated. The effects of
explicit and implicit solvation on the DFT-predicted (S)O-Fe
bond distances of bidentate bridging sulphate will be discussed
shortly.

Tables 1 and 2 also list the predicted interatomic distances
and angles within the Fe-O—-Fe-O ring between two edge-shar-
ing Fe’" octahedra, which are qualitatively comparable to
bulk EXAFS and X-ray diffraction measurements. Measure-
ments of Fe-Fe interatomic distances in Fe (hydr)oxide miner-
als are generally associated with dioctahedral Fe** chains (and
single octahedral Fe** chains) along, across, and between the
neighbouring chains (Waychunas et al., 1996). The Fe-Fe
interatomic distance measured along a dioctahedral Fe**
chain ranges from approximately 2.96 to 3.07 A, while the Fe—
Fe interatomic distance measured across a dioctahedral Fe"
chain ranges from approximately 3.29 to 3.31 A (Waychunas
et al., 1996). The Fe-Fe interatomic distance measured
between neighbouring dioctahedral Fe*" chains ranges from

approximately 3.36 to 4.00 A (e.g. corner-sharing Fe** octahe-
dra). The Fe-O and Fe-O(H) bonds bridging two Fe** octa-
hedra range from approximately 1.89 to 2.12 A (exceptions
include B-FeOOH and ferrihydrite) (Waychunas et al., 1996).

Figure 2 Geometry-optimized inner-sphere bidentate bridging sul-
phate complex on a hydrated (100) a-FeOOH surface slab. Red, oxy-
gen; white, hydrogen; yellow, sulphur; orange, iron; blue, calcium.
Explicit H,O molecules are represented in stick form.
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Figure 3 Geometry-optimized inner-sphere monodentate sulphate
complex on a hydrated (100) a-FeOOH surface slab. Red, oxygen;
white, hydrogen; yellow, sulphur; orange, iron; blue, calcium. Explicit
H,O molecules are represented in stick form.

As previously mentioned, the average Fe—O* bond and
Fe—Fe* interatomic distances predicted by the edge-sharing dio-
ctahedral Fe*" cluster models (Table 1) are qualitatively com-
parable to bulk EXAFS and X-ray diffraction measurements
(Waychunas er al., 1996). For example, the predicted average
Fe—O* bond distance for the bidentate bridging sulphate com-
plex was 2.01 to 2.03 A (Table 1), within the experimentally
measured range of approximately 1.89-2.12 A. Likewise, the
predicted Fe-Fe* interatomic distance was 3.02-3.08 A
(Table 1), within and slightly outside the upper limit of the
experimentally measured range of approximately 2.96-3.07 A,
respectively.

The slightly longer predicted Fe—Fe* interatomic distance of
3.08 A (Table 1, LanL2DZ/6-311+G(d,p)) was probably
related to the coordination of bidentate bridging sulphate and
the size of the basis set. To test the effect of basis set size on the
predicted Fe—Fe* interatomic distance, the bidentate bridging
sulphate cluster model was also geometry-optimized with the
LanL2DZ/6-3114+G(3df,p) basis set combination (two addi-
tional d-polarization functions and one f-polarization function
added to the S and O atoms). Geometry optimization of the
bidentate bridging sulphate cluster model using the LanL.2DZ/
6-311+G(3df,p) basis set combination indeed reduced the
Fe-Fe* interatomic distance by 0.06 A (Table 1), within the

© 2007 The Authors

experimentally measured range of approximately 2.96-3.07 A.
It is important to note, however, that the LanL2DZ/6-311+
G(3df,p) basis set combination did not significantly affect the
predicted first shell (S-O and S—O(Fe)), second shell (S-Fe), and
(S)O-Fe bond and interatomic distances. Recall that the second
shell interatomic distance is an important diagnostic feature of
the binding geometry of an oxyanion complex, as determined
from an EXAFS measurement.

The average local Fe-O* bond and Fe-Fe* interatomic dis-
tances predicted by the (100) a-FeOOH slab model (Table 2) for
bidentate bridging sulphate also agreed with experimentally
measured values (Waychunas et al., 1996). The predicted aver-
age Fe-O* bond and Fe-Fe* interatomic distances were 2.03
and 2.99 A, within the experimentally measured ranges of
approximately 1.89-2.12 A and 2.96-3.07 A, respectively
(Table 2). Furthermore, the cluster (Table 1, LanL2DZ/
6-3114+G(3df,p)) and periodic slab (Table 2) DFT predictions
of the average Fe-O* bond and Fe-Fe* interatomic distances
were also in good agreement (differences < 0.03 A). The pre-
dicted average Fe-O-Fe* and O-Fe-O* bond angles for the
cluster and periodic slab DFT calculations agreed to within
approximately 2.5-6° (Tables 1 and 2).

Overall, the cluster and periodic slab DFT predictions of the
interatomic distances and angles of monodentate sulphate were
in good agreement. For example, the predicted second shell S—
Fe interatomic distances agreed to within 0.02 A (Tables 1 and
2). In addition, the predicted first shell S-O and S—-O(Fe) bond
distances agreed to within 0.02—0.03 A (Tables 1and 2). Similar
to bidentate bridging sulphate, the (S)O—Fe bond distances pre-
dicted by the DFT cluster models were slightly shorter than
those predicted by the periodic slab DFT models. It should be
noted, however, that the (S)O—Fe bond distance predicted by the
LanL2DZ/6-311+G(3df,p) basis set combination (2.14 A,
Table 1) was only 0.02 A shorter than the (S)O-Fe bond dis-
tance predicted by the SP-PBE+U periodic slab DFT calcula-
tion (2.16 A, Table 2).

The average Fe-O* bond and Fe-Fe™ interatomic distances
predicted by the edge-sharing dioctahedral Fe*" cluster and
periodic (100) a-FeOOH slab models for monodentate sul-
phate were in reasonable agreement and generally within
experimentally measured ranges (Tables 1 and 2). The pre-
dicted average Fe—O* bond distances agreed to within 0.06—
0.08 A (Tables 1 and 2), and were within the experimentally
measured range of approximately 1.89-2.12 A (Waychunas
et al., 1996). The predicted Fe-Fe* interatomic distances
agreed to within 0.02-0.07 A (Tables 1 and 2). Interestingly,
the Fe-Fe* interatomic distance predicted by the LanL.2DZ/
6-311+G(3df,p) DFT cluster model calculation (2.95 A,
Table 1) was 0.01 A shorter than the lower limit of the experi-
mentally measured range of approximately 2.96-3.07 A. This
may suggest that the slightly longer Fe-Fe* interatomic dis-
tance discussed for bidentate bridging sulphate was related to
both the coordination of the adsorption complex and the basis
set size. The predicted average O—Fe—O* and Fe-O-Fe* bond
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angles for the cluster and periodic slab DFT models agreed to
within 2.9° and 3.1°, respectively (Tables 1 and 2).

A particularly noteworthy characteristic of the geometry-
optimized monodentate sulphate complex was its S-O—Fe bond
angle. The S-O-Fe bond angle was predicted to be significantly
less than 180° by both the cluster and periodic slab DFT calcu-
lations (Tables 1 and 2). A monodentate sulphate complex is
generally assumed to adopt Cs, point group symmetry. In
principle, therefore, a monodentate sulphate complex should
exhibit three IR-active vibrational modes: one v; symmetric
stretching mode and two v; asymmetric stretching modes
(Lefevre, 2004 and references therein). The assumption of
a Cs, point group restricts the S-O-Fe bond angle to 180°.
However, the cluster and periodic slab DFT predictions indi-
cated that monodentate sulphate could form S-O-Fe bond
angles significantly less than 180°, thereby adopting lower
point group symmetry (within the constraints of a static con-
figuration). P-O-Fe bond angles significantly less than 180°
have also been predicted for monodentate phosphate com-
plexes, using DFT cluster model calculations (Kwon &
Kubicki, 2004). It is quite possible, however, that a mono-
dentate sulphate complex could freely rotate about its (S)O—Fe
bond at room temperature and approximately maintain Cs,
point group symmetry.

The effect of hydration on the predicted interatomic distances
and angles of bidentate bridging and monodentate sulphate was
tested by performing DFT cluster model calculations that
included 10 explicit H,O molecules (Table 3, LanL.2DZ/6—
3114G(d,p)). The corresponding geometry-optimized cluster
models are displayed in Figure 4. In addition, the bidentate
bridging sulphate cluster model displayed in Figure 1(a) (four
explicit H,O molecules) was geometry-optimized with the
IEFPCM method (Table 3). For this particular cluster model,
therefore, both explicit and implicit solvation were considered.
The predicted average bidentate bridging sulphate (S)O-Fe
bond distance increased from 2.03 A (four explicit H,O mole-
cules) to 2.09 A when the geometry optimization was per-
formed with 10 explicit H,O molecules (Tables 1 and 3). The
predicted average bidentate bridging sulphate (S)O-Fe bond
distance of 2.09 A was significantly closer to the values pre-
dicted by the periodic slab DFT calculations (2.15-2.16 A,
Table 2). Interestingly, the identical effect was also observed
when the geometry optimization included four explicit H,O
molecules and implicit solvation via the IEFPCM method
(Table 3). Therefore, the number of explicit H,O molecules
and/or inclusion of implicit solvation significantly influenced
the predicted average (S)O-Fe bond distance. It should be
noted, however, that the remaining interatomic distances and
angles of bidentate bridging sulphate were not significantly
affected by an increase in the number of explicit H,O mole-
cules and/or inclusion of implicit solvation. In a previous
investigation, the predicted (Si)O-Fe bond distances of bi-
dentate bridging H,SiO,> on an edge-sharing dioctahedral
Fe*" cluster model were also shown to be sensitive to the num-
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Table 3 Explicit and implicit solvation effects on the interatomic dis-
tances and angles of the geometry-optimized bidentate bridging and
monodentate sulphate complexes on edge-sharing dioctahedral Fe* "
cluster models. Interatomic distances are reported in angstroms (A)
and bond angles in degrees. *Denotes interatomic distances and angles
within the Fe~O—Fe—O ring between the two edge-sharing Fe** octa-
hedra coordinated to sulphate

Monodentate SO,
10 Explicit

Bidentate SO,>
10 Explicit

H,O molecules IEFPCM® H,0 molecules

Distance/A

S-Fe 3.30 3.32 3.40

S-O 1.50 1.49 1.50 (£0.005)

S-O(Fe) 1.50 1.51 1.50

(S)O-Fe 2.09 2.09 2.11

Fe-Fe** 3.08 3.08 2.96

Fe-O*° 2.03 (+0.04) 2.02 (+0.04) 1.99 (+0.03)
Angle/degrees

S-O-Fe 133.2 133.6 140.3

O-Fe-O* 80.0 79.0 82.0

Fe-O-Fe* 98.8 99.7 96.2

“Experimental bulk Fe-Fe interatomic distances in Fe (hydr)oxides
along single, edge-sharing dioctahedral chains range from approxi-
mately 2.96 to 3.07 A.

®Experimental bulk Fe-O and Fe-O(H) bonds bridging two Fe**
octahedra range from approximately 1.89 to 2.12 A (Waychunas et al.,
1996).

“Cluster model from Figure 1(a) geometry-optimized with the [EFPCM
method.

ber of explicit H;O molecules (Hiemstra & Van Riemsdijk,
2006).

A few differences were noted when the monodentate sulphate
complex was geometry-optimized with six versus 10 explicit
H>0O molecules (Tables 1 and 3). The predicted monodentate
sulphate (S)O-Fe bond distance was actually unaffected by an
increase in the number of explicit H,O molecules, in contrast

(b) ®

“
(W,
« »'®
L. .
L.
.

Figure 4 Geometry-optimized inner-sphere sulphate complexes on
edge-sharing dioctahedral Fe>* cluster models: (a) bidentate bridging
sulphate (Fe,(OH)4(OH,)4SO4:(H50),0) and (b) monodentate sulphate
(Fex(OH)4(OH,)5S04:(H,0),0). Explicit H,O molecules are H-bonded
to the sulphate complexes. Red, oxygen; white, hydrogen; yellow, sul-
fur; orange, iron.
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to the bidentate bridging complex (Tables 1 and 3). Including
six explicit H,O molecules in the DFT geometry optimization
may have been sufficient to describe the (S)O-Fe bond dis-
tance of monodentate sulphate. On the other hand, the pre-
dicted monodentate sulphate S—Fe interatomic distance and
S—-O-Fe bond angle were affected by an increase in the num-
ber of explicit H,O molecules. The S—Fe interatomic distance
and S-O-Fe bond angle decreased from 3.46 to 3.40 A and
144.7 to 140.3°, respectively, when increasing the number of
explicit H,O molecules by four (Tables 1 and 3). It is reason-
able to assume that the monodentate sulphate S—Fe inter-
atomic distance and S-O-Fe bond angle exhibit significant
variability due to the rotational flexibility of monodentate
complexes.

Conclusions

DFT calculations were performed with edge-sharing dioctahe-
dral Fe** cluster models and a periodic slab model of the (100)
a-FeOOH surface to predict the binding geometries of mono-
dentate and bidentate bridging sulphate complexes. The edge-
sharing dioctahedral Fe* " cluster models closely resembled the
local structure and composition of the (100) a-FeOOH sur-
face. Interatomic distances and angles predicted by the cluster
and periodic slab DFT calculations exhibited good agreement,
despite the lack of long-range order in the cluster models. Fur-
thermore, the second shell S—Fe interatomic distances pre-
dicted for the bidentate bridging and monodentate sulphate
complexes were significantly different (approximately 0.1-0.2
A). Therefore, EXAFS measurements should be able to distin-
guish between bidentate bridging and monodentate sulphate
complexes, at least on the (100) a-FeOOH surface.

Previous studies have shown that DFT cluster model calcu-
lations of As(V) (Ladeira er al., 2001; Sherman & Randall,
2003) and As(IIl) (Zhang et al., 2005) complexes predicted
accurately the first and second shell interatomic distances, as
measured by EXAFS. There are probably two principal
explanations as to why the DFT cluster model calculations
predicted accurately the first and second shell interatomic dis-
tances of As(V) and As(III) complexes. First, EXAFS spec-
troscopy probes the local structure of an adsorption complex
and the cluster models are intrinsically local (i.e. lack long-
range order). Secondly, as shown by this investigation, the
interatomic distances and angles predicted by DFT cluster
models agree well with similar (i.e. structure and composition)
periodic slab DFT models. In other words, including long-
range order may not be a prerequisite to successfully model-
ling the binding geometries of oxyanion complexes at the min-
eral-H»O interface.

An investigation is currently underway to analyse the cluster
and periodic slab DFT predictions presented in this investiga-
tion, with respect to calculating theoretical photoelectron scat-
tering phase shifts and amplitudes necessary for EXAFS fitting.

© 2007 The Authors

Itisimportant to restate that the predicted interatomic distances
and angles were derived from geometry optimizations per-
formed on static configurations. At room temperature, the pre-
dicted interatomic distances and angles will exhibit variability.
This variability, however, can be estimated with ab initio
molecular dynamics (AIMD) simulations. Constant tempera-
ture AIMD simulations of inner- and outer-sphere sulphate
complexes are currently in progress.
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