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aBstract

We present density functional calculations of vibrational frequencies of OH groups on an ideal-
ized goethite (110) surface, represented by a large embedded cluster model. The calculations show 
that isolated surface groups bound to one, two, and three metal ions can have nearly identical OH 
stretching frequencies. This finding provides a strong constraint on interpretations of infrared spectra 
of oxide surfaces, and resolves a long-standing problem in OH vibrational assignments on goethite 
surfaces, where, in general, too few peaks have been observed relative to the expected heterogeneity 
of surface functional groups. 
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introduction

Identification of the types of the hydroxide functional 
groups present on the surfaces of oxide soil minerals has been 
a long-standing problem in interfacial geochemistry. Over the 
last three decades, infrared (IR) spectroscopy has been used to 
attempt to identify these groups (Russell et al. 1974; Parfitt et 
al. 1976; Rochester and Topham 1979; Boily and Felmy 2008). 
If the various kinds of surface functional groups η-OH, η-OH2 
(terminal hydroxide and water groups bound to a single iron 
atom), µ-OH (doubly bridging OH, bound to two iron atoms), 
µ3-OH (triply bridging OH, bound to three iron atoms) have 
distinct OH stretching vibrations, a sufficiently high-resolution 
measurement of the infrared vibrational spectrum would reveal 
some of the details of the molecular level surface structure. Thus 
far, however, there have been no unequivocal assignments of 
the surface vibrational bands on iron oxide minerals. This is not 
surprising, given the difficulty in assigning vibrational bands to 
individual groups in complex molecules, even in cases where the 
molecular structure is known precisely. In many such systems, 
electronic structure calculations have made interpretation of 
IR spectra much more tractable (Baker et al. 1998; Wang et al. 
2007). In this study, we provide a density functional theory (DFT) 
electronic structure calculation of the vibrational spectrum of a 
model goethite (110) surface. 

experimentaL methods and protocoL
Electronic structure calculations on hydrated iron oxide surfaces have been 

carried out previously in both cluster (Aquino et al. 2007, 2008) and periodic slab 

(Lo et al. 2007; Kubicki et al. 2008) representations. In this paper, an embedded 
cluster model, illustrated in Figure 1, is used to represent the goethite (110) surface. 
In this model, an outer array of fixed atoms (the embedding region) surrounds 
a dynamically free core on which the optimization and vibrational calculations 
have been carried out. There are important computational advantages in using an 
embedded cluster model for this problem. First, one eliminates the construction of 
a pseudopotential for iron, which can be represented in the cluster with well-tested 
all-electron basis functions. Second, it is more computationally efficient to include 
exact exchange in the DFT functional using atom-centered basis functions rela-
tive to using a plane wave basis. Third, at any affordable level of calculation for a 
problem of this size, there will be systematic errors in the calculated frequencies; 
and there is much broader experience in understanding these systematic errors for 
the standard Gaussian-type basis sets than for plane waves (Scott and Radom 1996; 
Merrick et al. 2007). Last, it is not currently possible (Lo et al. 2007; Kubicki et 
al. 2008), or is computationally expensive (Zicovich-Wilson et al. 2008), to obtain 
infrared intensities in many codes employing periodic boundary conditions, in 
part because of conceptual difficulties in defining the dipole moment derivatives 
in periodic systems (Resta 2000). 

The model is chosen to represent the (110) surface unit cell (Rustad et al. 
1996). The (110) surface often accounts for a large fraction of the total surface 
area of goethite (Schwertmann 1984; Prélot et al. 2003). The cluster core (Fig. 
1c) consists of six iron atoms, all O atoms coordinated to the iron atoms, and 
all protons attached to these O atoms. The embedding region includes all iron 
atoms bound to the core O atoms and their coordinating O atoms (not including 
the core atoms already present). The core region thus has a single free µ3-OHa, 
a free µ-OHc, two free –(OH)-Hb,b′, two hydrogen-bonded –(OHj,j’)-H, and two 
hydrogen-bonded µ3-OHe,e′. 

The outside of the cluster is terminated to conserve Pauling bond strength at the 
outer O atoms. All external O-Fe bonds into the O atoms in the embedding region 
are clipped and replaced with point charges having a fractional core charge equal to 
the Pauling bond strength (formal ionic charge divided by the coordination number) 
of the incoming iron (always +3/6 = 0.5 in this case). The point charges and their 
associated basis functions are placed 1.0 Å away from the outer oxygen layer in 
the direction of the clipped O-Fe bonds. The core Fe+O+H atoms are then fully 
optimized within the rigid shell of the embedding atoms. The embedding atoms are 
fixed in their bulk-structure lattice positions. We have previously used this technique 
to study the vibrational spectrum of ferropericlase, ferroperovskite, and carbon-* E-mail: james.rustad@gmail.com


