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1 Introduction 

Due to their variable composition and properties clays are widely used, e.g., in ceramics, as 

sorbents, in catalysis, and as technical barriers of waste repositories.1 For underground 

repositories for radioactive waste, clays, especially bentonites, are intended to be used as 

barrier material due to their favorable swelling properties.2 In the cooperative project UMB 

properties and alteration mechanisms due to pore water composition, heat, and microbial 

activity of bentonites are investigated with the goal to suggest bentonites with a favorable 

stability and performance under the expected conditions of an underground repository for 

radioactive waste.  

The properties of bentonites, like their important swelling property in contact with 

water, depend on their geological origin and history, their mineral composition and 

structure.3-4 The main mineral component of bentonites, which determines essentially their 

properties, are the smectite clay minerals, which are also responsible for their swelling 

ability.4 Smectites are alumino phyllosilicates and show a layered structure. Their mineral 

layers are formed by an octahedral alumina sheet sandwiched between two tetrahedral silicate 

sheets (2:1 structure). Smectites show a wide variability of composition, which arises due to 

isomorphic substitutions of octahedral Al3+ and tetrahedral Si4+ by other cations like Mg2+ or 

Fe3+ in the octahedral sheet or Al3+ and Fe3+ in the tetrahedral sheet. There are also variants 

with different interlayer cations, typically Na+ and Ca2+,5 which balance the negative charge 

of the mineral layer. In addition, two types of crystal lattices of the layers and various 

variants of layer stacking are known.6-7 Thus, due to their variability, smectites represent a 

rather complex class of minerals. An accurate experimental analysis of composition and 

structure of smectites is hampered by the typically small crystallite size in the low μm range.8 

In a considerable effort, experimentally as well as computationally, many properties of 

smectites have been elucidated, but the mechanistic understanding of the relations between 

composition, structure and properties is still limited.9-10  

To contribute to a deeper understanding of bentonites and other clays, we study in this 

project Fe(III) substitutions in smectites of low iron content. The motivation of these studies 

is that iron is a common isomorphic substituent in smectites. The iron content of smectites, 

besides modifying many other of their properties, essentially determines their redox 

chemistry, which is important for the trace element exchange in soils and also plays a role in 

the interaction of microorganisms with clays, a topic also covered in the UMB consortium. 

Furthermore, steel will be used in underground repositories for radioactive waste as 

construction material and for waste containers. Thus, iron and consequently its corrosion 



5 
 

products will be present in final repositories for radioactive waste in considerable amounts 

and interact with bentonites used as barriers. In this project we contribute to a better chemical 

and physical understanding of smectites by a detailed computational investigation of their 

Fe(III) substitutions, applying an accurate quantum chemical density functional method. In 

addition also Fe(III) substitutions in and adsorption at smectite surfaces are modeled for the 

first time in some detail to characterize their effect on surface stability and structure. These 

latter investigations shed some light on dissolution and growth properties in smectites, which 

are important for their stability. 

2 State of the art and objectives 

2.1 State of the Art 

 Smectites like montmorillonite typically contain small amounts of isomorphic iron 

substitutions and most of these substitutions appear in the octahedral sheet.11 It has been 

shown by experiment that the Fe distribution in smectites strongly depends on the total Fe 

content.8, 12-13 Iron substituting Al in the octahedral sheet may have a disordered or ordered 

distribution avoiding Fe-Fe and Fe-Mg neighbor pairs or it may segregate, forming iron rich 

domains.6, 8, 14 Segregation usually occurs in iron rich smectites, but it can also be observed in 

iron poor smectites.13-14 There are some systematic relations observed in Fe-containing 

smectites, e.g. a positive correlation between the Fe content and the tetrahedral charge in the 

mineral layer;9-10 or a correlation between Fe content and the dihydroxylation temperature, 

which depends on the type of the lattice, which is either cis- (cv) or trans-vacant (tv) (see 

Section 4). 15 

The iron distribution in the octahedral sheet of smectites has been already investigated 

by means of computational methods. Monte-Carlo simulations based on cation exchange 

interaction parameters were applied to smectite and illite models with various arrangements 

of Al, Fe, and Mg cations in the octahedral sheet were performed.16-18 It was shown that Mg 

cations are preferentially dispersed, while Fe cations tend to form either clusters or chains of 

neighboring substitutions.18   

Single octahedral Fe(III) and Fe(II) substitutions in a 2×1×1  unit cell of pyrophyllite 

were studied by means of density functional theory (DFT) ab initio molecular dynamics 

(AIMD).19 An exchange-correlation functional of the generalized gradient approximation 

(GGA) type was used (BLYP functional). Local structures, orientation of structural OH 

groups and their vibrational dynamics were investigated. Fe(III) and Fe(II) yield different 

average Fe-O bond lengths of 201 and 208 pm, respectively. A red shift of the Fe-OH 
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stretching frequency was calculated only for Fe(II), in contrast to experimental findings.20 

Various arrangements of octahedral and tetrahedral substitutions in both tv and cv structures 

of 2:1 dioctahedral smectites and illites were also studied quantum mechanically with the 

(DFT) approach at the GGA level (PBE functional) by the group of Sainz-Diaz for a limited 

set of models with small 1×1×1 unit cells, including also a few models with octahedral Fe(III) 

substitutions.21-23 It was confirmed that Mg octahedral substitutions prefer to avoid each other 

and that Fe substitutions prefer to stay away from Mg octahedral cations. In beidellite Fe 

substitutions, however, were shown to prefer neighboring positions to each other,23 

confirming the segregation effect found earlier by means of Monte-Carlo simulations.18 

Interestingly, the next nearest neighbor position of Fe substitutions was found to be the most 

stable in a later of these DFT study.21 For beidellitic models the cv lattice was found to be 

favorable, while montmorillonitic models as well as models with octahedral and tetrahedral 

substitution prefer a tv structure, without or with iron substitutions.21-23 These findings are in 

contrast with experimental evidence,5, 8 but rely on rather small energy differences. Fe(III) 

and Fe(II) positions and their pairs with each other and with Mg were studied by Keri et al.24-

25 by using models with a larger 4×2×1 unit cell by means of DFT PBE+U AIMD. These 

more accurate calculations included the +U approach to account for self-interaction artifacts 

as well as a proper treatment of spin polarization of iron ions. They predict for an iron 

substituted pyrophyllite smectite model that the cis- and trans-sites for both octahedral Fe(III) 

and Fe(II) substitutions are energetically equivalent, and their stabilities are virtually 

identical.24 Also Fe pairs were found to be more favorable in trans-vacant structures, 

however, the energy differences were within the uncertainty.25 Thus, although a set of 

specific model results is available, a systematic study on iron substitutions and their 

properties in dependence of lattice type, composition and layer charge of smectites is missing 

until now in the literature and has been done in this project.  

2.2 Objectives 

 We apply first principles density functional (DF) theory to investigate computationally iron 

substitutions in smectites and compare them for the first time with iron substitutions and 

adsorbates at their edge surfaces. With these calculations we aim to contribute to the limited 

understanding of relations between composition, structure, and properties of this class of clay 

minerals at the atomic scale. In this project, essentially octahedral Fe(III) substitutions are 

considered, which are the most common iron substitutions in smectites with low iron content. 

Compared to earlier studies we use a more accurate computational approach, including spin-
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polarization and dispersion effects. Together with a systematic treatment of various positions 

of iron substitution in smectite models of different composition and charge, this approach is 

intended to yield a large set of comparable data, which will facilitate a more thorough 

determination of relations between iron content and structure, composition as well as 

properties of smectites. To achieve this goal the focus of our work is the calculation of 

comparable energies to determine thermodynamically favorable positions for iron 

substitutions in various types of smectite models. This is a delicate task, as energy differences 

between various arrangements of substitutions in smectites are known to be small. Here a 

large and systematically determined set of data is necessary to identify trends of properties in 

a reliable way. To reduce the complexity of smectites to a manageable degree we use water 

free smectite models of Na-smectites. In supplementary studies we explore the implications 

and validity of this model approach as well as the performance of the electronic structure 

method chosen. This work is extended in this project by exploratory studies on Fe(II) 

substitutions and the iron related redox properties of smectites, which will be a central topic 

in a follow-up project of the UMB consortium. With these studies on smectites we contribute 

to a better understanding of the main mineral component of bentonites and the overall goal of 

the UMB consortium to characterize and explain properties and alterations of bentonites 

under pertinent conditions of a geological repository for highly active radioactive waste.  

3 Computational details 

All calculations were carried out on periodic models of smectite solids and surfaces applying 

the first principles density functional approach as implemented in the plane-wave based 

program (VASP)26-31. A spin-polarized Kohn-Sham treatment of the electronic structure was 

employed for systems including iron. Core electrons were represented by means of the full 

potential projector augmented wave method (PAW).31-32 Valence electrons were described by 

a linear combination of plane waves with an energy cut-off of 520 or 600 eV for bulk 

structures.  For surface models with fixed unit cell parameters an energy cut-off of 400 eV 

was used. When unit cell parameters are optimized a larger energy cut-off was employed to 

reduce the effect of Pulay forces. The Gaussian smearing method33 was applied with a 

broadening parameter of 0.05 eV, as recommended for isolators. The gradient-corrected 

exchange-correlation functional (generalized gradient approximation, GGA)34 as 

implemented by Perdew, Becke, and Ernzerhof (PBE)35 was employed. During the self-

consistent field (SCF) iteration electronic structures were relaxed until the changes in the 

total energy between two successive steps was below 10–5 eV. Sampling of the Brillouin zone 
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was done at either at the Γ-point only or over a grid of 2×2×2 k-points.36 In the interlayer 

regions of the clay minerals, especially the ones with uncharged layers, van-der-Waals 

interactions play a role. In order to account for these weak dispersive interactions more 

accurately, two approaches were tested, the semi-empirical dispersion correction by means of 

the D3 Grimme method37 and various vdW-DF functionals.38-41 To describe the localization 

of the valence d electrons of Fe ions and their spin states in iron containing structures 

properly, the DFT+U method42 was applied. This correction reduces self-interaction artifacts 

of strongly localized electronic shells and consists of Hubbard-like terms that depend on the 

corresponding blocks of the density matrix and which are added to the total energy 

expression.43-49 In this work the rotationally invariant approach as proposed by Dudarev et al. 

is used.50 

The conjugate-gradient algorithm51 was used for the optimization of the geometric 

structures. Positions of atoms were relaxed until the forces acting on them were less than 0.02 

eV/Å. Numerical second derivatives (Hessian matrix elements) of the total energies with 

respect to the atomic positions with a step size of 2 pm were calculated to derive vibrational 

frequencies. 

Edge surfaces of smectites are modeled as periodically repeated slabs with a distance 

between two surfaces of at least 1 nm to avoid direct interactions between them. The space 

between edge surfaces was filled with water at a density close to 1 g cm-3 molecules to model 

surface solvation explicitly. To achieve a representative arrangement of the water molecules 

at edge surfaces, we invoked first-principle molecular dynamics (FPMD). An annealing 

protocol similar to the one introduced earlier to model U(VI) sorption at clay mineral 

surfaces52 was applied to equilibrate the soft degrees of freedom in the water layer and 

between water molecules and the surface as a prerequisite for determining representative 

minima of the potential energy surface. Each system was equilibrated for 4 ps using the NVT 

canonical ensemble at 350 K with a Nosé-Hoover thermostat and a plane-wave energy cutoff 

of 400 eV. A time step of 0.5 fs is used and hydrogen was substituted by deuterium to 

accelerate the computational procedure. The geometry of the partially equilibrated system 

was then optimized. To check the quality of equilibration, we repeated subsequently dynamic 

equilibration steps for 1 ps, followed by geometry optimization steps. Once the total energies 

obtained from two subsequent optimization steps agreed within 10 kJ mol-1, a system was 

regarded as sufficiently equilibrated. 
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4 Structure of smectites and related clay minerals 

Before we discuss the results of this project, we give a basic introduction into composition 

and structure of smectites. The layers of smectites and other clay minerals of the class of 

phyllosilicates are composed of sheets of either SiO4 tetrahedra (tetrahedral sheet) or 

Al(O,OH)6 octahedra (octahedral sheet), where Si and Al can be replaced by other cations, 

so-called tetrahedral and octahedral isomorphic substitutions, respectively. Clay minerals are 

commonly classified as of 1:1, 2:1 or 2:1:1 type,53 according to the way sheets are combined 

to a mineral layer. A 1:1 clay mineral consists of a tetrahedral sheet connected to an 

octahedral sheet, as in kaolinite, Fig. 4.1a. A 2:1 clay mineral shows an octahedral sheet 

sandwiched between two tetrahedral sheets. In 2:1:1 clay minerals 2:1 layers are 

interconnected by an additional octahedral sheet. For 2:1 clay minerals one distinguishes 

between trioctahedral and dioctahedral lattices, where all or only two third of the possible 

cationic sites in the octahedral sheet are occupied, respectively. Smectites are dioctahedral 

2:1 clay minerals. The cations in both types of sheets, the Si tetrahedral and Al octahedral 

ones, form nearly hexagonal two-dimensional lattices (Figs. 4.1 and 4.2) Such an 

arrangement of the cations together with the connecting O and OH bridges units is also 

termed as ditrigonal rings. In the octahedral sheet of trioctahedral 2:1 clay minerals there are 

two symmetrically inequivalent sites called trans- (M1) and cis-sites (M2) according to the 

arrangement of hydroxo groups. In the trioctahedral lattice one third of the sites are of trans 

type and two third are cis. In the dioctahedral lattice only two third of the octahedral sites are 

occupied. In the trans-vacant polymorph (tv) all occupied octahedral sites are of cis or M2 

type, and in the cis-vacant (cv) polymorph half of the occupied octahedral sites are trans or 

M1 and the other half are M2 sites (Fig. 4.2).  

Composition and properties of smectites and clay minerals in general are rather 

variable due to common substitutions in the basic lattice and variants of the layer structure 

and their stacking. The ideal dioctahedral and thus most simple dioctahedral 2:1 clay mineral 

 
Figure 4.1 Polyhedra structures of (a) kaolinite, (b) pyrophyllite, and (c) montmorillonite. 
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without any isomorphic cation substitutions is pyrophyllite, Al2Si4O10(OH)2, Fig. 4.1b. 

Smectites share the 2:1 lattice structure with pyrophyllite but include lattice cation 

substitutions leading in some cases to a negative charge of the layers, which is compensated 

by alkali or alkali earth cations, most commonly by Na+ or Ca2+,5, 8 in the interlayer between 

the layers. The permanent lattice charge due to cationic substitutions amounts to 0.2-0.6 e3, 53 

per formula unit (fu) for smectites, while clay minerals with higher fractional charges are 

called illites. The montmorillonite group of smectites exhibits mainly substitutions in the 

octahedral sheet.54 Typically some Al3+ ions are substituted by Mg2+, leading to an ideal 

composition of Nax(Al2-xMgx)Si4O10(OH)2, Fig. 4.1c. The beidellitic group corresponds to 

smectites with mainly tetrahedral substitutions.8 Typically some Si4+ ions are replaced by 

Al3+, resulting in the ideal composition of NaxAl2(Si4-xAlx)O10(OH)2. These typical 

substitutions define the end members of the smectite group, but both, pure montmorillonites 

or beidellites, are rare. Besides these typical substitutions also other cations may substitute in 

the octahedral or tetrahedral sheets. A rather common one is Fe3+, which forms a neutral 

substitution in the octahedral sheet and a negative one in the tetrahedral sheet. In the 

 
Figure 4.2 Schematic representations of the octahedral sheet of the trans- (upper panel) and 
cis-vacant (lower panel) polymorphs of 2:1 dioctahedral smectites. From left to right: 
schematic polyhedral representation (hatched circles = Al3+; cross-hatched circles = O of OH 
groups), stick and ball representation (grey = Al3+; red = O, white = H) , sketch of the Al3+ 
lattice with connecting OH groups. 
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octahedral sheet also Fe2+ is a possible negative substitution and these two iron ions are 

essentially are responsible for the redox properties of smectites and other clay minerals.14 

5 Method evaluation 

5.1 Weak interactions 

In order to account better for van-der-Waals interactions in the interlayer region, special 

forms of exchange-correlation functionals, which approximately account for dispersion 

interactions, as well as the DFT-D3 approach that adds a semi-empirical dispersion potential 

to the Kohn-Sham Hamiltonian were explored. To assess the accuracy of different methods, 

bulk structures of kaolinite, triclinic pyrophyllite, montmorillonite, and nontronite are 

optimized. Nontronite is a dioctahedral 2:1 clay mineral with a structure corresponding to 

pyrophyllite with all octahedral Al3+ ions replaced by Fe3+ and serves as a test system for all 

iron related aspects of the calculations. Only trans-vacant structures of the 2:1 clay minerals 

are inspected in this Section. While pyrophyllite, beidellite, and nontronite are known to 

exhibit the tv isomorph, montmorillonite appears with cv as well as tv structure.5  All systems 

were calculated with an energy cut-off 520 eV and using the Γ-point only for integrations 

over the Brillouin zone. The calculated lattice parameters are collected in Table 5.1, 

characteristic bond lengths in Table 5.2, and both are compared to pertinent experimental 

data.5, 7, 55-57  

 In kaolinite the crystal layers are connected via hydrogen bonds. The octahedral 

alumina sheet of kaolinite is terminated by OH groups forming hydrogen bonds with the 

tetrahedral sheet of the neighboring kaolinite layer. The lattice parameters a and b, as 

calculated on all levels of theory, differ from experiment by 6 pm at most, which corresponds 

to 1 % only. Interestingly, the vdW-DF2 functional increases these lattice vectors, while the 

other methods decrease them compared to pure GGA approach (Table 5.1). The lattice 

parameter c is overestimated compared to experiment by 11 pm by PBE result and by 15 pm 

by the vdW-DF2 result. This overestimation is reduced to 3 and 6 pm for the PBE-D3 and 

optPBE-vdW results, respectively (Table 5.1). The interlayer distance d001 is also improved 

when dispersion corrections are taken into account. Again the best agreement with 

experiment is achieved with PBE-D3 and optPBE-vdW results, deviating from experiment by 

4 and 1 pm only (Table 5.1).  
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In pyrophyllite the layers terminated by tetrahedral sheets are bound to each other 

only by means of dispersion forces. Similar to kaolinite, the PBE approach overestimates the 

lattice parameters (Table 5.1). The lattice parameters a and b decrease by up to 6 pm, when 

dispersion corrections were applied, except for the vdW-DF2 method. The c vector shortens 

by about 40 pm. D3 corrections and optPBE-vdW improve the agreement with experiment 

significantly, vdW-DF2 as well, but somewhat less (Table 5.1).  

In contrast to the kaolinite and pyrophyllite, PBE results for ideal montmorillonite 

slightly underestimate the c vector length and the perpendicular layer thickness d001. Similar 

effects of the improved methods as for the other clay minerals are obtained for 

montmorillonite, where dispersion corrections (except for the vdW-DF2 method) shrink a 

and b vectors slightly, while the c vector is shortened by about 40 pm. Experimental data for 

Table 5.1 Optimized unit cell parametersa of bulk clay minerals kaolinite, pyrophyllite, and 
montmorillonite determined with various exchange-correlation variants and dispersion 
corrections. Experimental parameters are given for comparison. Also the time per geometry 
point in the optimization procedure t (in sec/10 points) and per electronic SCF cycle tSCF (in 
sec) is shown for exemplary cases (8 Xeon Haswell 2.6 GHz cores)  

 a b c d001 α β γ    t / tSCF 
Kaolinite 
PBE 513.5 897.8 750.0 727.0 91.2 104.4 89.9  11  / 0.11 
PBE-D3 509.2 892.3 742.1 718.0 91.1 104.5 89.9  13  / 0.14 
optPBE-vdW 509.7 894.0 745.5 713.0 91.5 106.8 89.9 123 / 0.82 
vdW-DF2 518.0 904.0 754.5 724.0 92.5 105.9 90.0   98  / 0.97 
Exp.b 515.4 894.2 739.1 714.0 91.9 105.1 89.8  
Pyrophyllite 
PBE 523.9 902.1 993.3 995.6 90.0 99.3 90.0   60  / 0.75 
PBE-D3 519.9 895.7 955.9 941.4 90.1 100.0 90.0   77  / 0.81 
PBE-D3c 519.5 894.3 958.3 943.4 90.1 100.1 90.0  
optPBE-vdW 521.6 898.4 949.1 932.6 90.4 100.7 90.0 456 / 2.73 
vdW-DF2 527.4 906.6 961.6 945.8 90.4 100.4 90.0 282 / 2.94 
Exp.d 514.0 890.0 927.5 913.7 90.0 99.9 90.0  
Montmorillonite 
PBE 526.1 905.4 999.6 984.6 90.2 100.1 90.0   56  / 0.80 
PBE-D3 522.0 899.2 959.5 942.8 90.0 100.5 90.0   83  / 0.85 
PBE-D3c 522.1 898.1 963.9 946.5 90.0 100.9 90.0  
optPBE-vdW 523.9 901.7 952.4 935.7 89.9 100.7 90.0 524 / 3.18 
vdW-DF2 528.6 908.7 967.7 951.4 90.1 100.4 90.0 293 / 2.99 
Exp.e    960–980     
Exp.f 519.9 900.5 1016.0 996 90.0 101.3 90.0  

a a, b, c and d001 in pm, angles in degree; b Ref. 55; c Deviating computational parameters: 
energy cut-off 600 eV, k-points 2×2×2; d Ref. 7; e Refs. 58-61; f Ref. 62.  
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the a and b vectors agree better with the results with dispersion corrections taken into 

account, Table 5.1, except for the vdW-DF2 approach. That is not the case for c. As 

montmorillonite is a swelling clay mineral, it is difficult to measure its c vector in a proper 

dry state. However, there are measurements of the d001 spacing for dry Na-montmorillonite. 

The results vary between 960 and 980 pm.58, 63 As already the simple PBE approach 

underestimates d001, it yields the best agreement with experiment, while D3 corrections and 

optPBE-vdW result in even shorter d001 spacings of about 940 pm (Table 5.1). Molecular 

dynamics simulations of dry ideal Na-montmorillonite yields a d001 value of 935 pm,64 which 

is at the lower edge of all the results achieved in this work and confirms the underestimation 

compared to experiment. Thus, either dispersion corrected methods underestimate d001 

especially for montmorillonite or there is some residual water in the experimental probes. 

PBE-D3 model calculations with an increasing amount of interlayer water (Section 5.2) show 

that the lattice vector c increases by about 100 pm for 0.25 water molecules per fu, which 

exceeds already the deviation between calculation and experiment of 20-60 pm (Table 5.1). A 

further difficulty of this comparison is given by the variable composition of 

montmorillonites. As the vdW-DF2 method shows the worst comparison to experiment, we 

did not use it for further calculations and do not discuss its performance further. 

As expected, ionic and polar covalent bonds are not affected by dispersion 

Table 5.2 Calculated average characteristic bond lengthsa (in pm) of the bulk structures of 
kaolinite and pyrophyllite, optimized with various exchange-correlation variants and 
dispersion corrections.  

 Si-OAl Si-Ob Al-O Al-OHs Al-OH Ob-Ob 
Kaolinite 
PBE 161.6 165.4 199.4 186.8 191.7 288.0 
PBE-D3 161.2 165.1 198.5 186.0 191.4 282.8 
optPBE-vdW 161.8 165.3 198.5 186.7 192.3 277.1 
Exp.b 161.5 161.5 192.7 189.4 191.3 270.4 
Pyrophyllite 
PBE 165.0 163.1 193.9  190.2 318.6 
PBE-D3 164.7 162.7 193.4  189.5 282.2 
PBE-D3c 164.7 162.8 193.0  189.4 278.4 
optPBE-vdW 165.0 163.2 193.6  190.2 261.2 
Exp.d 155.3 160.1 201.3  201.2 280.1 

a Si-O bond lengths to the apical O centers connected to Al, Si-OAl, and to the basal O 
centers, Si-Ob, Al-O and Al-OH bond lengths as well as Al-OHs bond lengths between Al and 
surface OH groups of kaolinite, O-O distances between basal O centers of neighboring layers, 
Ob-Ob; b Ref. 55; c Energy cut-off 600 eV, k-points (2×2×2); d Ref. 7. 
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corrections. Average M-O bond lengths for kaolinite and pyrophyllite almost do not change 

due to dispersion corrections, as shown in Table 5.2. Most bond lengths are slightly 

overestimated, by 3 to 10 pm, only Al-OH bonds at the (001) surface of kaolinite and internal 

Al-O bonds of pyrophyllite are understated. These effects compensate to some extent, leading 

to rather accurate lattice constants (see above). The only noticeable effect is seen for the O-O 

distance between the basal surfaces of neighboring layers, Ob-Ob, which determines the 

interlayer region. It is considerably shorter for PBE-D3 and optPBE-vdW results (Table 5.2) 

compared to PBE.  

With regard to the description of the lattice- and structural parameters and by taking 

into account the computational effort (Table 5.1), the PBE-D3 approach appears to be rather 

accurate and at the same time the fastest method accounting for dispersion interactions. Thus, 

a good compromise between quality and computational effort is achieved using the PBE-D3 

method. 

5.2 Swelling of montmorillonite 

To achieve an additional test of the reliability of the PBE-D3 approach for the important but 

difficult example of montmorillonite (see above), we modeled also the swelling of this 

smectite at the atomic level. It is well known that the swelling of smectites proceeds not 

continuously with increasing water content, but in discrete steps, corresponding to discrete 

water layers in the interlayer. Experimentally 0W, 1W, and 2W montmorillonite structures 

are distinguished,57-60, 64 corresponding to dry montmorillonite, montmorillonite with one 

water layer in the interlayer region, and montmorillonite with two water layers. For Na-

montmorillonite the corresponding d001 spacings were measured at 960-980 pm,58-61 1230-

1260 pm,58-59, 65 and 1490-1560 pm,58-61, 65 respectively (Table 5.3). Molecular dynamics was 

used to investigate the swelling of montmorillonites with q = -0.38 e per f.u. with various 

interlayer cations.64 The calculated d-spacings for 0W, 1E, and 2W structures are 935, 1217, 

and 1491 Å, respectively (Table 5.3). The maximum number of water molecules in the  

Table 5.3 Calculated and experimental d001 spacings (in pm) for Na-montmorillonite without 
and with one or two water layers (nW) in the interlayer. 

 0W 1W 2W 
MDa 935 1217 1491 
PBEb 992 1305 1539 
PBE-D3b 935 1221 1483 
Exp.c 960-980 1230-1260 1490-1560 

a Ref. 64. b This work. c Refs. 58-61. 
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interlayer are 4.3 and 9.0 per 1×1×1 unit cell for 1W and 2W structures, respectively.64 For a 

montmorillonite model with layer charge q = -0.25 e, we inspected how incorporation of 

water affects the interlayer distance of this smectite. We varied the number of interlayer 

water molecules from 0 to 16 per 2×1×1 unit cell. We used in this study an energy cut-off of 

520 eV and the Γ-point only for integrations over k-space. Thus, 17 structures of 

montmorillonite were optimized at the PBE and PBE-D3 levels of theory. Fig. 5.1 shows how 

the d001 spacing increases with the growing number of water molecules in the interlayer. The 

first two water molecules introduced to the interlayer lead to a strong increase of d001, which 

stays then at this level until the first layer of water is completed with 9 waters per 2×1×1 unit 

cell. This corresponds to 4.5 water molecules per 1×1×1 unit cell, which is in good agreement 

with the earlier MD study.64 Addition of two further water molecules triggers the next 

increase of d001, which stays again stable while the second water layer is formed in the 

interlayer with up to 16 water molecules per 2×1×1 unit cell. Both methods, PBE and PBE-

D3 perform well in comparison to experiment (Table 5.3). PBE results overestimate the 

experimental values for 0W and 1W montmorillonites, as well as MD results for all 

structures. The PBE-D3 results are in good agreement with MD results and also compare 

with experiment somewhat better. 

 

 
Figure 5.1 d001 spacings (in Ǻ) in montmorillonite in dependence of interlayer water content. 
Calculated results for a Na-montmorillonite model with q = -0.25 e in dependence of the 
number of water molecules in the interlayer per 2×1×1 unit cell. Shaded areas mark 
experimental results for dry as well as montmorillonite with one and two layers of interlayer 
water according to Refs. 58-61, see also Table 5.3. 
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Figure 5.2 Partial densities of states of nontronite, optimized with the PBE (upper panel) and 
the PBE+U (lower panel) approach with Ueff = 4.5 eV. The fermi energy is at 0 eV. 

5.3 Self-interaction correction for iron 

To account for self-interaction artifacts in the compact valence d shell of iron, we apply the 

DFT+U method and use trans-vacant neutral nontronite as a test system. In our nontronite 

model all Al3+ cations in the octahedral sheet are substituted by Fe3+. In general, nontronites 

can have both tetrahedral and octahedral substitutions.66 An effective Hubbard-U parameter 

Ueff was defined earlier for iron oxide, FeO, at 4.3 eV by Cococcioni et al. (2005)67. For 

magnetite, Fe3O4, Ueff = 4 eV was shown to be accurate for describing the bulk structure.68-70 

The lattice parameters of the nontronite have been shown to be rather insensitive to the value 

of the effective U-parameter in the range of 4–8 eV.71 The lattice vectors a and b vary up to 1 

pm, the c vector by up 5 pm, when Ueff is varied between 4 and 8 eV.71 In the present work, 
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Ueff values of 4, 4.5, and 5 eV were tested by optimizing the bulk structure of the nontronite 

model.  Table 5.4 provides the optimized unit cell parameters, including the unit cell volume, 

and the magnetic moment μ, as determined with DFT and DFT+U approaches for various Ueff 

values. Without the +U correction, Fe(III) ions converged to the singlet state (μ = 1). With 

the DFT+U approach, the number of unpaired electrons of Fe(III) ions was calculated at 5, 

corresponding to the high spin electronic configuration (Table 5.4). The effect of the +U 

correction is reflected in the one-electron spin-separated partial density of states (PDOS) for 

the 3d shell of the Fe3+ ions and for the spin-summarized 2p shell of the oxygen atoms of 

nontronite. As an example we discuss PDOS calculated at the PBE level without and with +U 

correction and Ueff = 4.5 eV (Fig. 5.2). The Fermi energy EF has been set to zero. In the 

PDOS obtained for Ueff = 0, no band gap is observed, thus nontronite is calculated 

erroneously to be metallic. The d related states of Fe(III) are essentially concentrated in the 

region around EF, with small lower lying contributions overlapping with the O(2p) states due 

to weak covalent bonding. Both spin up and spin down shells are partially filled. In contrast, 

in the PDOS obtained with Ueff = 4.5 eV a gap of about 1.5 eV opens (Fig. 5.2) and spin up 

and spin down orbitals of Fe(III) separate, resulting in the magnetic moment of 5, due to the 

Table 5.4 Unit cell parametersa and volume of nontronite, calculated with various exchange-
correlation functionals in dependence of Hubbard-U parameters Ueff. The magnetic moment μ 
per Fe ion (in μB) as well as experimental data are given for comparison. 

 μ Ueff V 2a b c β 
PBE 1 ― 929 1056.3 902.8 988.6 99.9 
PBE+U 5 4.0 985 1066.0 920.7 1016.9 99.2 
  4.5 979 1065.5 920.1 1012.2 99.4 
  5.0 979 1065.5 920.1 1011.8 99.4 
PBE-D3 1 ― 878 1048.6 891.1 957.0 101.0 
PBE-D3+U 5 4.0 940 1061.8 916.4 982.2 100.3 
  4.5 936 1060.8 915.7 979.3 100.2 
  5.0 932 1061.1 914.9 976.2 100.4 
optPBE-vdW 1 ― 871 1052.8 893.3 943.3 101.1 
optPBE-vdW+U 5 4.0 922 1064.2 917.4 960.8 100.5 
  4.5 920 1064.7 916.0 959.5 100.5 
  5.0 921 1064.2 916.1 960.9 100.6 
vdW-DF2 1 ― 921 1068.7 909.5 964.4 100.7 
vdW-DF2+U 5 4.0 957 1073.1 925.0 979.9 100.3 
  4.5 953 1074.4 924.0 976.7 100.7 
  5.0 951 1074.4 923.7 976.0 100.7 
Exp.b ― ― 926 1055.4 914.0 978.0 101.0 

a a, b, c in pm, V in 106 pm3, angles in degree. b Ref. 72. 
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filled spin down d orbitals. The rather large band gap confirms the non-metallic nature of 

nontronite. 

Table 5.4 collects results for the lattice parameters of nontronite together with 

experimental data. To note, the experimental data are determined for Na-exchanged Garfield 

nontronite which exhibits a layer charge of -0.4 e and contains Na+ in the interlayer.72  From 

Table 5.1, however, we see that the effect of interlayer Na+ on the c vector is calculated at 3–

6 pm only (compare data for pyrophyllite and montmorillonite). Thus, we can directly 

compare our nontronite results without interlayer cations with the experimental data for dried 

nontronite with Na+ in the interlayer. All lattice vectors of nontronite elongate by at least 10 

pm when DFT+U is applied (Table 5.4). Changes of the lattice vectors for Ueff varying 

between 4 and 5 eV are much smaller than the overall effect due to the DFT+U approach 

(Table 5.4). As observed for other clay minerals (see above), dispersion corrections mostly 

decrease the length of the lattice vectors, while the +U correction increases them. These 

opposite effects explain the good agreement of PBE results with experiment, with deviations 

of at most 1.2 % for the lattice parameters. On the other hand, our earlier tests for other clay 

minerals and the wrong spin state of Fe(III) demonstrate, that this agreement is achieved only 

fortunately, and both, dispersion and self-interaction corrections should be applied for iron 

containing smectites. A favorable agreement with experiment for the lattice properties of 

nontronite is achieved with the PBE-D3+U approach for Ueff = 5.0 eV compared to the other 

methods (Table 5.4). optPBE-vdW+U overestimates a and underestimates c while vdW-

DF2+U overestimates a and b compared to the PBE-D3+U DFT variant. The angle β is 

insensitive to the variation of methods and Ueff. Taking together all test results discussed 

above, PBE-D3+U is shown to be a reasonably accurate and efficient approach and has been 

used for the extensive model calculations in this study.  

6 Models and crystal structure 

6.1 Model minerals 

To model effects and properties of Fe substitutions in smectites, we choose a set of model 

minerals derived from a 2×1×1 unit cell of pyrophyllite and covering the typical range of 

lattice charges of smectites up to -0.5 e per f.u (Table 6.1). Pyrophyllite itself can be regarded 

as a model system for a region free of substitutions in a smectite of low charge and has been 

already used in the literature as a model for charged smectites.24  Proper smectite models with 

layer charges of -0.25 and -0.5 e per f.u. were generated by one or two octahedral 

substitutions of Al3+ by Mg2+, leading to montmorillonitic models, or tetrahedral substitutions 
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of Si4+ by Al3+, leading to beidellitic models. In addition a mixed model with layer charge -

0.5 e per f.u. including a tetrahedral as well as an octahedral substitution was considered. 

Larger unit cells were also explored in exemplary cases. The charged substitutions were 

chosen to be distant from each other.73 Na+ was chosen as charge compensating interlayer 

cation and positioned in a ditrigonal ring close to a charged substitution. Other interlayer 

cations were considered for exemplary cases (Section 7.6.3). For simplicity and 

computational efficiency, mainly dry models without interlayer water were investigated. 

However, exemplary mineral models with a few water molecules in the interlayer region, up 

to 8 per 2×1×1 unit cell, were studied to investigate the effect on smectite properties (Section 

7.6.2).  

Fe(III) in smectites mainly occupies octahedral positions and rarely tetrahedral Fe(III) 

can be found.11 In order to study Fe containing smectites, we exchange one or two octahedral 

Al3+ ions per 2×1×1 unit cell by Fe3+. We explored all possible positions for octahedral 

Fe(III) substitutions for that model size and exemplary further arrangements in larger unit 

cells. Also Fe(III) substitutions in the tetrahedral sheet were studied exemplary (Section 7.7).  

6.2 Crystal structure 

Within the layer of the 2:1 smectites the Si4+ ions of the two tetrahedral sheets and the Al3+ 

ions of the central octahedral sheet form approximately hexagonal two-dimensional lattices. 

These hexagonal lattices are shifted relative to each other by |c·cosβ| ≈ |a|/3.5 This shift may 

be also chosen opposite to a. This choice is equivalent to a shift of  2|a|/3.9 This leads to two 

polymorphs of the dioctahedral layers and the crystal lattice which show a different ideal 

stacking of the layers. Triclinic pyrophyllite exhibits a structure of the layers with a relative 

shift of sheets in -a direction. All the structures used in the literature nowadays for modeling 

are based on the structure resolved by Tsipursky and Drits with a shift in + a direction.5 

Tsipursky and Drits5 determined the structure of smectites for the example of K-saturated 

Table 6.1 Model smectites used in the present study. Listed are the permanent layer charge q 
per f.u. in e, the type of charged substitution (octa = octahedral, tetra = tetrahedral) as well as 
the chemical formula of the 2×1×1 supercell are given. 

Model q Charge formula 
Pyrophyllite 0 - (Al8)(Si16)O40(OH)8 
Montmorillonite -0.25/-0.5 octa Na1/2[(Al7/6Mg1/2)(Si16)O40(OH)8] 
Beidellite -0.25/-0.5 tetra Na1/2[(Al8)(Si15/14Al1/2)O40(OH)8] 
Mixed model -0.5 octa, tetra Na2[(Al7Mg)(Si15Al)O40(OH)8] 
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(Al, Mg)-smectites after many wetting-drying cycles as these probes show an improved 

crystallinity and more ordered laying stacking compared to Na-smetites, facilitating the 

structure determination. Guided by structural relations in micas, they resolved the coordinates 

for a structural model with the tv polymorphism and a positive shift a direction within the 

layer. Atomic coordinates for nontronite57 were resolved based on the model of Tsibursky 

and Drits,5 thus exhibit a positive shift of sheets in the layer. The relative shift of sheets 

within a layer affects the stacking of the layers. The centers of the ditrigonal rings of the 

 
Figure 6.1 Types of layer structures of a dioctahedral 2:1 lattice: (a) structure S1, sheets 
shifted in a direction; (b) structure S2, sheets shifted opposite to a direction. For details see 
text. Blue ellipses indicate ditrigonal rings of adjacent tetrahedral sheets belonging to 
neighboring layers. Substitutions and interlayer cations are omitted for clarity. 

Table 6.2 Relative energies of smectite models for various types of crystal structures with 
respect to the most stable variant in kJ mol-1. Compared are lattice types S1 and S2 for tv and 
cv octahedral sheets for pyrophyllitic, beidellitic, montmorillonitic, and a mixed smectite 
model for varying layer charge q and the interlayer cations (IC) Na+ and K+. 

Mineral Q IC 
S1  S2 

tv cv  tv cv 
Pyrophyllite 0 - 35.7 36.7  0 2.8 
Beidellite -0.25 Na+ 14.3 19.4  0 2.4 
 -0.5 2Na+ 0 2.0  10.0 16.3 
Montmorillonite -0.25 Na+ 26.7 26.7  1.9 0 
 -0.5 2Na+ 15.5 14.8  1.6 0 
Mixed model -0.5 2Na+ 4.9 16.4  0 0.9 
Beidellite -0.25 K+ 0 10.2  6.7 12.0 
 -0.5 2K+ 0 2.4  16.2 27.8 
Montmorillonite -0.25 K+ 0.4 0  3.9 1.7 
 -0.5 2K+ 0 8.7  16.7 14.5 
Mixed model -0.5 2K+ 0 17.1  15.9 18.3 
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tetrahedral sheets of neighboring layers are either positioned above each other (shift in +a 

direction) or they are shifted with respect to each other (shift in -a direction) (Fig. 6.1). We 

label these two structures as S1 and S2, respectively. 

Obviously, different interlayer cations might prefer different lattices, polymorphs or 

layer stackings. For all smectite models constructed, we inspected both structures, S1 and S2, 

with Na+ or K+ interlayer cations and tv and cv variants of the octahedral sheet to determine 

their relative energies (Table 6.2). With the only exception of beidellite with q = -0.5 e lattice 

S2 is preferred for Na-smectites as well as for pyrophyllite, which is in agreement with 

experimental findings for triclinic pyrophyllite. For K-smectites  the structure S1 is always 

preferred, confirming the work of Tsipurski and Drits.5 Besides, these results also agree with 

the known preference of montmorillonitic smectites for cv structures while beidellites are 

more stable with tv structures. The tv structure tends also to be preferred for the mixed 

smectite model whose layer charge originates half from a beidellitic substitution. In our 

studies we use mainly Na+ as interlayer cation. Therefore we chose the lattice type S2 for all 

our calculations.  

7 Fe(III) substitutions in smectites  

In the following we describe the project results for Fe(III) substitutions in the bulk of 

smectites, as obtained for various model smectites. Most of the models inspected in this 

section have 2×1×1 unit cells, but larger unit cells have been used for exemplary cases. All 

calculations were done with the PBE-D3+U approach Ueff = 4.5 eV. An energy cut-off of 600 

eV has been used for the plane wave basis set and 2×2×2 k-grid for reciprocal space 

integrations. 

7.1 Fe(III) substitutions in pyrophyllite 

7.1.1 Effect of unit cell size 

To characterize the effect of an octahedral Fe(III) substitution on the ideal smectite lattice and 

the interaction of such substitutions with each other in the absence of other types of 

substitutions, the pyrophyllite model was applied. This model can also be considered as 

representing a region far from charged substitutions in a smectite of low permanent charge. In 

the tv polymorph of pyrophyllite all octahedral sites are equivalent and of M2 type. Thus, 

Fe(III) substitutions at various sites of this model mineral represent a test of the numerical 

accuracy of our computational approach. The calculated total energies for a single Fe(III) 
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substitution at various sites in the 2×1×1 unit cell vary by up to 1 kJ mol-1. Thus, this value 

can be regarded as the numerical uncertainty in our model calculations. 

In 2×1×1 and 2×2×1 unit cells of pyrophyllite we substituted two Al3+ by Fe3+. The 

position of the second Fe(III) substitution was varied over ortho, meta, para positions relative 

to the first one in the same ditrigonal ring as well as a distant position in a neighboring 

ditrigonal ring for the  2×2×1 unit cell (Fig. 7.1). 

For the pyrophyllite model with a 2×1×1 unit cell we inspected the effect of the 

relative spin orientation of the two Fe(III) substitutions. Our model calculations show that an 

antiparallel orientation of the spins of the two Fe(III) substitutions is preferred by up to 3 kJ 

mol-1 for neighboring substitutions (ortho arrangement, Fig. 7.1). When the Fe(III) 

substitution are more distant, no noticeable energy difference between the two spin 

arrangements is calculated. Thus, we considered only the antiparallel spin orientation of 

Fe(III) substitutions in all further model calculations. 

Comparison of relative energies of various arrangements of two Fe(III) substitutions 

in pyrophyllite for the two unit cell sizes leads essentially to the same results, with deviations 

below 2  kJ mol-1 (Fig. 7.1). Independent of the unit cell size, two Fe(III) substitutions prefer 

 
Figure 7.1 Schematic representation of the octahedral sheet of pyrophyllite with Fe(III) 
substitutions. (a) 2×1×1 and (b) 2×2×1 unit cells. Filled blue circles indicate positions of a 
single Fe(III) substitution,  blue empty circles of a second Fe(III) substitution per unit cell. 
For each position of the second substitution relative energies with respect to the most 
favorable arrangement of two Fe(III) substitutions (blue numbers) are given in kJ mol-1. 
Black and blue numbers correspond to an antiparallel, red numbers to a parallel spin 
orientation of the two Fe(III) substitutions.  
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to occupy positions distant from each other. The least favorable are ortho arrangements, with 

an energy difference to the para arrangement of 5-6 kJ mol-1. The second Fe(III) substitution 

in meta position and the distant one in the 2×1×1 unit cell show an intermediate result of only 

2 kJ mol-1 higher than the para arrangement, which has to be considered to be close to the 

numerical uncertainty.  

In Table 7.1 optimized lattice parameters are collected for pyrophyllite without and 

with up to two Fe(III) substitutions as obtained from model calculations with 2×1×1 and 

2×2×1 unit cells. One can see that Fe substitutions increase the volume of the unit cell by 

expanding it in a and b directions. The lattice vector c varies only slightly with increasing Fe 

content and stays essentially unaffected. The Fe3+ ion is larger than Al3+. Its ionic radius is 79 

pm versus 68 pm for Al3+.74 Average Al-O and Al-OH bond lengths are calculated at 193 and 

190 pm, respectively, and are not affected by neighboring Fe(III) substitutions. The 

calculated average Fe-O and Fe-OH bond lengths are 202 and 200 pm, respectively. They are 

longer than the corresponding bonds of Al, in good agreement with the differences of the 

ionic radii. All these bond lengths do not depend on the Fe content or its distribution in the 

unit cell of the model mineral.  

Both unit cells studied, 2×1×1 and 2×2×1, exhibit very similar energy preferences for 

the arrangement of Fe substitutions (Fig. 7.1). Also structural parameters are only slightly 

affected by the unit cell size. These results show that the unit cell size of 2×1×1 is sufficient 

to study the interaction of neutral octahedral Fe(III) substitutions in smectite lattices without 

disturbing effects from periodic images. For this reason and also for computational 

efficiency, mainly the 2×1×1 model unit cell will be used in this project to study the 

Table 7.1 Optimized lattice parametersa of the unit cell of pyrophyllite for 2×1×1 and 2×2×1 
model unit cells without and with one or two octahedral Fe(III) substitutions, leading to 
fractions of substituted octahedral sites between 0 and ¼. Unit cell volume V in 106 pm3, 
lattice vectors a, b, c in pm and angles in degree.  

 PBE PBE PBE+U PBE+U PBE+U PBE+U 
 2×1×1 2×2×1 2×2×1 2×2×1 2×1×1 2×1×1 
Fe 0  0  1/16  1/8  1/8  1/4  
V 877 875 879 883–885 883 889–894 
2a 1039 1040 1042 1042–1043 1043 1046–1048 
b 894 895 897 897–898 897 901–902 
c 958 955 956 959–960 957 958–963 
β 100.1 100.2 100.3 100.0–100.1 99.8 100.0–100.2 

a For model minerals with two Fe(III) substitutions in various relative arrangements, the 
intervals of minimum to maximum values obtained for all properties are given. 
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distribution of Fe substitutions in 2:1 dioctahedral smectites.  

7.1.2 Structure and energies of Fe(III) substitutions in pyrophyllite 

One and two octahedral Fe(III) substitutions in pyrophyllite per 2×1×1 unit cell have been 

studied systematically for tv and cv lattices and Fe occupying cis-vacant (M1) and trans-

vacant (M2) sites. Table 7.2 shows the optimized lattice parameters. As observed already for 

other pyrophyllite models, an Fe(III) substitution slightly elongates the lattice vectors a and b 

while c is unaffected. 

For pyrophyllite cv lattice structures are energetically slightly less stable than tv ones, 

independent of the presence of an Fe(III) substitution, as shown by relative energies 

∆Ect = Ecv – Etv           (1) 

in Table 7.2. We estimated lattice relaxation energies as the difference between total energies 

of optimized Fe(III) substituted pyrophyllite and optimized pyrophyllite with an Fe(III) 

substitution introduced into the fixed lattice: 

Erelax = E(optimized) – E(fixed).        (2) 

The relaxation energy of about 48 kJ mol-1 is independent of the polymorph inspected (Table 

7.2). It is marginally higher, by about 1 kJ mol-1, for the M1 site in the cv polymorph of 

pyrophyllite. Thus, the small preference of Fe(III) substitutions for the site M2 in 

pyrophyllite originates from a small difference of about 3 kJ mol-1 of the chemical binding 

energy, which is partially compensated by the lattice relaxation energy. In addition, we 

estimated exchange energies Eexch of Al3+ by Fe3+ according to the formal reaction: 

Pyro(Al) + [FeOH(H2O)5]2+ → Pyro(Fe) + [AlOH(H2O)5]2+     (3) 

where Fe(III) and aluminium monohydroxides are chosen as reference species in solution, as 

these are the prevailing hydrolysis species of Fe3+ and Al3+ in aqueous solution at near neutral 

Table 7.2 Lattice parameters and energies of tv and cv pyrophyllite models without and with 
an Fe(III) substitution per 2×1×1 unit cell. Lattice vector lengths in pm, angles in degree, 
energy differences between cv and tv lattices ∆Ect, relaxation energies Erelax, and iron 
exchange energies Eexch in kJ mol-1. 

 Fe 2a b c β ∆Ect Erelax Eexch 
tv - 1039 894 958 100.1 −   
cv - 1036 897 955 101.8 2.8   
tv M2 1043 897 957 99.8 − -47.8 13.4 
cv M2 1040 901 956 101.9 2.8 -47.3 13.4 
cv M1 1039 902 955 102.1 4.6 -48.7 15.2 
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pH. As the reference mineral we always take the corresponding polymorph of pyrophyllite 

without iron substitution. For Fe(III) substitutions at M2 sites in both tv and cv structures the 

exchange energy was estimated at 13 kJ mol-1, while for the M1 site  15 kJ mol-1 have been 

obtained (Table 7.2). Thus, octahedral Fe(III) substitution is slightly preferred at the M2 sites 

in pyrophyllite.  

Fig. 7.2 shows the relative energies for tv and cv polymorphs of pyrophyllite with two 

Fe(III) substitutions in various relative arrangements in the 2×1×1 unit cell. To note, two 

different ortho and meta arrangements for two Fe(III) substitutions for each pyrophyllite 

structure result from different types of bridging groups between octahedral cations. Cations 

can either be bridged by two oxygens or by two hydroxo groups in the tv lattice or by an oxo 

and a hydroxo group in the cv lattice (Figs. 4.2 and 7.2) For tv pyrophyllite the most stable 

arrangement of two Fe(III) substitution is in para position to each other. A meta arrangement 

is only slightly less stable while the ortho arrangement is by up to 6 kJ mol-1 disfavored. A 

similar result is obtained for cv pyrophyllite with one Fe(III) at a M2 position (Fig. 7.2a). The 

marginal difference of 2 kJ mol-1 between para and meta arrangements is reversed here as in 

the para arrangement the second Fe(III) occupies a disfavored M1 position (Table 7.3). For 

cv pyrophyllite with one Fe(III) at the M1 position again the para position for the second 

Fe(III) substitution is most favorable as that Fe(III) ion occupies a favorable M2 site. In this 

case ortho and meta arrangements show similar relative energies as the pattern of occupied 

M1 and M2 sites is reversed. 

As noted earlier, due to a second  octahedral Fe(III) substitution and thus an increased 

Fe content of the smectite model, lattice parameters a and b increase slightly  by up to 4 pm 

(Table 7.3). Only for the tv polymorph a slight increase of c is noticed. The angle β is 

 
Figure 7.2 Sketch of octahedral sheets of pyrophyllite with two octahedral Fe(III) 
substitutions per 2×1×1 unit cell. Numbers are relative energies for various arrangements of 
the two Fe(III) substitutions for (a) tv lattice, (b) cv lattice with one Fe(III) at site M2, and 
(c) cv lattice with one Fe(III) at site M1. The reference Fe(III) substitution is shown as blue 
dot. 
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unaffected. Relaxation energies vary in the small range between 46 and 49 kJ mol-1 without 

any correlation noticed. Relative energies, as discussed above, show that the most preferred 

positions for two Fe(III) substitution in the unit cell are M2 sites which are distant from each 

other. Thus, pairs of neighboring Fe(III) substitutions are energetically not favorable in 

pyrophyllite. But the energy differences between various arrangements of two iron 

substitutions are small and amount to at most 6 kJ mol-1, which corresponds to variations of 

the cation exchange energies of at most 30 %. Fe3+ is expected to occupy preferentially sites 

with relatively large volume as it is larger than Al3+. We estimated the volume of the AlO6 

octahedra in the pyrophyllite without iron substitutions. As shown in Table 7.3, preferred 

sites for a second Fe(III) substitutions are those with the largest site volume V(AlO6) and the 

Table 7.3 Pyrophyllite with one and two octahedral Fe(III) substitutions per 2×1×1 unit cell. 
Lattice parametersa (vector lengths in pm, angles in degree), relative energies of various 
arrangements of the Fe(III) substitutions Erelb, lattice relaxation energies Erelaxb, Fe(III) 
exchange energies Eexchb, and initial volumes of the substituted Al octahedral sites V(AlO6)c 
for tv and cv polymorphs. 

model positiond sitee 2a b c β Erel Erelax Eexch V(AlO6) 
tv  M2 1043 897 957 99.8 0 -47.8 13.4 55.12±0.03 
tv(M2)f para M2 1046 901 959 100.0 0.0 -46.6 10.2 55.47 
 meta O2O2 M2 1046 902 963 100.2 1.9 -48.3 12.2 55.47 
          O2(OH)2 M2 1047 901 959 100.0 1.9 -47.1 12.2 55.47 
 ortho O2 M2 1046 901 959 100.2 6.0 -47.7 16.2 55.14 
         (OH)2 M2 1047 901 958 100.1 3.0 -46.0 13.3 55.42 
cv  M2 1040 901 956 101.9 2.8 -47.3 13.4 55.26±0.01 
cv(M2)f para M1 1043 904 955 102.1 1.7 -47.7 12.6 55.53 
 meta (OOH)2 M2 1042 904 956 102.2 0.0 -48.3 10.9 55.62 
          O2OOH M2 1042 904 955 102.3 0.8 -48.7 11.7 55.42 
 ortho O2 M1 1043 903 956 102.1 4.7 -46.8 15.6 55.17 
          OOH M1 1043 904 955 102.2 5.9 -48.9 16.8 55.23 
cv  M1 1039 902 955 102.1 4.6 -48.7 15.2 55.11±0.00 
cv(M1)f para M2 1043 904 956 102.1 0.0 -46.0 10.6 55.68 
 meta (OOH)2 M1 1044 903 957 102.0 5.5 -47.6 16.1 55.38 
          O2OOH M1 1044 902 955 102.0 3.0 -48.9 13.6 55.48 
 ortho O2 M2 1043 903 956 101.9 3.2 -45.8 13.8 55.54 
          OOH M2 1043 903 957 102.0 4.2 -48.5 14.8 55.19 
a Vector lenghts in pm, angles in degree; b Energies in kJ mol-1; c Volumes in Å3, for systems 
with two Fe(III) substitutions the volume of the site occupied by the second Fe(III) is given; d 

Type of mutual arrangement of two Fe(III) substitutions. Where several variants exist, the 
type of cation bridging, by O or OH moieties, is given; e Type of octahedral site occupied by 
an Fe(III) substitution, for systems with two Fe(III) subsitutions the site of the second Fe(III) 
is given; f In parentheses the type of site occupied by the reference Fe(III) substitution is 
given. 
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sites with the smallest volume are the least favorable ones up to the computational 

uncertainty of ±1 kJ mol-1. R2 values of the correlation between relative energies and initial 

volume of the site for Fe(III) substitution were calculated at 0.81, 0.82, and 0.61 for tv, 

cv(M2), and cv(M1) structures, respectively. The correlation between exchange energies and 

V(AlO6) for all pyrophyllitic models together exhibits only R2 = 0.54. Thus, the site volume 

alone can not explain the energy differences between various sites. The relative positions of 

the two Fe substitutions and the types of sites also affect the relative energy of a pair of 

Fe(III) substitutions. 

7.2 Octahedral Fe(III) substitutions in charged smectites with q = -0.25 e 

7.2.1 Fe substitutions in beidellite 

Our beidellitic models with q = -0.25 e contain one tetrahedral substitution in the 2×1×1 unit 

cell. The layer charge is balanced by a Na+ ion in the interlayer in close vicinity to the 

tetrahedral Al3+ ion. In the beidellitic smectite models the tetrahedral Al3+ substitution 

connects neighbors two octahedral M2 sites in the tv structure and an octahedral M1 and a 

M2 site in the cv structure. In tv and cv beidellite models Fe(III) prefers the sites next to 

tetrahedral Al3+ (Figs. 7.3a, b). To note, there are two octahedral sites close to tetrahedral 

Al3+, however, they are not equivalent. Therefore, Fe(III) substitutions exhibits different 

relative energies at these neighboring sites. Relative energies for various octahedral sites vary 

by up to 11 kJ mol-1. In Figs. 7.3c and 7.3d we collected relative energies for a second Fe(III) 

substitution for various arrangements with respect to a first Fe(III) substitution at the most 

favorable site for a single Fe(III) substitution. The most favorable site for a second Fe(III) 

substitution cell corresponds for both lattices to the second most favorable one for a single 

Table 7.4 Properties of beidellite models with layer charge q = -0.25 e with one or two 
octahedral Fe(III) substitutions per 2×1×1 unit cell. Lattice parameters (vector lengths in pm, 
angles in degree), energy differences Ect (in kJ mol-1) between tv and cv lattices for the most 
favorable positions of the Fe(III) substitutions, and R2 of the correlation between relative 
energies for Fe(III) substitutions at various lattice sites and the corresponding site volume 
V(AlO6). 

N(Fe)  2a b c β Ect R2 
0 tv 1042 896 974 101.4 2.4  
 cv 1038 898 964 103.0  
1 tv 1045-1046 898-899 968-973 100.8-101.4 2.5 0.92 
 cv 1041-1042 901-902 961-967 102.6-103.2 0.51 
2 tv 1049-1050 901-902 968-973 100.9-101.1 2.6 0.84 
 cv 1044-1045 905-906 962-967 102.6-102.9 0.23 
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Fe(III) substitution, see Figs. 7.3a and 7.3b. Least favorable sites are typically below the Na+ 

interlayer cation. 

Table 7.4 shows the lattice parameters for beidellitic models without and with up to 

two Fe(III) substitutions in the octahedral sheet. As for pyrophyllite, a and b lattice vectors 

slightly increase when Fe(III) is introduced into the structure. The c vector varies with the 

sites of Fe(III) substitution, but this variation does not change with increasing Fe content 

(Table 7.4). In addition, Table 7.4 shows energy difference between cv and tv structures for 

the most favorable Fe positions. The tv structure is always preferred, independent of Fe 

content. 

Substitution energies of Fe(III) are expected to depend on the size of the substitution 

site, due to the larger size of Fe3+ compared to Al3+. Thus, we estimated the initial volume 

 

Figure 7.3 Relative energies (in kJ mol-1) of octahedral Fe(III) substitutions at various lattice 
sites in beidellite with q = -0.25 e. Upper row: Single Fe(III) substitution per 2×1×1 unit cell 
for tv (a) and cv (b) lattices. Lower row: Two Fe(III) substitutions per 2×1×1 unit cell for tv 
(c) and cv (d) lattices, where one of the Fe(III) ions occupies the most favorable site (blue 
dot) for a single Fe(III) substitution. The projection of the upper tetrahedral sheet is shown by 
dashed lines together with the tetrahedral substitution Altet. Red cross indicate the position of 
interlayer Na+. 
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V(AlO6) of all octahedral sites before substitution by Fe(III) and correlated them with the 

relative energies shown in Fig. 7.3. Tv structures show a significantly better correlation 

compared to the cv ones (Table 7.4). R2 values are determined to 0.92 and 0.84 for tv and 

0.51 and 0.23 for cv structures, for a single and two octahedral Fe(III) substitutions. Thus, the 

site volume is not determining alone the relative energies of Fe(III) substitutions at various 

lattice sites, at least not for the cv polymorph of beidellite, where different types of octahedral 

sites, M1 and M2, are present. Also, the correlations are worse for higher iron content, 

indicating that besides the site volume also the relative positions of the Fe(III) substitutions 

seem to play a role.  

7.2.2 Fe substitutions in montmorillonite 

Our montmorillonitic smectite model with a layer charge of q = -0.25 e contains a single 

octahedral Mg2+ substitution per 2×1×1 unit cell. We chose three structures to investigate the 

octahedral Fe(III) arrangement, a tv structure and two cv ones with the Mg2+ substitution 

occupying either a M1 or a M2 site. The layer charge is balanced by an interlayer Na+ ion in 

the vicinity of the octahedral Mg substitution. The upper panel of Fig. 7.4 shows relative 

energies of a single Fe(III) substitution at various sites in these montmorillonitic models. In 

all models Fe(III) prefers the sites distant from the Mg substitution. In the tv and cv(M1) 

structures the most favorable position for Fe(III) is the para position to Mg, see Figs. 7.4a and 

c. Interestingly, these sites are of the favorable M2 type (Table 7.4). For the cv(M2) structure 

with Mg at a M2 site there are two degenerate favorable sites for Fe(III). One is a M1 site 

para to Mg and the second one is a M2 site meta to Mg. In general sites ortho to Mg are the 

least favorable ones. Only for the tv montmorillonite model an ortho arrangement of Fe(III) 

with two OH groups bridging Mg and Fe shows the second lowest relative energy (Fig. 7.4a). 

Relative energies of various arrangements of two octahedral Fe(III) substitutions in 

montmorillonitic models with charge q = -0.25 e are collected in the lower row of Fig. 7.4. 

One of these Fe(III) substitutions is placed at the most favorable site for a single Fe(III) 

substitution (see above) while the position of the second one is varied. In the cv model with 

Mg at a M2 site, two favorable sites for a single Fe(III) substitution are available and we have 

chosen the one in meta position to Mg to allow a meta position for the second Fe(III) 

substitution with respect to both other substitutions, Fe(III) and Mg. The most favorable site 

for a second Fe(III) substitution in the tv structure corresponds to the second most favorable 

for a single Fe(III) substitutions, see Figs. 7.4a and d. A corresponding trend has been already 

obtained for beidellitic models (Section 7.2.1). For the cv models (Figs. 7.4e and f) the 



30 
 

second Fe(III) substitution prefers sites corresponding to somewhat less favorable sites for a 

single Fe(III) substitution. In two models out of three models, the tv and cv models with Mg 

at a M1 site, Fe-Mg pairs will be formed when two Fe(III) substitutions are introduced. This 

reflects a repulsive effect between two neighboring Fe(III) substitutions, as found for 

pyrophyllitic models (Section 7.1.2), but not for the beidellitic ones (Section 7.2.1).  

Table 7.5 shows how the lattice parameters of the montmorillonite model with q =  

-0.25 e vary with increasing Fe(III) content in the octahedral sheet. Similar to pyrophyllite 

and beidellite, the lattice vectors of the montmorillonitic models increase slightly with 

increasing Fe content, by 0.3–0.6 % (Table 7.5) due to the larger size of Fe3+ compared to 

Al3+. As shown by the energy difference ∆Ect, for the iron free montmorillonite models the cv 

lattices are slightly more favorable than the tv structure. However, the energy difference does 

not exceed 3 kJ mol-1. With a single Fe(III) substitution the cv structures are still preferred. 

The opposite preference is calculated for the structures with two octahedral Fe(III) 

 

Figure 7.4 Relative energies (in kJ mol-1) of octahedral Fe(III) substitutions at various lattice 
sites in montmorillonite with q = -0.25 e. Upper row: Single Fe(III) substitution per 2×1×1 
unit cell in tv (a), cv with Mg substitution at M2 site (b), and cv with Mg substitution at M1 
site (c). Lower row: Two Fe(III) substitutions per 2×1×1 unit cell for tv (d), cv with Mg 
substitution at M2 site (e), and cv with Mg substitution at M1 site, where one of the Fe(III) 
ions occupies the most favorable site (blue dot) for a single Fe(III) substitution in 
montmorillonite. The octahedral Mg substitution is shown as black dot. The projection of the 
upper tetrahedral sheet is shown by dashed lines and red crosses mark the position of the  
interlayer Na+ ion. 
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substitutions. The tv structure becomes favorable by 2 and 5 kJ mol-1 compared to the cv 

structures with Mg at M2 and M1 sites, respectively (Table 7.5). Thus, with increasing Fe 

content the preference for the tv polymorph is somewhat increasing. It should be noted that 

these energy differences are determined for Fe(III) substitutions at the most favorable sites 

and the energy varies stronger when Fe(III) occupies less favorable sites (Fig. 7.4). Thus, the 

calculated preference of lattice structures has to be regarded as a trend only, as Fe(III) will 

not always occur in most favorable arrangements with respect to the other cations in 

smectites. This is in agreement with an empirical correlation between Fe content and the 

dihydroxylation temperature of smectites, which is derived from experiment15 and is related 

to the lattice type via the different arrangements of octahedral OH groups, (see Section 7.5). 

We also inspected the correlation between the volume of the substituted AlO6 

octahedra at various sites and the relative energies of Fe(III) substitutions at these sites (Table 

7.5). The corresponding R2 values indicate only a moderate correlation, varying between 0.5 

and 0.75. For all three montmorillonite models inspected, a slight increase of R2 with 

increasing Fe content is observed. Thus, as for pyrophyllite and beidellite, besides the site 

volume V(AlO6) there are other factors affecting the distribution of Fe(III). Our results 

suggest, that the type of site, M1 or M2, and the relative position (para, meta, or ortho) of the 

octahedral substitutions play a role (see Section 7.4). 

Table 7.5 Properties of montmorillonite models with layer charge q = -0.25 e with one and 
two octahedral Fe(III) substitutions per 2×1×1 unit cell. Lattice parameters (vector lengths in 
pm, angles in degree), energy differences Ect (in kJ mol-1) between cv and tv lattices for the 
most favorable positions of the octahedral Fe(III) substitutions, and R2 of the correlation 
between relative energies for Fe(III) substitutions at various lattice sites and the 
corresponding site volume V(AlO6).  

Lattice N(Fe) 2a b c β Ect R2 
tv 0 1044 898 964 100.9 −  
 1 1046-1047 900-901 963-967 100.6-101.2 − 0.61 
 2 1049-1050 903-904 966-968 101.1-101.2 − 0.72 
cv(M2) 0 1041 901 962 102.9 -3.2  
 1 1043-1044 902-904 963-965 102.7-103.0 -2.1 0.50 
 2 1046-1047 905-907 965-967 102.7-103.0 2.3 0.57 
cv(M1) 0 1042 898 963 102.8 -2.0  
 1 1044-1046 901-902 964-967 102.2-102.7 -2.6 0.63 
 2 1047-1049 903-905 965-968 102.4-102.6 5.0 0.75 
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7.3 Octahedral Fe(III) substitutions in charged smectites with q = -0.5 e 

7.3.1 Fe(III) in beidellite 

The tv and cv beidellitic smectite model with q = -0.5 e exhibits two separated tetrahedral 

substitutions per 2×1×1 unit cell and the layer charge is balanced by two interlayer Na+ ions. 

Relative energies of octahedral Fe(III) substitutions at various lattice sites are shown in Fig. 

7.5. As for the beidellitic model with lower layer charge, Fe(III) prefers to occupy positions 

next to tetrahedral Al substitutions. The two octahedral sites close to the tetrahedral 

substitution are not equivalent due to the asymmetric coordination of the AlO4 tetrahedron to 

the AlO6 octahedron. The energy difference for a single Fe(III) substitution between two 

octahedral sites next to Altet is 7 kJ mol-1 for the tv structure, Fig. 7.5a. Fe(III) substitutions at 

two octahedral sites next to Altet in the cv structure are in one case almost degenerate, while 

 

Figure 7.5 Relative energies (in kJ mol-1) of octahedral Fe(III) substitutions at various sites 
in beidellite with  q = -0.5 e. Upper row: Single Fe(III) substitution per 2×1×1 unit cell for 
tv (a) and cv (b) lattices. Lower row:  Two Fe(III) substitutions per 2×1×1 unit cell for tv 
(c) and cv (d) lattice, where one of the Fe(III) substitutions occupies the most favorable site 
(blue dot) for a single Fe(III) substitution. The projection of the upper tetrahedral sheet is 
shown by dashed lines, the tetrahedral substitution is labeled as Altet. Red crosses mark the 
position of interlayer Na+. 
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in the other they differ by 6 kJ mol-1 (Fig. 7.5b).  The exchange energies for a single Fe(III) 

substitution vary by 7 and 12 kJ mol-1 in the tv and cv type models, respectively. When two 

octahedral Fe(III) substitutions are considered, one is placed at the most favorable site for a 

single Fe(III) substitution (Figs. 7.5c and d). Independent of the lattice type, the most 

favorable arrangement of two Fe(III) substitutions in beidellite with q = -0.5 e corresponds to 

each Fe(III) occupying a neighboring position to one of the tetrahedral substitutions. Energies 

for less favorable arrangements are calculated to up to 13 kJ mol-1, but higher values might 

occur if both Fe(III) substitutions occupy sites distant from the tetrahedral substitutions. 

Thus, Fe(III) prefers octahedral sites in the vicinity of tetrahedral Al substitutions in 

beidellite. Exchange energies for octahedral Fe(III) substitutions correlate well with the 

volume of the substituted lattice site, with R2 values above 0.8, except for cv beidellite with 

two iron substitutions, where only 0.45 is calculated (Table 7.6). To note, similarly weak 

correlations of the exchange energy with the site volume have also been determined for cv 

beidellite with lower charge (Table 7.4). The lattice vectors a and b of beidellite with q = -0.5 

e increase by about 0.4 % on average per octahedral Fe(III) substitution, while the c vector 

and the angle β stay essentially constant (Table 7.6). The preference of beidellite for the tv 

lattice, which amounts to 6 kJ mol-1 for the ideal composition, increases to 12 kJ mol-1 with 

increasing number of Fe(III) substitutions, as observed above for montmorillonite models 

with lower layer charge, while the tv preference of beidellite with lower charge was not 

stabilized with increasing iron content. 

Table 7.6 Properties of beidellite models with layer charge q = -0.5 e with up to two 
octahedral Fe(III) substitutions per 2×1×1 unit cell. Lattice parameters (vector lengths in 
pm, angles in degree), energy differences ∆Ect (in kJ mol-1) between tv and cv lattices for 
the most favorable positions of the octahedral Fe(III) substitutions, and R2 of the 
correlation between relative energies for Fe(III) substitutions at various lattice sites and the 
corresponding site volume V(AlO6).  

Lattice N(Fe) 2a b c β ∆Ect R2 
tv 0 1039 896 985 102.9 −  
 1 1042-1044 899-900 982-986 102.6-102.8 − 0.84 
 2 1046-1047 903 983-987 102.4-102.7 − 0.89 
cv 0 1035 896 999 106.4 6.3  
 1 1038-1039 898-901 997-1002 106.1-106.4 7.4 0.90 
 2 1042-1045 902-904 997-1000 105.6-106.1 11.8 0.45 
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7.3.2 Fe(III) in montmorillonite 

The montmorillonitic model smectite with q = -0.5 e exhibits two octahedral Mg(II) 

substitutions per 2×1×1 unit cell, which have been placed in meta position to each other. A 

most distant placement of the Mg substitutions (para to each other) would allow only ortho 

positions of Fe(III) substitutions relative to Mg, which have been calculated to be the least 

favorable in the montmorillonite model with q = -0.25 e (Section 7.2.2). The relative energies 

of Fe(III) substitutions in the montmorillonite model with q = -0.5 e do not follow a simple 

pattern (Fig. 7.6). In the model with tv lattice, a single Fe(III) substitution per unit cell 

occupies the site most distant to both Mg substitutions, corresponding to a meta arrangement 

to both of them. In the model with cv lattice, Fe-Mg pairs are preferred with an orientation 

maximizing the distance between Fe and the second Mg substitution. To note, in these 

arrangements Fe(III) occupies M2 sites and these are only 2 kJ mol-1 more favorable than the 

position distant to both Mg substitutions, corresponding to a M1 site. Least favorable sites in 

 

Figure 7.6 Relative energies (in kJ mol-1) of octahedral Fe(III) substitutions at various sites 
in montmorillonite with  q = -0.5 e. Upper row: Single Fe(III) substitution per 2×1×1 unit 
cell for tv (a) and cv (b) lattices. Lower row:  Two Fe(III) substitutions per 2×1×1 unit cell 
for tv (c) and cv (d) lattice, where one of the Fe(III) substitutions occupies the most 
favorable site (blue dot) for a single Fe(III) substitution. Octahedral Mg substitutions are 
indicated by a black dot. The projection of the upper tetrahedral sheet is shown by dashed 
lines and red crosses mark the position of interlayer Na+ ions. 
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both lattices are by 7–8 kJ mol-1 less stable than the most favorable ones (Fig. 7.6). Thus, 

energy differences between various sites for Fe(III) substitutions are small. Similar site 

preferences are obtained when a second Fe(III) substitution is introduced into a model where 

the most favorable site for Fe(III) substitution is already occupied. In both lattices the second 

most favorable site for a single Fe(III) substitution is occupied by the second one. In the tv 

lattice, this corresponds to a position most distant from Mg as well as the first Fe(III) 

substitution. In the cv lattice a second Mg-Fe pair is formed with an orientation maximizing 

the distance between the second Fe(III) substitution and all other substitutions (Fig. 7.6). Also 

for the second Fe(III) substitution, the least favorable sites are only by 6 kJ mol-1 less stable 

than the most stable ones. 

 The lattice vectors in the montmorillonitic model of high charge increase by about 0.2 

% per Fe(III) substitution only (Table 7.7), which is only half of the value calculated for the 

corresponding beidellite model (Section 7.3.1). For montmorillonite also the c vector expands 

marginally, in contrast to beidellite, while again the angle β is unaffected. Comparison of 

energy differences between cv and tv models with Fe substitutions at the most favorable sites 

shows that the cv structure, which is slightly favorable for the iron free model, gets 

marginally disfavored due to Fe(III) substitutions. This result supports the trend observed for 

other smectite models, that an increasing iron content tends to stabilize the tv lattice relative 

to the cv one, see also Sections 7.2.2 and 7.3.1. The correlation of Fe(III) exchange energies 

with the volume of the site of the substitution is negligible for tv structures and of moderate 

quality for the cv models (Table 7.7). The considerably lower correlation of energies with the 

site volume compared to beidellite can be traced back to the large number of octahedral 

Table 7.7 Properties of montmorillonite models with layer charge q = -0.5 e with up to two 
octahedral Fe(III) substitutions per 2×1×1 unit cell. Lattice parameters (vector lengths in 
pm, angles in degree), energy differences ∆Ect (in kJ mol-1) between tv and cv lattices for 
the most favorable positions of the octahedral Fe(III) substitutions, and R2 of the 
correlation between relative energies for Fe(III) substitutions at various lattice sites and the 
corresponding site volume V(AlO6).  

Lattice N(Fe) 2a b c β ∆Ect R2 
tv 0 1048 900 968 101.4 −  
 1 1049-1051 901-903 968-970 101.4 − 0.18 
 2 1052 904-905 970-972 101.4-101.5 − 0.02 
cv 0 1047 899 973 103.2 -1.6  
 1 1048-1050 901-902 974-977 103.1-103.5 1.3 0.74 
 2 1050-1052 903-905 976-979 103.2-103.5 1.4 0.36 
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substitutions in the montmorillonitic models, which lead to a strong influence of neighboring 

substitutions in the octahedral sheet.  

7.3.3 Fe(III) in a mixed smectite model 

Besides pure montmorillonitic and beidellitic smectite models, also a combined model 

including well separated an octahedral Mg and a tetrahedral Al substitution in a 2×1×1 unit 

cell, leading to a layer charge of q = -0.5 e, was considered. In this smectite model the 

preferred site for a single octahedral Fe(III) substitution is a site close to the tetrahedral 

substitution and distant from the Mg substitution (Fig. 7.7a and b), in agreement with the 

results for pure montmorillonitic and beidellitic models (see above). The second most 

favorable sites, which are by 2-4 kJ mol-1 less stable, are situated at the second octahedral site 

close to the tetrahedral substitution (Fig. 7.7). Due to the presence of the octahedral Mg 

substitution the variation of relative energies for Fe(III) substitution at various sites is larger 

than in beidellitic models. The least favorable sites are calculated to be close to the Mg 

substitution. They are by up to 16 kJ mol-1 less stable than the most favorable ones. When the 

 

Figure 7.7 Relative energies (in kJ mol-1) of octahedral Fe(III) substitutions at various sites 
in a mixed smectite model with an octahedral and a tetrahedral substitution in the 2×1×1 
unit cell with  q = -0.5 e. Upper row: Single Fe(III) substitution for tv (a) and cv (b) lattices. 
Lower row:  Two Fe(III) substitutions for tv (c) and cv (d) lattices, where one of the Fe(III) 
substitutions occupies the most favorable site (blue dot) for a single Fe(III) substitution. 
Octahedral Mg substitutions are indicated by a black dot. The projection of the upper 
tetrahedral sheet is shown by dashed lines. The tetrahedral substitution is labeled as Altet. 
Red crosses mark the position of the interlayer Na+ ion. 
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most favorable site for Fe(III) substitutions is occupied, a second iron substitution is 

determined to be favorable at the second octahedral site close to the tetrahedral substitution. 

This leads to the formation of a Fe-Fe neighboring pair (Figs. 7.7c and d). Degenerate with 

this arrangement are Fe(III) substitutions positioned meta to both other octahedral 

substitutions in the tv lattice (Fig. 7.7c) and the formation of an Fe-Mg pair in the cv lattice 

(Fig. 7.7d). Both these alternative sites correspond to the findings for the montmorillonitic 

model with q = -0.5 e (Section 7.3.2). All these sites also correspond to the second and third 

most favorable sites for a single octahedral Fe(III) substitution (Figs. 7.7a and b). The 

correlation of relative energies of Fe(III) substitutions at various sites with the site volume is 

weak for the tv lattice and nearly vanishes for two iron substitutions. For the cv lattice a 

considerably stronger correlation is calculated (Table 7.8). 

 Changes in the crystal lattices of the mixed smectite model are similar to the 

montmorillonitic and beidellitic models and of same size, of about +0.3 % for the vectors a 

and b and smaller or vanishing for c. The energy difference between cv and tv type lattices of 

about 10 kJ mol-1 in favor of the tv lattice (Table 7.8) is comparable to beidellite and larger 

than for montmorillonite (Tables 7.6 and 7.7). For the mixed smectite models it does not 

increase with increasing iron content. 

7.4 Energy model for octahedral Fe(III) substitutions in smectites 

The modeling of Fe(III) substitutions at various lattice sites in pyrophyllitic, beidellitic and 

montmorillonitic smectite models, as discussed in Sections 7.1.2, 7.2.1, and 7.2.2, suggests 

that the site volume, the type of the site, M1 or M2, and the type and distance to other 

substituting cations affect the energy of octahedral Fe(III) substitution in a complex way. In 

Table 7.8 Properties of mixed smectite models with layer charge q = -0.5 e with up to two 
octahedral Fe(III) substitutions per 2×1×1 unit cell. Lattice parameters (vector lengths in pm, 
angles in degree), energy differences ∆Ect (in kJ mol-1) between cv and tv lattices for the 
most favorable positions of the octahedral Fe(III) substitutions, and R2 of the correlation 
between relative energies for Fe(III) substitutions at various lattice sites and the 
corresponding site volume V(AlO6).  

Lattice N(Fe) 2a b c β ∆Ect R2 
tv 0 1045 899 969 101.1 −  
 1 1049-1050 901-902 970-973 101.1-101.2 − 0.59 
 2 1052-1053 904-905 970-973 101.1-101.3 − 0.12 
cv 0 1044 899 977 103.4 10.9  
 1 1046-1048 901-903 976-979 103.3-103.7 8.9 0.96 
 2 1050-1051 904-906 976-979 103.4-103.7 10.2 0.73 
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order to substantiate this qualitative observation we constructed a linear multidimensional 

model to estimate the exchange energy of octahedral Fe(III) substitutions (Eq. 4). In this 

model the exchange energy is represented as 

 

exch 0 1 2

3 4 5

6 7 8

0 1 2
9 10 11

E  E  k V  k M

 k N  k N  k N

 k N  k N  k N

 k N  k N  k N .

o m p
Fe Fe Fe
o m p
Mg Mg Mg

tet tet tet

= + +

+ + +

+ + +

+ + +

 (4) 

exchE designates the estimated values of exchE . The term E0 represents a reference energy and 

the second term accounts for the site volume dependency. The term k2M reflects the 

differences between M1 and M2 sites. The variable M equals 0 for substitutions at the more 

common M2 sites and 1 for substitutions at M1 sites in cv lattices. Thus, k2M represents an 

energy correction for the less favorable M1 sites compared to M2 which should be positive 

(Table 7.3). The following terms are introduced to describe the interactions between 

substitutions. The variables Na
X  count the number of neighboring substitutions of a specific 

type X at a relative position a of increasing distance. For the octahedral substitutions X = Mg 

or Fe, a runs over the relative position descriptors ortho, meta, and para, corresponding to the 

first, second, and third shell of cationic neighbors in the crystal lattice. For tetrahedral Al3+ 

substitutions (X = tet) a = 0–2 distinguishes between neighboring, next neighboring and next 

least distant tetrahedral substitutions. More distant substitutions than in para position, 

corresponding to the fourth and higher shell neighborhood in the crystal lattice, are neglected.  

In Table 7.9 coefficients of determination of a linear regression analyses, carried out 

with Microsoft Office Excel (2010), based on various sets of data and numbers of 

independent variables are collected. To determine the various model parameters we used Eexch 

data from pyrophyllite models with two octahedral Fe(III) substitutions as well as from 

montmorillonitic and beidellitic models with q = -0.25 e with a single Fe(III) substitution. 

Results from tv as well as cv lattices where used. Separate fits for pyrophyllitic (15 systems), 

montmorillonitic (21 systems) and beidellitic model smectites (16 systems) yield for their 

common model parameters E0, k1, and k2 results which are similar for the charged models and 

somewhat different for pyrophyllite. This points to a different relation between exchange 

energy and site volume for these two classes of models (Table 7.9). In all cases k1 is negative 

as a larger volume of an octahedral site is more favorable for Fe(III) substitution. The 

parameters modeling the effect of octahedral Mg or other Fe(III) substitutions on the Fe(III) 
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substitution exchange energy are increasing with decreasing distance between the 

substitutions. The opposite trend is observed for the effect of a tetrahedral Al substitution 

(Table 7.9). These results reflect the trends of relative energies for various arrangements of 

Fe(III) substitutions as discussed above. While a high correlation with R2 larger than 0.9 is 

obtained for pyrophyllite and montmorillonite, beidellite shows a weaker correlation with R2 

= 0.70 (Table 7.9). Model parameters obtained by fitting the data of all three model smectites 

(52 systems and 12 model parameters) simultaneously, pyrophyllite, montmorillonite, and 

beidellite, show the same trends as obtained for the separately fitted models and an 

intermediate quality of the correlation (R2 = 0.84, Table 7.9). Models correlating exchange 

energies only with the site volume or additionally with the type of site (Table 7.9, columns 4 

and 5) yield rather small coefficients of determination R2 of 0.24 and 0.34, respectively. This 

finding demonstrates that the local site properties alone are insufficient to understand the 

variations of exchange energies of Fe(III) substitutions. A model fit without accounting for 

the two types of sites in cv lattices, M1 and M2, (Table 7.9, column 8) leads to a slightly 

weaker correlation with R2 = 0.78 compared to the full model (R2 = 0.84). A model variant 

relying only on the relations to other substitutions, without explicitly modeling the effect of 

the type of site and volume, lowers the quality of the correlation considerably (R2 = 0.67). 

Table 7.9 Linear regression coefficients for the correlation between exchange energies Eexch 
of octahedral Fe(III) substitutions in smectite model minerals according to Eq. 3 from 
various fittings.a Given are the coefficients of determination R2 for each fit and the values of 
the fitted coefficients according to Eq. 4. 

fita pyro mont beid all (I)b all (II)b all (III)b all all 
R2 0.93 0.91 0.70 0.24 0.34 0.84 0.78 0.67 
E0 intercept 144.1 381.1 415.1 256.7 253.7 352.3 382.3 12.3 
k1 V(AlO6) -2.3 -6.6 -7.3 -4.4 -4.3 -6.1 -6.6 - 
k2 M1 2.2 1.8 1.9  2.2 1.9 - - 
k3 Fe para -1.3     -1.4 -1.4 -1.2 
k4 Fe meta -0.6     -1.0 -1.0 -0.3 
k5 Fe ortho 1.4     -0.1 -0.3 2.3 
k6 Mg para  -2.6    -2.0 -1.9 -3.3 
k7 Mg meta  -1.2    -0.5 -0.4 -1.6 
k8 Mg ortho  1.1    2.4 2.5 1.4 
k9  tetra. 0   0.0   -6.6 -6.8 -6.3 
k10 tetra. 1   1.0   -2.4 -2.4 -2.5 
k11 tetra. 2   1.6   -1.4 -1.6 -0.1 

a Results used to fit the model: pyro = tv and cv pyrophyllite with two Fe(III) substitutions 
per unit cell; mont = tv and cv montmorillonite with q = -0.25 e with one Fe(III) substitution 
per unit cell; beid = tv and cv beidellite with q = -0.25 e with one Fe(III) substitution per unit 
cell. all = pyro and mont and beid together. b Models I-III applied subsequently. 
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Thus, the comparison of various variants of linear models shows that the site volume as well 

as variations of the bonding due to a varying chemical environment need to be accounted for 

at least to achieve a parameterization of reasonable quality. 

 

Table 7.10 Coefficients of determination R2 of the correlation of the exchange energies of 
Fe(III) substitutions at various octahedral sites of smectite model minerals from linear 
modelsa with the site volume (model  I), the site volume and the type of site, M1 or M2, 
(model II), and from an extended model (III) also taking into account the number and  
distance of other neighboring substitutions. Results are given for one or two Fe(III) 
substitutions per 2×2×1 unit cell for pyrophyllite (pyro), beidellite (beid) and 
montmorillonite (mont) with q = -0.25 e and -0.5 e as well as for a mixed smectite model 
with q = -0.5 e. 

Model Charge Al:Mg:Feb Latticec I II III 
pyro 0 6:0:2 tv 0.83 0.83 0.96 
   cv(M2) 0.82 0.87 0.99 
   cv(M1) 0.61 0.62 0.75 
beid -0.25 7:0:1 tv 0.92 0.92 0.63 
   cv 0.51 0.39 0.72 
  6:0:2 tv 0.84 0.84 0.44 
   cv(M2) 0.23 0.10 0.51 
mont -0.25 6:1:1 tv 0.61 0.61 0.96 
   cv(M2) 0.50 0.62 0.90 
   cv(M1) 0.63 0.17 0.90 
  5:1:2 tv 0.72 0.72 0.88 
   cv(M2,M2) 0.57 0.56 0.12 
   cv(M2,M1) 0.75 0.84 0.97 
beid -0.5 7:0:1 tv 0.84 0.84 0.77 
   cv 0.90 0.50 0.85 
  6:0:2 tv 0.89 0.89 0.74 
   cv(M2) 0.45 0.50 0.83 
mont -0.5 5:2:1 tv 0.18 0.18 0.83 
   cv(M1,M1) 0.74 0.06 0.98 
  4:2:2 tv 0.02 0.02 0.96 
   cv(M1,M1,M2) 0.36 0.11 0.89 
mixed -0.5 6:1:1 tv 0.59 0.59 0.97 
   cv(M1) 0.96 0.55 0.92 
  5:1:2 tv 0.12 0.12 0.82 
   cv(M1,M2) 0.73 0.09 0.69 
average    0.61 0.50 0.80 

a Linear correlation coefficients from Table 7.9: model I, column 4; model II, column 5; 
model III, column 6. b Numbers of various cations in the octahedral sheet per 2×1×1 unit 
cell. c Type of crystal lattice, trans- (tv) or cis-vacant (cv), and type of site, M1 or M2, of Mg 
substitutions and one of the Fe(III) substitutions when two of them are present, in this order.  
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The linear model describing various factors affecting the exchange energy of 

octahedral Fe(III) substitutions has been applied to all smectite model minerals discussed in 

the previous Sections. Table 7.10 collects R2 values for all these systems as obtained with the 

simple model variant, only taking into account the site volume V(AlO6) (variant I), with a 

small model including additionally the difference between M1 and M2 lattice sites (variant 

II) and with the most extended one, including independent variables related to the site 

volume, to the type of lattice site, M1 or M2, and the number and type of neighboring 

substitutions (variant III). As the variant III of the linear model has been parameterized using 

exchange energies of Fe(III) substitutions from pyrophyllite models with two Fe(III) 

substitutions and montmorillonite and beidellite models with a single Fe(III) substitution (8 

systems), the results for smectite models with higher charge and with two Fe(III) 

substitutions (except for pyrophyllite, 17 systems) are predictions. In many cases, the 

extended model III yields a considerably better correlation as obtained by consideration of 

the simpler models relying on site volume and type (models I and II, Table 7.10). This result 

confirms the earlier observation that energy differences for octahedral Fe(III) substitutions at 

various sites of a smectite mineral are affected by several factors. A considerably lower R2 

value for model III compared to I is obtained for 5 out of 25 smectite systems. These are all 

beidellitic models with tv lattice and one cv montmorillonitic model (Table 7.10). The 

average R2 value for all smectitc models studied reaches 0.8, showing that the most important 

factors are included in the linear model. Results for beidellitic models only are less 

satisfactory, especially for the tv lattice variant (Table 7.10). The average R2 value for 

beidellitic models alone amounts to 0.7, while for other models (excluding a single badly 

performing cv montmorillonite model with two iron substitutions with R2 = 0.12 as an 

outlier) a value of 0.95 is reached. Interestingly, model II performs considerably worse than 

model I, although it takes into account an additional factor for the energy difference between 

lattice sites M1 and M2.  Its average coefficient of determination amounts to 0.50, while 

model I already reaches a value of 0.61 (Table 7.10). Model II fails especially for cv smectite 

models where different sites M1 and M2 appear (Table 7.10). This points to a different 

relation between the substitutions at sites M1 and M2 for uncharged and charged smectite 

models, although the corresponding parameter k2 in a common and separate fits is similar 

(Table 7.9). The overall weaker correlations obtained for beidellitic models may point to a 

factor missing in the energy model or could be related to the problematic results for model II. 

Thus, the sketchy results of the linear energy model achieved until now require further 

investigations. Nevertheless, we consider the linear model of exchange energies for 
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octahedral Fe(III) substitutions as a first step towards a qualitative understanding of the 

relation between structure, composition, and energy of smectites. 

7.5 Empirical relations 

For dioctahedral smectites empirical relations have been suggested between the Fe content, 

the portion of tetrahedral charge of the overall permanent layer charge and the relative 

amount of cv to tv layers in the mineral.9 A positive correlation has been observed between 

the Fe content and the amount of tetrahedral charge.10, 75-77 With increasing Fe content also an 

increase of the tv portion of structures is observed.9 In collaboration with the associated 

project partner BGR, Hannover, and the Institute of Functional Interfaces of the KIT, 

Karlsruhe, we compare our computational results on octahedral Fe(III) substitutions in model 

smectites9 with the properties of two sets of smectite fractions enriched from various 

bentonites.8, 78-80 These two sets of smectite probes illustrate the correlations described above: 

The iron content correlates with the amount of tv character and with the portion of tetrahedral 

charge with coefficients of determination between 0.3 and 0.6. These weak correlations lead 

also to a trend of increasing tv character of the smectites with increasing amount of 

tetrahedral charge (R2 = 0.3 and 0.4 for the two data sets9).  

 To compare our model calculations to these weak trends, we inspected exchange 

energies of octahedral Al3+ by Fe3+ and the energy difference between cv and tv types of 

lattices for various smectite models. For each mineral model the most favorable sites for up to 

two octahedral Fe(III) substitutions (see Sections 7.1–7.3) have been chosen for the 

comparison of trends. 

Fe(III) exchange energies for pyrophyllite, beidellite, montmorillonite and a mixed 

smectite model with a tetrahedral and an octahedral charge are collected in Table 7.11. The 

exchange of Al3+ by Fe3+ in neutral pyrophyllite is endothermic by 12–13 kJ mol-1. The 

Table 7.11 Fe exchange energies ∆Eexch (per Fe, in kJ mol-1) for various dioctahedral 2:1 
phyllosilicate models.  

Mineral qa Chargeb ∆Eexch (1 Fe) ∆Eexch (2 Fe) 
Pyrophyllite 0 - 13.4 11.9 
Beidellite -0.25 t 5.7 6.1 
Beidellite -0.50 t, t 2.8 1.8 
Mixed -0.50 t, o -0.4 2.5 
Montmorillonite -0.25 o 5.8 6.4 
Montmorillonite -0.50 o, o 8.1 8.5 

a Layer charge per formula unit (in e). b Types of substitutions responsible for the permanent 
layer charge: t = tetrahedral, o = octahedral. 
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exchange energies are lower for beidellite with q = -0.25 e, reaching thermal energy values 

(kT) for q = -0.5 e, as well as for the mixed smectite model. Also for montmorillonite, a 

lower formation energy of an octahedral substitutions is obtained for the lower charge of -

0.25 e, which increases slightly with increasing mineral charge (Table 7.11). Thus, smectite 

models show lower exchange energies compared to pyrophyllite, suggesting that iron 

incorporation is facilitated by the mineral charge. For the lower charge of -0.25 e, Fe(III) 

exchange energies are calculated to be comparable for beidellite and montmorillonite (Table 

7.11). For models with the higher charge of -0.5 e, lower exchange energies are observed for 

smectite models with tetrahedral charge, beidellite and the mixed model, compared to 

montmorillonite. Thus, a trend to lower exchange energies, facilitating Fe incorporation in 

the octahedral sheet, is found for some smectite models with tetrahedral substitutions, in line 

with the experimental observation. This trend is rationalized by the preference of octahedral 

Fe(III) substitutions for sites close to tetrahedral substitutions (Sections 7.2.1, 7.3.1, and 

7.3.3). 

Table 7.12 lists the energy differences between cv and tv structures ΔEct for various 

dioctahedral mineral models for the most favorable arrangements of up to two octahedral 

Fe(III) substitutions. The calculations reproduce for the mineral models without iron 

substitutions the well known preference of pyrophyllite and beidellites for tv structures,81-83 

while slightly negative values of ΔEct for montmorillonite indicate the cv structure to be 

favorable. For all mineral models except the mixed one, increasing values of ΔEct with an 

increasing number of octahedral Fe(III) substitutions are calculated (Table 7.12). This trend 

of energies explains the experimental trend of an increasing amount of tv character of 

smectites with increasing Fe content.9 The experimental observation of several probes with 

purely cv structures and an Fe content of up to about 4 mass percent9 is in line with the rather 

Table 7.12 Energy difference ΔEct (in kJ mol-1) between cv and tv structures of various clay 
mineral models with up to two Fe(III) octahedral substitutions in a 2×1×1 super cell.  

Mineral qa Chargeb 0 Fe 1 Fe 2 Fe 
Pyrophyllite 0 - 2.5 4.6 5.0 
Beidellite -0.25 t 2.4 2.5 3.0 
Beidellite -0.50 t, t 6.3 7.4 11.8 
Mixed -0.50 t, o 10.9 8.9 10.3 
Montmorillonite -0.25 o -1.9 -2.6 5.0 
Montmorillonite -0.50 o, o -1.6 1.3 1.4 

a Layer charge per formula unit (in e). b Types of substitutions responsible for the permanent 
layer charge: t = tetrahedral, o = octahedral. 
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small values of ΔEct for montmorillonite with iron substitutions, which for q = -0.25 e and a 

single Fe(III) substitution is even negative (Table 7.12).   

The inspection of the calculated energy differences ΔEct for various model minerals 

(Table 7.12) also supports a weak positive correlation between the amount of tetrahedral 

charge and tv structures. For beidellites, a prevalence for tv structures compared to 

pyrophyllite, is only obtained for the more negative layer charge of q = -0.5 e (Table 7.12). 

For beidellite with q = -0.25 e ΔEct is similar to pyrophyllite for the model without iron and 

even somewhat less positive for a higher Fe content. For montmorillonites all ΔEct values 

with increasing Fe content are lower or equal to the ones for pyrophyllite. The strongest 

differences ΔEct of about 10 kJ mol-1, thus a relatively clear preference for tv structures, are 

calculated for the mixed mineral model (Table 7.12), which represents an intermediate 

between montmorillonites and beidellites. Thus, the introduction of a tetrahedral charge in 

montmorillonites in most cases noticeably increases the energy difference between cv and tv 

structures, independent of the content of octahedral iron. This trend can safely be regarded to 

support the weak positive correlation of the amount of tv character in smectite structures with 

the amount of tetrahedral charge.9  

7.6 Effects of composition and structure of the interlayer 

7.6.1 Interlayer Na+ arrangement in beidellite 

For the smectite models, as discussed in previous sections, one and the same arrangement of 

interlayer Na+ ions was used to restrict the complexity of models and to achieve comparable 

results for various arrangements of iron substitutions. As one can not expect a homogenous 

and regular distribution of these counterions in smectites, we inspected the effect of a  

variation of the positions of interlayer Na+ cations by comparing results for two arrangements 

of these ions for the example of beidellite models with q = -0.5 e. Fig. 7.8 shows these two 

arrangements. The first arrangement A corresponds to the one used before. The second 

arrangement B of interlayer Na+ is energetically more favorable, by 21 and 29 kJ mol-1 for tv 

and cv structures, respectively. This is understandable as Na+ ions in the second arrangement 

are placed above hexagonal rings of the tetrahedral sheet with two tetrahedral substitutions, 

while in the first arrangement Na+ ions occupy hexagonal rings including only a single 

tetrahedral substitution each (Fig. 7.8). 

Fig. 7.9 shows relative energies of octahedral Fe(III) substitutions in beidellitic 

models for both Na+ arrangements. For the arrangement A Erel varies within 7 kJ mol-1 for the 

tv structure and within 12 kJ mol-1 for cv structure, as discussed before (see Section 7.3.1). 



45 
 

For the arrangement B of Na+ ions relative energies for various sites of octahedral Fe(III) 

substitutions show a considerably smaller variation. Erel varies within 2.5 kJ mol-1 and 4.6 kJ 

mol-1 for tv and cv structures only, respectively.  

For both Na arrangements the most favorable Fe(III) position in the octahedral sheet 

is determined to be close to the tetrahedral Al substitutions. For the tv polymorphs, 

independent of interlayer Na+ position, two positions for octahedral Fe(III) are degenerate – 

both are next to the tetrahedral Al, see Fig. 7.9. For the Na+ arrangement B also two sites 

neighboring to the sites closest to tetrahedral substitutions are found to be essentially 

degenerate to these most favorable ones (relative energies < 1 kJ mol-1, Fig. 7.9). For the cv 

polymorph a favorable position for Fe substitution is found close to one of the tetrahedral 

substitutions for both arrangements of interlayer cations, while substitutions close to the 

second one are about 4 kJ mol-1 less favorable. In addition, clear effects of the arrangement of 

Na+ interlayer ions are obtained. While for arrangement A a single favorable site for Fe(III) 

 

Figure 7.8 Two arrangements, A and B, of interlayer Na+ ions (red crosses) in beidellite with 
q = -0.5 e. The hexagonal lattices of cations are sketched for the tetrahedral sheet in blue, 
with substitutions marked by blue dots, and for the octahedral sheet in black.  
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substitution is determined, arrangement B shows four sites with degenerate energies, two 

close to one of the tetrahedral substitutions and two neighboring sites. Overall, the 

arrangement of Na+ interlayer ions has a considerable influence on relative energies of 

octahedral Fe(III) substitutions of up to 12 kJ mol-1 for specific sites, but most favorable sites 

are independent. On the other hand, in this model study we obtain an upper estimate of these 

effects as solvation of the interlayer cations is neglected and a highly charged beidellite is 

considered to be rather sensitive to effects of interlayer cation arrangements. The correlation 

of relative energies of octahedral Fe(III) substitutions with the site volume is significantly 

stronger for the Na+ arrangement A than for B. For arrangement A R2 = 0.84 for the tv and 

0.90 for the cv lattice, respectively, while the coefficient of determination amounts to 0.48 

and 0.66 for tv and cv lattices, respectively for the arrangement B. This finding can 

essentially be traced back to the small energy differences between Fe(III) substitutions at 

various sites for arrangement B. 

Fe exchange energies for the most favorable sites for Fe(III) substitutions are 

calculated at 2 kJ mol-1 and 6 kJ mol-1 for the tv polymorph with Na arrangements A and B, 

respectively. For the cv polymorphs the corresponding exchange energies are 3 and 9 kJ mol-

1, respectively. Thus, octahedral Fe(III) substitution is always more favorable for the 

arrangement B of counterions. Comparison for a given arrangement of Na+ interlayer cations 

shows that Fe substitution in tv structures is easier than in cv structures.  

The energy difference between cv and tv lattices ∆Ect for the arrangement A for 

interlayer Na+ ions amounts to 6.3 kJ mol-1 for the bare beidellite model, pointing to a 

preference for the tv lattice. It increases to 7.4 kJ mol-1 when a single Fe(III) substitution is 

 

Figure 7.9 Relative energies (in kJ mol-1) of an octahedral Fe(III) substitution per 2×1×1 unit 
cell in tv and cv beidellite with q = -0.5 e. Energy values x/y correspond to arrangements A 
and B of the interlayer Na+ ions as given in Fig. 7.8. Energies for most favorable sites are 
noted in blue. The position of tetrahedral substitutions is indicated by the tip of angles 
bridging hexagon sides of the octahedral sheet. 
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Table 7.13 Comparison of lattice parameters (vector lengths in pm, angles in degree) of 
water free and solvated beidellite with q = -0.5 e, without and with an octahedral Fe(III) 
substitution per 2×1×1 unit cell for two arrangements of interlayer cations (Na arr.) A and B 
(Fig. 7.8). For systems with Fe substitutions the ranges of lattice parameters obtained for 
various positions of the substitutions are given. 

N(Fe) Na arr. N(H2O) a b c β 
0 A 0 1039 896   985 102.9 
  6 1038 898 1227   97.7 
 B 0 1042 894   984 102.9 
  6 1039 897 1222   97.6 
1 A 0 1042-1044 899-900 982-986 102.6-102.8 
  6 1041-1042 901-902 1227-1229   97.4-97.6 
 B 0 1044-1046 897 982-985 102.5-102.8 
  6 1042-1043 900-901 1221-1224   97.1-97.2 

 

introduced (Table 7.6). For the arrangement B a value of -1.3 kJ mol-1 is calculated for the 

ideal mineral model, which increases to 1.5 kJ mol-1 for a model with a single Fe(III) 

substitution. Thus, for the arrangement B of interlayer cations, cv and tv lattices are nearly of 

same stability. For both arrangements of Na+ ions we see the stabilizing effect of Fe(III) 

substitutions for the tv lattice compared to the cv structure. On the other hand, the somewhat 

different results in dependence of the positions of interlayer cations once again demonstrate 

the complex relation between composition and structure in smectites. This leads to the 

conclusion that the preference for tv structures for pyrophyllite and beidellites and its general 

increase with increasing iron content should be regarded as trend only. 

7.6.2 Interlayer water in beidellite 

In the smectite models discussed so far interlayer water has been neglected for simplicity. 

This might lead to an overestimation of the influence of interlayer cations on the structure 

and properties of the smectite layers as their fields are not shielded by solvation. To inspect 

this effect, we choose as an exemplary case a tv beidellite model with q = -0.5 e and two 

arrangements of interlayer Na+ cations (see Fig. 7.8). Six water molecules were added in the 

interlayer of the 2×1×1 unit cell, three per Na+ ion, to allow a comparison of ideal and 

solvated smectite models. After equilibration of structures the water molecules form first-

shell ligands of the Na+ ions, which still are situated in the middle of pseudo-hexagonal rings 

of the tetrahedral sheet. 
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The lattice parameters of optimized beidellite models without and with interlayer 

water are collected in Table 7.13. The addition of interlayer water increases the c vector by 

about 240 pm and leads to a slight lowering of the angle β of about 5°. The relative 

preference of the interlayer cation arrangement B over A decreased from 21 to 14 kJ mol-1 

when interlayer water is present in the model. The small effects of the octahedral Fe(III) 

substitution on the lattice vectors a and b (see Section 7.3.1) do not change due to addition of 

interlayer water. Fe(III) exchange energies for the most favorable octahedral sites slightly 

increase due to the presence of interlayer water, from 1.7 to 3.9 kJ mol-1 for the interlayer 

cation arrangement A and from 5.8 to 6.2 kJ mol-1 for B. In Fig. 7.10 relative energies of 

Fe(III) substitutions at various octahedral sites without and with interlayer water are 

compared for both Na+ arrangements. The effect of interlayer water on the relative energies is 

small, up to 2 kJ mol-1, and the energy differences between various sites are essentially 

preserved. Thus, the relative small effects of interlayer water, although only studied 

exemplary, support the results for octahedral Fe(III) substitutions as obtained by water free 

smectite models. 

7.6.3 Comparison Na- and Ca-smectite models 

For simplicity and to facilitate the analysis of the iron distribution, we concentrated our 

studies in this project on the common Na-montmorillontes. To estimate the effect of other 

interlayer cations we inspected the exemplary case of Ca-smectites. For beidellitic and 

montmorillonitic models with tv and cv lattices and a layer charge of -0.5 e we exchanged 

two Na+ interlayer cations by a single Ca2+ ion and compared various properties of the bare 

and iron substituted mineral models. 

 

Figure 7.10 Relative energies (in kJ mol-1) of an octahedral Fe(III) substitution per 2×1×1 
unit cell in a tv beidellite with q = -0.5 e for two arrangements A and B of the interlayer 
cations (Fig. 7.8). Energy values x/y correspond to beidellite models without and with 
interlayer water. The position of tetrahedral substitutions is indicated by the tip of angles 
bridging hexagon sides of the octahedral sheet. 
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The lattice vectors a and b are calculated for all models by 2–5 pm longer for Ca-

smectites compared to Na-smectites (Table 7.14). For the lengths of the c vector, smaller 

values are obtained for Ca-smectites than for Na-smectites. For the beidellite model this 

decrease amounts to 14 and 18 pm for tv and cv lattices and is reduced to 8–14 pm by an 

octahedral Fe(III) substitution. A similar trend is observed for the montmorillonite models, 

but with a smaller effect of octahedral iron. Interestingly, for montmorillonite with two 

octahedral Fe(III) substitutions a somewhat stronger decrease of c from Na-montmorillonite 

to Ca-montmorillonite than for the pure mineral model has been calculated.  These changes 

of lattice vectors exceed the effect expected due to the small difference in ionic radii between 

Na+ and Ca2+ of about 2 pm74 and reflect the stronger interaction of Ca2+ with the smectite 

sheets. These results are in qualitative agreement with an earlier DF study without dispersion 

interaction corrections,84 where the replacement of a single Na+ by Ca2+ in tv montmorillonite 

lead to a contraction of c by 31 pm. This result is larger than the ones obtained here, 

essentially because in this study the layer charge was increased when going from Na- to Ca-

Table 7.14 Comparison of properties of Na- and Ca-smectite models (beidellite and 
montmorillonite) with q = -0.5 e without and with an octahedral Fe(III) substitution per 
2×1×1 unit cell. Shown are lattice parameters (vector lengths in pm, angles in degree), 
energy differences between cv and tv lattices Ect (in kJ mol-1), and R2 values of the 
correlation between energies of Fe(III) substitutions and the site volume V(AlO6). For 
structures with Fe substitutions the ranges of lattice parameters obtained for various positions 
of the substitutions are given and Ect values are determined for the most favorable 
substitution site. 

N(Fe) Cation  2a b c β Ect R2 
Beidellite        
0 2Na+ tv 1039 896 985 102.9 6.3  
  cv 1035 896 999 106.4  
 Ca2+ tv 1042 898 971 101.8 5.7  
  cv 1040 900 981 104.7  
1 2Na+ tv 1042-1044 899-900 982-986 102.6-102.8 7.4 0.84 
  cv 1038-1039 898-901 997-1002 106.1-106.4 0.90 
 Ca2+ tv 1045-1046 901-902 969-974 101.6-102.1 7.4 0.23 
  cv 1040-1044 901-903 983-994 104.6-105.2 0.83 
Montmorillonite        
0 2Na+ tv 1048 900 968 101.4 -1.6  
  cv 1047 899 973 103.2  
 Ca2+ tv 1050 902 957 101.0 3.7  
  cv 1049 902 962 102.1  
1 2Na+ tv 1049-1051 901-903 968-970 101.4 1.3 0.18 
  cv 1048-1050 901-902 974-977 103.1-103.5 0.74 
 Ca2+ tv 1052-1053 903-904 959-960 101.1-101.2 7.4 0.01 
  cv 1050-1052 903-904 964-967 102.6-102.9 0.39 
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montmorillonite. These results are of some interest as an empirical force field study lead to a 

lower value of c for Ca-montmorillonite and a higher value for Ca-beidellite compared to 

their Na variants.64 Experimental results for the changes of lattice parameters by exchanging 

Na by Ca are not available. 

The evaluation of the energy difference between tv and cv lattices shows no 

pronounced difference between Na- and Ca-smectites and a preference for the tv lattice in 

most cases (Table 7.14). As for Na-smetites, also for Ca-smectites octahedral Fe(III) 

substitutions stabilize the tv lattice compared to the cv one. While Na-montmorillonite shows 

a weak preference for a cv lattice, in agreement with experiment,5 for Ca-montmorillonite the 

tv lattice is calculated to be more stable (Table 7.14). The correlation of relative energies of 

octahedral Fe(III) substitutions at various lattice sites with the site volume, as quantified by 

the  coefficient of determination R2 (Table 7.14), is found to be always weaker for Ca-

smectite models than for Na-smectites. This trend is not unexpected, as a single Ca2+ 

interlayer ion in water free smectite represents a stronger local disturbance as two separated 

Na+ ions. This exemplary observation suggests also that our linear model of relative energies 

 

Figure 7.11 Comparison of relative energies of an octahedral Fe(III) substitution per 2×1×1 
unit cell at various sites in tv and cv Na- and Ca-beidellite with q = -0.5 e. The positions of 
Na+ and Ca2+ interlayer cations are marked by red and green crosses, respectively. The upper 
tetrahedral sheet is shown by dashed lines. The position of tetrahedral substitutions is 
indicated by the tip of angles bridging hexagon sides of the octahedral sheet. Energies of 
preferred Fe substitution sites are noted in blue. 
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of octahedral Fe(III) substitutions (Section 7.4) in smectites might need to be extended by 

including effects of interlayer ions, at least in the case of M2+ ions in water free smectite 

models. 

A more detailed inspection of relative energies of octahedral Fe(III) substitutions at 

various lattice sites in Na- and Ca-smectite models shows that the favorable sites in beidellitic 

and montmorillonitic minerals for their Na and Ca variants are rather similar. In the Na-

beidellite models (Fig. 7.11) preferred sites are close to tetrahedral substitutions. For the tv 

structure there are two degenerate sites of this type for Na-beidellite and only the one far 

from interlayer Ca is preferred in Ca-beidellite. For the cv lattice Na-beidellite shows only 

one preferred site of this type, while in Ca-beidellite two of them as well as a neighboring site 

are degenerate. In both cases, also the least favorable sites are similar, but not necessarily the 

same (Fig. 7.11). The relative energies for various sites differ independent of the interlayer 

cation by about 8 kJ mol-1 for the tv and by about 12 kJ mol-1 for the cv structure. Thus, 

although there are qualitative similarities in the energy distributions of various sites for 

octahedral Fe(III) substitutions, the differences observed between Na- and Ca-beidellites are 

large enough to expect differences in the thermodynamically preferred distribution of Fe(III) 

 

Figure 7.12 Comparison of relative energies of an octahedral Fe(III) substitution per 2×1×1 
unit cell at various sites in tv and cv Na- and Ca-montmorillonite with q = -0.5 e. The 
positions of Na+ and Ca2+ interlayer cations are marked by red and green crosses, 
respectively. The upper tetrahedral sheet is shown by dashed lines. Octahedral Mg2+ cations 
are marked by black dots. Energies of preferred Fe substitution sites are noted in blue. 
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substitutions for a given iron concentration between these two smectite variants. Similar 

conclusions can be drawn for Na- and Ca-montmorillonite, although the differences between 

both mineral variants are smaller than for the beidellitic models (Fig. 7.12). 

7.7 Tetrahedral Fe(III) substitutions 

Tetrahedral Fe(III) substitutions in smectites are known to be more rare than octahedral 

ones.12 This may be rationalized by the large ionic radius of Fe(III), which exceeds the one of 

Si4+ by 23 pm and the one of Al3+ by 11 pm.74  To study tetrahedral Fe(III) substitutions in 

some more detail, we inspected two model smectites, a pyrophyllitic one and a 

montmorillonitic one with q = -0.25 e and replaced one of the tetrahedral silicon ions by 

Fe(III). The resulting beidellitic charge was compensated by a Na+ interlayer ion nearby, for 

which the optimal site has been determined. These models are compared with the 

corresponding ones with a tetrahedral Al3+ substitution with the same position of the 

interlayer Na+, resulting in a beidellite with q = -0.25 e and a mixed model with q = -0.5 e, as 

well as with a pyrophyllitic and a montmorillonitic model smectite where Fe(III) occupies an 

octahedral site (Table 7.15). 

Replacing tetrahedral Al(III) in a beidellitic model by Fe(III), resulting in a smectite 

model with q  -0.25 e has nearly no effect on the lattice parameters (Table 7.15). Compared to 

octahedral Fe(III) in pyrophyllite a larger c vector is calculated for the tetrahedral Fe(III) 

Table 7.15 Comparison of smectite models with a single tetrahedral Fe(III) substitution per 2×1×1 
unit cell with related ones. Lattice parameters (vector lengths in pm, angles in degree), energy 
differences ∆Ect between cv and tv lattices for the most favorable site of Fe(III) and iron exchange 
energies Eexch (in kJ mol-1). When several positions of the iron substitutions are inspected, intervals 
of properties are given. 

Mineral qa Sub.b Lat.c a b c β ∆Ect Eexch 
Beid -0.25 Altet tv 1042 896 974 101 2.4  
   cv 1038 898 964 103  
Pyro 0 Feoct tv 1043 897 957 99.8 2.8 13 
   cv 1039-1040 901-902 955-956 101.9-102.1 13-15 
Pyro -0.25 Fetet tv 1043 897 974 102 0.3 29 
   cv 1039 900 963 103 27 
Mixed -0.5 Mgoct, Altet tv 1045 899 969 101.1 10.9  
   cv 1044 899 977 103.4  
Mont -0.25 Mgoct, Feoct tv 1046-1047 900-901 963-967 100.6-101.2 -2.6 5-16 
   cv 1043-1046 901-904 963-967 102.2-103.0 5-16 
Mont -0.5 Mgoct, Fetet tv 1045-1048 898-902 973-980 103.7-104.6 2.9 26-40 
   cv 1043-1048 898-903 978-991 103.7-104.6 25-37 

a Layer charge per formula unit (in e). b Types of substitutions: Xtet = tetrahedral, Xoct = octahedral.  
c Lattice type of the model, trans- (tv) or cis-vacant (cv).  
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substitution (Table 7.15). This is due to the introduction of an interlayer cation needed for the 

neutralization of the layer charge. Replacing tetrahedral Al(III) by Fe(III) in a mixed smectite 

model also only marginally changes the vectors a and b on average, but an increase of c by a 

few pm has been calculated (Table 7.15). Compared to octahedral Fe(III), as for pyrophyllitic 

models, a tendency to a longer c vector is obtained. In all cases, changes of the angle β 

amount to at most 3°. Thus, structural effects of tetrahedral Fe(III) compared to tetrahedral 

Al(III) and octahedral Fe(III) are small and also due to its typically low concentration5, 12 it 

will not lead to measurable structure changes in a typical smectite.  

 For both models of tetrahedral iron inspected, the tv structure is slightly more 

favorable than the cv one (Table 7.15). Opposite to the trend observed for octahedral Fe(III) 

(Section 7.5) substitutions, tetrahedral Fe(III) substitution lowers the difference between tv 

and cv structures. For the beidellitic models this difference essentially vanishes. It decreases 

from 2.4 kJ mol-1 to 0.3 kJ mol-1. Similarly, for the mixed model ∆Ect decreases due to 

tetrahedral iron substitution from about 11 kJ mol-1 in favor of the tv lattice to 3 kJ mol-1. 

Energies of the exchange of Al(III) by Fe(III) for tetrahedral and octahedral Fe(III) 

substitutions are all endothermic (Table 7.15). Although the exchange of the same pair of 

cations is compared and thus the difference of ionic radii is constant, higher values of 

exchange energies by about 10 to 25 kJ mol-1 are calculated for tetrahedral Fe(III) compared 

to octahedral Fe(III) (Table 7.15). Thus, a tetrahedral lattice site is unfavorable for Fe(III) not 

only due to its relatively large radius but also due to unfavorable binding conditions, as 

reflected in the exchange energies. The main reason for this effect is most probably the lower 

coordination number of 4 in the tetrahedral sheet.  

 

Figure 7.13 Relative energies of a tetrahedral Fe(III) substitution per 2×1×1 unit cell at 
various positions in tv and cv montmorillonite with q = -0.25 e. The tetrahedral lattice of 
cation positions is shown in black and the underlying octahedral one in grey. Octahedral 
Mg(II) substitutions are marked by red dots. 
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As shown in Fig. 7.13, the variation of the energy of a tetrahedral Fe(III) substitution 

in montmorillonite is relatively high and shows a similar pattern for tv and cv lattices 

Unfavorable sites close to an octahedral Mg substitution are by 30-40 kJ mol-1 less favorable 

due to electrostatic repulsion than the most favorable ones. The energy difference between 

the three degenerate favorable sites in both tv and cv models and the ones with an 

intermediate energy difference of 15-20 kJ mol-1 can not yet be explained.  

7.8 Hydroxyl vibrational stretching frequencies  

The vibrational frequencies of the hydroxyl groups of 2:1 dioctahedral smectites are used to 

distinguish tv and cv lattices15 and are known to depend on the type of octahedral cations the 

hydroxyl groups are bound to.20, 85-87 Therefore, the OH vibrational frequencies are helpful to 

characterize the composition of smectites via IR spectroscopy experiments.85 Besson and 

Drits88-89 formulated general rules for the variation of OH stretching frequencies. First, for 

OH groups bridging cations of similar mass, a decrease in the valence sum will decrease the 

corresponding OH stretching frequency. Second, for OH groups connecting cation pairs with 

the same valence sum an increase of the reduced mass of the cation pair will decrease the 

stretching OH frequency. For our case this means, that: (i) substitution of Al3+ by Mg2+ 

should decrease the OH stretching frequency. This suggests a decreasing trend of the 

hydroxyl stretching frequencies of OH groups according to the pairs of octahedral cations XY 

they are coordinated to in the order AlAl > MgAl and AlFe > MgFe; (ii) substitution of Al3+ 

by Fe3+ is also expected to lower the OH stretching frequency, leading to decreasing 

frequencies for the coordinated cation pairs MgAl > MgFe and AlAl > AlFe > FeFe. Taking 

these trends together, one expects for typical cation pairs in smectites the trends of decreasing 

OH stretching frequencies according to AlAl>MgAl>MgFe and AlAl>AlFe>FeFe.87-89 

In an exploratory study, we inspected the OH stretching vibrational frequencies for a 

pyrophyllite and a set of montmorillonite models that have been specifically chosen to 

represent a variety of arrangements of octahedral Mg and Fe substitutions. The calculations 

have been done at the PBE+U level of theory with U = 4 eV without dispersion corrections 

and with an energy cut-off 520 eV, using only the Γ point for integration over the k-space. 

This simplified and somewhat less accurate approach has been chosen to facilitate the rather 

costly numerical calculations of the harmonic vibrations in the unit cell. 
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7.8.1 Effect of the octahedral cation 

To gain a first overview on the values of OH stretching frequencies, exemplary tv smectite 

models of varying content of octahedral Fe(III) substitutions were chosen. As the most simple 

case we choose pyrophyllite with a 2×1×1 unit cell with a single Fe substitution (model P1). 

Several montmorillonitic models with a single Mg substitution per unit cell were inspected: 

montmorillonite with a 2×1×1 unit cell (q = -0.25 e) with an Fe substitution in the favorable 

para position to Mg (M1); montmorillonite with a larger 2×2×1 unit cell (q = -0.125 e) with 

two separate Fe substitutions in ortho and para position relative to Mg (M2); and 

montmorillonite with a 2×2×1 unit cell with a cluster of four Fe substitutions, either 

neighboring (M3) or distant from the Mg substitution (Fig. 7.14).  

Ranges of the calculated stretching frequencies of OH groups bound to the same pair 

 

Figure 7.14 Octahedral sheets of model smectites used for calculations of OH stretching 
vibrational frequencies: (a) pyrophyllite, model P1, with octahedral Fe content of 1/8 of all 
octahedral cations in the 2×1×1 unit cell, (b) montmorillonite, model M1, with octahedral Fe 
content of 1/8 in the 2×1×1 unit cell, (c) montmorillonite, model M2, with Fe content of 1/8 
in the 2×2×1 unit cell,  (d) and (e) montmorillonite, models M3 and M4 with octahedral Fe 
content of 1/4 the in the 2×2×1 unit cell. The unit cell of each model is indicated by gray 
shading.  
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of cations X and Y for various model structures are provided in Table 7.16 and the 

corresponding averaged values are collected in Table 7.17. 

Table 7.16 shows that the calculated OH stretching frequencies vary by about 100 cm-1, 

lying between 3700 and 3800 cm-1. Most of the calculated frequencies are for OH groups 

which are bound to two Al3+ cations because Al3+ is the most common cation in the 

octahedral sheet of the studied structures. While these frequencies of type AlAl for the 

pyrophyllite structure P1 are all within a range of 17 cm-1, 3770-3787 cm-1, for the various 

montmorillonite structures (models M1–M4) this range is larger, up to 33 cm-1 (Table 7.15). 

Considerably lower variations are obtained for the other types of OH stretching frequencies, 

also because considerably fewer of the corresponding OH groups are present in the structures 

examined (Fig. 7.14). In all studied montmorillonite structures only one Mg2+ cation is 

present in the octahedral sheet. This Mg ion is coordinated by two OH groups to either an Al 

(models M1, M4) or to an Fe (models M2, M3) octahedral cation (Figure 7.14). Therefore, 

there are only two OH stretching frequencies of MgAl and of MgFe type in these models. 

While one of the two AlMg stretching frequencies of the M1 and M4 structures is calculated 

at 3740 cm-1 and 3744 cm-1, respectively, the second one is shifted by about 70 cm-1 to ~3810 

cm-1 (Table 7.15). A similar splitting is observed for the FeMg OH stretching vibrational 

frequencies, which are shifted from 3708 cm-1 (M2) and 3702 cm-1 (M3) to 3759 cm-1, 

respectively (Table 7.15). These splittings of stretching vibrational frequencies can be traced 

back to the effect of neighboring interlayer counter ions (see below). 

For easier comparison of various OH stretching frequencies with each other averaged 

results are collected in Table 7.17. One can see that compared to OH groups attached to Al 

Table 7.16 Ranges of the stretching frequencies (in cm-1) of OH groups directly coordinated 
to various cation pairs for a pyrophyllite structure (P1) and four montmorillonite structures 
(M1 – M4) with Fe contents of 1/8 and 1/4 of all octahedral cations and octahedral layer 
charges of q = -0.125 and -0.25 e. 

Model P1 M1 M2 M3 M4 
Fe content 1/8 Fe 1/8 Fe 1/8 Fe 1/4 Fe 1/4 Fe 
Charge 0 e -0.25 e -0.125 e -0.125 e -0.125 e 
AlAl 3770–3787 3742–3768 3743–3776 3757–3781 3748–3772 
AlFe 3743, 3746 3711, 3712 3746, 3748 3697, 3700 3737–3744 
AlMg ― 3740, 3807 ― ― 3744, 3812 
FeFe ― ― ― 3706, 3710 3712, 3715 
MgFe ― ― 3708, 3759 3702, 3759 ― 
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ions, the stretching frequencies of OH groups with AlFe and FeFe neighbors exhibit lower 

vibrational frequencies. For example, for the model P1 the AlAl frequency amounts to 3777 

cm-1 and drops to 3745 cm-1 for AlFe (Table 7.17). For OH groups with a Mg neighbor, 

AlMg, the opposite trend is observed, see models M1 and M4, where an increase compared to 

AlAl by about 20 cm-1 is calculated. These trends are in accordance with the results of 

previous studies.20, 87, 90-91 The lowering effect on the OH stretching frequency of an Fe 

neighbor seems to be stronger than the increasing effect of Mg: MgFe results are found to be 

more than 30 cm-1 lower than AlAl ones (Table 7.17).  

The characteristic frequencies of the same type XY tend to be similar for mineral 

models with the same octahedral charge. The AlAl frequencies vary between 3760 to 3768 

cm-1 for q = 0.125 e (Table 7.17). The FeFe results are close to 3710 cm-1 and the MgFe ones 

slightly above 3730 cm-1 (Table 7.17). This tendency is violated by the results for AlFe 

vibrational frequencies, where the lower values are calculated for the M3 (q = -0.125 e) 

model. The OH stretching frequencies tend to decrease with increasing layer charge. Results 

for the neutral model P1 are found at the upper end of the variation and calculated values for 

model M1 with the highest negative layer charge tend to be low (Table 7.17).  

Thus, our results confirm that the OH stretching frequencies significantly depend on 

the cations the OH groups they are coordinated to. If at least one of these cations is Fe3+ the 

corresponding frequencies tend to be red-shifted, confirming the suggested ordering  AlAl > 

AlFe > FeFe and AlMg > MgFe,88-89 (Table 7.17). On the other hand, a Mg2+ neighbor 

typically invokes a blue-shift for the calculated frequencies, which contradicts the suggested 

trend AlAl > AlMg.88-89 Trends in dependence with the layer charge are less clear and were 

not studied so far. A higher layer charge implies a higher concentration of the interlayer 

Table 7.17 Averaged values of the stretching frequencies (in cm-1) of characteristic OH 
groups in pyrophyllite structure (P1) and four montmorillonite model structures (M1 – M4) 
with  Fe content of 1/8 and 1/4 and octahedral layer charges of q = -0.125 and -0.25 e. 

Model P1 M1 M2 M3 M4 
Fe content 1/8 Fe 1/8 Fe 1/8 Fe 1/4 Fe 1/4 Fe 
Charge 0 e -0.25 e -0.125 e -0.125 e -0.125 e 
AlAl 3777 3751 3765 3768 3760 
AlFe 3745 3712 3747 3699 3741 
AlMg ― 3774 ― ― 3778 
FeFe ― ― ― 3708 3714 
MgFe ― ― 3734 3731 ― 
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cations and therefore might affect the stretching OH frequencies The OH vibrational 

frequencies is also influenced by type and the position of the interlayer counter ions.20 This 

latter effect will be shown in the following section.  

7.8.2 Effect of the octahedral charge 

In order to investigate trends of the OH stretching vibrational frequencies in some more 

detail, especially with respect to the effect of the layer charge and the position of interlayer 

cations, we added to our data set two more models and varied the number of octahedral Mg 

substitutions per unit cell to achieve a wider variation of the layer charge. In this way, we 

also considerably increased our data set, allowing a more thorough evaluation of other trends 

as already sketched above (Section 7.8.1). 

Various OH stretching frequencies of six tv montmorillonite models, each with one to 

four Mg substitutions in the 2×2×1 unit cell (Figs. 7.15 and 7.16) and a corresponding layer 

charge between -0.125 e and -0.5 e, have been determined. Models M2 and M7 include two 

octahedral Fe(III) substitutions (Fig. 7.15) and the other four models M3-M6 comprise four 

Fe(III) substitutions (Fig. 7.16). The charge of each octahedral Mg substitution is balanced by 

a Na+ cation in the interlayer. 

The orientation of the H atom of the OH groups and therefore their stretching 

frequencies are affected by the electrostatic repulsion due to close lying interlayer cations 

(IC).20, 89 Therefore, one has to differentiate between OH groups below ditrigonal rings of the 

tetrahedral layer which are occupied by an IC (OHIC, Fig. 7.17) and other OH groups (OHX, 

Fig. 7.17). In addition, we differentiate those OH groups which are bridging a pair of cations 

 
Figure 7.15 Montmorillonte models with q = -0.125 e to q = -0.5 e with two octahedral 
Fe(III) substitutions. The number of Mg substitutions is increased from one to four according 
to the numbering. The 2×2×1 unit cell is indicated by grey shading. Model M2 with 
separated (a) and model M7 with neighboring (b) Fe substitutions. 
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together with an OHIC group (OHX,IC, Fig. 7.17). 

Table 7.18 shows the ranges of stretching vibrational OH frequencies for various 

structural models with increasing layer charges for the AlAl type of OH groups as an 

example. For all montmorillonite models with more than a single pair of AlAl OH goups, the 

OHX stretching frequencies vary by 15–50 cm-1 for a given charge. The frequency ranges do 

not differ much for the same charge. With increasing layer charge q the stretching vibrations 

show a tendency to lower frequencies. This red-shift is in the same range as the variation of 

the OH stretching frequency for a specific montmorillonite model and amounts to 20–60 cm-1 

(Table 7.18). Interestingly, these shifts are essentially only observed for lower charges and all 

models show similar OH vibrational frequencies for the charges -0.375 e and -0.5 e. Only few 

cases of OHX,IC and OHIC groups of AlAl type are present in the models inspected and only  

for the layer charge -0.375 e. Frequencies of OHX,IC groups fall into the range of the 

frequencies calculated for OHX groups and for OHIC groups stretching frequencies at the 

 
Figure 7.16 Montmorillonte models with q = -0.125 e to q = -0.5 e with four octahedral 
Fe(III) substitutions. The number of Mg substitutions is increased from one to four according 
to the numbering. The 2×2×1 unit cell is indicated by grey shading. Models M3 (a) and M4 
(b) with a cluster of Fe substitutions, model M5 (c) with separated and model M6 (d) with 
lined Fe substitutions. 
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lower end of the range of values found for OHX are calculated (Table 7.18).  

Stretching frequencies of OH groups of the AlMg type show similar trends as found 

for the AlAl OH groups, but also some deviations are noticed. Overall, the stretching 

vibrations of the OH groups between Al and Mg tend to higher frequencies than the ones 

between Al and Al, due to the weaker binding to Mg compared to Al (Fig. 7.19). For the OHX 

groups, which are only present for models with the highest layer charges, a decrease of the 

frequency with increasing charge is calculated, which has been not observed for AlAl type 

groups (Table 7.18). OHX,IC groups yield slightly higher frequencies, by up to 30 cm-1, than 

the OHX groups. They also show a weak tendency to lower frequencies with increasing 

charge. The stretching vibrations of OHIC groups show red-shifted frequencies, by up to 

about 60 cm-1, compared to the ones of the other groups. Only for the layer charge q = -0.5 e 

frequencies of OHX and OHIC groups are comparable. These two examples discussed show 

that there are no definite trends in the small variations of OH stretching vibrational 

frequencies for various montmorillonite models. Also, these variations are of about the same 

size as the variations of the frequencies for a given montmorillonite model and type of OH 

group. 

In Fig. 7.18 we collected the average values of the OH stretching frequencies of each 

type XY for  each  structure and each layer charge, for OHIC groups and the other OH groups  

 
Figure 7.17 Types of OH groups in smectite models with respect to their position relative to 
interlayer cations: OHIC in a ditrigonal ring close to an interlayer cation, OHx,IC sharing the 
same pair of coordinating cations with an OHIC group, and OHx in a ditrigonal ring far from 
an interlayer cation. (a) Side view (010) of an exemplary montmorillonite structure, (b) top 
view (001).   
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Table 7.18 Ranges of stretching vibrational frequencies (in cm-1) of OH groups connecting 
two octahedral Al cations from various montmorillonite models M2-M7 with increasing 
octahedral layer charge q. For details of types of OH groups see text. 

  q 
Type  Model -0.125 -0.25 -0.375 -0.5 
OHX M2 3743–3776 3723–3753 3706–3745 3707–3753 

 M7 3751–3769 3738–3761 3705–3746 3696–3749 
 M3 3757–3781 3740–3765 3700–3746 3707–3745 
 M4 3748–3772 3739–3754 3705–3743 3706, 3709 
 M5 3751–3774 3727–3756 3706–3754 3723–3748 
 M6 3747–3768 3740–3762 3704, 3716 3704, 3709 

OHX,IC M7   3725  
 M3   3718  
 M6   3715  

OHIC M7   3694  
 M3   3704  
 M6   3700  

 

 

 Table 7.19 Ranges of stretching vibrational frequencies (in cm-1) of OH groups connecting 
an Al and an Mg octahedral cation from various montmorillonite models M2-M7 with 
increasing octahedral layer charge q. For details of types of OH groups see text. 

  q 
Type Model -0.125 -0.25 -0.375 -0.5 
OHX M2   3770–3776 3742–3747 

 M7   3771–3776 3736–3752 
 M3   3774–3777 3732–3751 
 M4   3765–3774 3743–3753 
 M5   3764–3774 3731–3742 
 M6   3775–3777 3735–3751 

OHX,IC M2  3806 3794  
 M7  3806 3785  
 M3   3780  
 M4 3812 3812 3772–3807  
 M6  3806 3787  

OHIC M2  3755 3751 3741–3751 
 M7  3743 3750 3739–3745 
 M3   3750 3739–3745 
 M4 3744 3741–3743 3742–3747 3730–3766 
 M6  3737 3746 3736–3744 
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separately. As already discussed for exemplary cases above, stretching frequencies of OHIC 

groups in most cases are lower than the other ones. This trend is especially pronounced for 

the FeMg type OH groups. In contrast to our montmorillonite models, real smectites typically 

contain some interlayer water, which will shield the effect of interlayer cations to some 

extend. Thus, we expect an overestimation of the red-shift of the stretching vibrations of the 

OHIC groups. For this reason we do not consider them in our further analysis. For OHX and 

OHX,IC groups one observes a weak tendency to lower frequencies with increasing layer 

charge. No such trend is calculated for the OHIC groups, as shown by the average values for 

AlMg and FeMg OH groups (Fig. 7.18). 

In Fig. 7.19 we collected averaged OH stretching frequencies for all montmorillonite 

models M2-M7 for various types of coordinating octahedral cations XY for each layer charge 

separately. For all four layer charges of -0.125 e to -0.5 e a redshift of the OH stretching 

frequencies in dependence of the neighboring octahedral cations in the order MgAl ≥ MgFe  

 
Figure 7.18 Charge dependency of the averaged vibrational stretching frequencies (in cm-1) 
of OHX and OHX,IC groups (blue diamonds) and OHIC groups (red circles) of 
montmorillonitic smectite models for various pairs of neighboring octahedral cations XY. 
For details see text. 
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≥ AlAl ≥ AlFe ≥ FeFe is found. As already mentioned above, the relations suggested by 

Besson and Drits88-89 are confirmed for the case when Fe3+ substitutes Al3+, namely, MgAl > 

MgFe and AlAl > AlFe > FeFe. However, a deviation is observed when Mg2+ substitutes Al3+ 

in the octahedral layer. The suggested trend AlAl > MgAl is not confirmed in our 

calculations.20 as well as in earlier calculations. The reason for this deviation might be that 

only tv structures were investigated here, while smectites exhibit both tv and cv structures.5  

Overall the vibrational frequencies of OH groups for all smectite layer charges 

modeled here show a variation of only a few percent (less than 150 cm-1, Fig. 7.19) and the 

range of this variation is the same with the exception of the highest layer charge of -0.5 e. In 

this latter case, due to somewhat red-shifted MgAl OH frequencies, the interval of OH 

frequencies is shifted to lower values. Comparison of the typical values for specific types XY 

of OH groups confirms a weak trend to lower frequencies with increasing charge, as 

discussed above. Zviagina et al.91 investigated the IR spectra of 14 smectites and suggested 

 
Figure 7.19 Average vibrational stretching frequencies (in cm-1) of OH groups in various 
montmorillonitic smectite models for various types of neighboring octahedral cations. For 
details see text. 
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the presence of pyrophyllite-like structural fragments, for which slightly larger AlAl and 

AlFe OH stretching frequencies were resolved. This result91 supports a possible effect of the 

layer charge. It is in agreement with our trend of decreasing OH vibrational stretching 

frequencies with increasing layer charge.   

In most cases the interval of frequencies calculated for a specific type XY of OH 

groups overlaps with the intervals of other types (Fig. 7.19). Thus, an analysis of various 

types of OH groups by means of an assignment of their stretching vibrations seems not to be 

possible beyond a qualitative estimate. Zviagina et al.91 concluded that IR data can be useful 

only for monomineralic smectites with known chemical composition, but not for a 

quantitative determination of the octahedral cation composition of mixtures of dioctahedral 

2:1 phyllosilicates.  

By studying the vibrational stretching frequencies of OH groups of 2:1 phyllosilicates 

for the example of various montmorillonitic models with various octahedral layer charges as 

well as varying iron content, it has been confirmed that these frequencies significantly depend 

on the cations an OH group is coordinated to. Compared to Al3+ cationic neighbors, Fe3+ 

cations lead to a red-shift of the corresponding frequency, whereas an Mg2+ neighbor invokes 

a blue-shift. This finding is in agreement with the results of previous computational studies.20, 

90 However, the blue-shift due to Mg2+ substitution of Al3+ is in contradiction with the 

interpretation of IR spectra.87-88 Both shifts calculated in the present work are rather small, 

leading to a spread of the spectrum of OH stretching frequencies in montmorillonitic models 

of about 120 cm-1.  Thus, the variation of the stretching vibrational frequencies of specifically 

coordinated OH groups is large enough to hinder a definite assignment of measured 

frequencies to a specific type of OH groups. Besides that, no clear trend of the OH stretching 

frequencies with the layer charge of smectites has been found. 

8 Fe(III) at edge surfaces of 2:1 dioctahedral smectites 

When considering the effect of Fe(III) substitutions on smectites, not only bulk, but also 

surface substitutions and surface adsorption have to be studied. The variation of the surface 

energies of smectites in dependence of the surface composition affects the solubility and 

growth of smectite crystallites. For a deeper understanding of solution and crystal growth of 

smectites also the sorption phenomena of the cations forming the smectite lattice are of 

central interest. To the best of our knowledge, these topics have until now not been 

investigated by means of a computational approach. Thus, the limited exploratory studies 
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undertaken in this project are the first ones in this field, providing a limited view on these 

complex phenomena, which will be a helpful orientation for more thorough studies.  

We concentrate in our study on Fe(III) species, either present as substitutions in the 

reactive smectite edge surfaces or as adsorbate on these surfaces. In our exemplary case study 

we choose the (010) edge surface of various 2:1 dioctahedral smectite models as substrate. It 

has been shown by atomic force microscopy that this surface and the (110) one should be the 

prevailing edge surfaces of smectites.92 Periodic slab models were used to represent the (010) 

edge surface. The corresponding electronic structure calculations were done at the PBE-

D3+U level with Ueff = 4.5 eV and with a plane-wave energy cut-off of 400 eV. For 

integration over the Brillouin zone only the Γ-point has been used. 

8.1 Small model of (010) edge surfaces 

For a first orientation, we constructed small slab models of the (010) surface including four 

cationic layers only (Fig. 8.1). As starting structures we used optimized bulk tv structures of 

pyrophyllite, montmorillonite, and beidellite with q = -0.25 e as discussed in Sections 7.1 and 

7.2. The edge surface slab model was constructed from the bulk of these smectite models by a 

cut perpendicular to the b unit cell vector and introducing a vacuum layer of about 15 Å to 

separate the periodic images of the slabs. A 2×1 surface unit cell with a surface area of 

10.4×9.6 Å2 was used in this small edge surface model. Explicit surface solvation by means 

of water molecules was not taken into account in this first exploratory study, instead the 

 
Figure 8.1 Small slab model of the (010) smectite edge surface for the example of 
pyrophyllite. 
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empirical approach of representing water by a periodic polarizable continuum model 

(PCM)93-94 was applied to estimate the effect of solvation on the (010) edge surface. Atomic 

positions in these models where fully relaxed with the surface unit cell parameters fixed to 

the corresponding bulk parameters. Fig. 8.1 shows a slab model of the (010) surface for the 

example of pyrophyllite.  

 The average surface energy of the two surfaces of the (010) slab models is estimated 

according to 

2
8

2
slab bulk H O

surf

E E E
E

A
− −

= ,        (5) 

 
Figure 8.2 Small slab models of the (010) edge surface of pyrophyllite without and with one 
and two octahedral Fe(III) substitutions (yellow octahedra). Substitutions in the surface 
cation layer and the inner cation layer of the slab model are labeled as 1 and 2, respectively, 
for each Fe(III) substitution. Numbers below individual surface models are surface energies 
without surface solvation in meV/Å2. 
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where slabE , bulkE , and
2H OE  are the total electronic energies of the slab model, of the corres-

ponding part of the bulk system and of a water molecule. Explicit water molecules enter the 

equation for the surface energy as bonds cut by the formation of the surfaces are saturated by 

OH or H moieties, which are considered to originate from dissociated bulk water. A is the 

unit cell surface area of the slab model.  

The energy of the (010) surface of pyrophyllite without any substitutions was 

estimated at 1.45 meV/Å2. By means of a CPMD calculation, PBE level, this surface energy 

in the gas phase was calculated at 5.4 meV/Å2.95  One and two octahedral Fe(III) 

substitutions have been placed in the surface as well as in the inner cation layer of the surface 

model. Fig. 8.2 collects all inspected surface models and the corresponding surface energies. 

Octahedral Fe(III) substitutions stabilize the (010) edge surface by about 1 meV/Ǻ2. Inner 

Fe(III) substitutions, on the contrary, lead to a weak destabilization of the (010) edge surface 

by about 0.3 meV/Ǻ2. These results show the limits of our simple small edge surface model 

without solvation. Octahedral Fe(III) substitutions modify the surface energy in all cases 

studied. Thus, the second cation layer does not yet represent a bulk like environment for 

octahedral cations and the calculated surface energies can be taken as qualitative at best. The 

exothermic (negative) surface energy for two surface Fe(III) substitutions (model 11 in Fig. 

8.2) suggests an instability of smectite lattices with iron substitutions as the corresponding 

iron substituted (010) surface would form spontaneously, which is not realistic.  

 To improve the surface energies of our small slab models we added the effect of 

surface solvation by applying a periodic PCM model.93-94 Table 8.1 shows besides the gas 

phase surface energies also those including surface solvation. These latter ones are all 

endothermic and larger, ranging from 3.7 to 5.8 meV/Å2. The trends of surface energies for 

various surface models are qualitatively the same without and with solvation effects.  

Table 8.1 Surface energies (in meV/Å2), for pyrophyllitic models with up to two octahedral 
Fe(III) substitutions per unit cell without (Gas) and with PCM surface solvation (Solvated). 
Iron positions are labeled by 1 for surface and 2 for inner substitutions (Fig. 8.2). 

Fe Position Gas Solvated 
0 - 1.45 5.66 
1 2 1.74 5.69 
 1 0.42 4.50 
2 22 2.11 5.80 
 11 -0.48   3.66 
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Subsurface octahedral Fe(III) substitutions lead to a slight surface destabilization of less than 

0.15 meV/Å2 per Fe(III) ion, which is smaller than for the non-solvated surface models. 

Fe(III) cations in the surface still stabilize the (010) edge surface  by about 1 meV/Å2. This 

surface stabilization can be explained by the larger ionic radius of Fe3+ compared to Al3+.74 In 

the bulk octahedral Fe(III) substitution leads due to the larger ionic radius to lattice strain (as 

it has been shown already earlier for the bulk models, Sections 7.2 and 7.3), while lattice 

relaxation is facilitated at the surface.   

In analogy to the pyrophyllitic models, we studied also the effect of octahedral Fe(III) 

substitutions on the energy of the (010) surface of montmorillonite and beidellite with small 

slab models with q = -0.25 e without accounting for surface solvation. These models include 

an octahedral Mg2+ or a tetrahedral Al3+ substitution, respectively, positioned either in the 

surface or below the surface (Fig. 8.3). The octahedral substitution in montmorillonite leads 

only to a small change of the average surface energy, while a tetrahedral substitution in the 

beidellitic model results in a destabilization of the surface energies by about 0.15 meV/Å2 for 

an inner substitution and by about 0.4 meV/Å2 for a substitution in the surfaces. Thus, an 

octahedral Mg2+ substitution is slightly more favorable at the surface than in the subsurface, 

while a tetrahedral Al3+ substitution is less favorable at the surface than in subsurface 

positions. For both smectite models, octahedral Fe(III) substitutions tend to stabilize the (010) 

edge surfaces. For the montmorillonite model this effects amounts to about 1 meV/Å2 for the 

 
Figure 8.3 Average surface energies (in meV/Å2) without solvation for pyrophyllitic, 
montmorillonitic, and beidellitic models of the (010) edge surfaces without and with 
octahedral Fe(III) substitutions at the surface (label 1) and in the subsurface cation layer 
(label 2). Positions of octahedral Fe(III) substitutions are indicated by red labels in analogy 
to Fig. 8.2. Green position labels indicate the positions of octahedral Mg and tetrahedral Al 
substitutions in montmorillonitic and beidellitic smectite surface models, respectively. 
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first Fe(III) substitution (Fig. 8.3), as for pyrophyllite, and is similar for surface and inner 

substitution. A smaller stabilization is noted for a second Fe(III) substitution at the surface, 

but not at a subsurface position. In contrast to that, a single Fe(III) substitution in beidellite 

does not change the surface energies essentially. Only for two octahedral Fe(III) substitutions 

on the (010) surface a stabilization of that surface by about 1 meV/Å2 is noted (Fig. 8.3). 

8.2 Large model of (010) edge surfaces 

For substantiation and testing of the effects of Fe(III) substitutions in smectite edge surfaces 

obtained with a small model of (010) smectite surfaces (Section 8.1), a larger slab model with 

8 layers of octahedral cations and explicit surface solvation (Fig. 8.4) was constructed for 

pyrophyllitic model. The surfaces of this slab model were solvated by 20 explicit water 

molecules per 2×1 surface unit cell, placed in the vacuum region between the repeated slabs. 

The interlayer distance between the slabs was chosen to be 800 pm wide in b direction.  

 
Figure 8.4 Unit cell of the larger slab model of smectite (010) surfaces for the example of 
pyrophyllite with octahedral Fe(III) substitutions. Inspected sites for Fe(III) substitutions in 
the surface cation layer and the two subsurface layers are labeled as 1-3, respectively. 
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 We compared relative energies of three pyrophyllitic models with octahedral Fe(III) 

substitutions in the surface and in the two cationic layers below the surface (positions 1-3, 

Fig. 8.4). Fe(III) substitutions were placed in both surfaces of the slab to achieve a symmetric 

models with two identical surfaces. To estimate relative energies of Fe(III) substitutions in 

the (010) surfaces, we first fully optimized the atomic positions in the fixed unit cell of all 

three models starting with the same arbitrary water arrangement in the interlayer. Fe(III) in 

the (010) surface layer (position 1) was calculated to be more favorable than Fe(III) 

substitutions in the two subsurface cationic layers by 15 kJ mol-1. In a second approach, we 

equilibrated the three models dynamically with varying positions of the Fe(III) substitution 

for 6 ps, resulting in individual water arrangements for each model. These three models were 

then used as initial structures for optimizations of all three Fe(III) substitution positions 

inspected and relative energies for octahedral Fe(III) substitutions in positions 1-3 were 

calculated. Averaged results of all these calculations are collected in Table 8.2. 

 In all models inner positions of Fe(III) substitutions, positions 2 and 3, are ~15 kJ 

mol-1 less preferred than Fe(III) in the surface layer. The results for the larger slab model 

confirm the previous results for the smaller models (see Section 8.1). All together these 

results suggest a stabilization of the smectite edge surface (010) when Fe(III) substitution are 

in the surface.  

 In analogy to pyrophyllite, we constructed also larger slab models for montmorillonite 

and beidellite with q = -0.25 e. These involve two octahedral Mg2+ substitutions for 

montmorillonite and two tetrahedral Al3+ substitutions for beidellite per unit cell, 

respectively. In these models we varied the positions of two Fe(III) substitutions as well as 

those of the other charged substitutions. All the slabs were constructed symmetrically, as for 

pyrophyllite, so that both surfaces of the slab models exhibit the same composition with an 

Fe(III) substitution at each of the two surfaces. Relative positions of Fe(III) and octahedral 

Mg and of Fe(III) and tetrahedral Al were chosen according to more favorable relative 

Table 8.2 Relative energies (in kJ mol-1) of Fe (III) substitutions in the (010) surface 
(position 1) or in the first and second subsurface cation layer (positions 2 and 3) of a 
pyrophyllite slab model including explicit surface solvation. Results for optimized models 
(Opt) and results for pre-equilibrated models (Pre+Opt) averaged over three runs with their 
standard deviation (for details see text).  

Position Opt Pre+Opt 
1 0 0 
2 15 16±4 
3 15 16±3 
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arrangements as determined earlier for the bulk minerals (Section 7.2). Thus, we 

preferentially placed Fe(III) in para position with respect to octahedral Mg. In beidellitic 

models the Fe(III) substitutions are chosen always close to tetrahedral Al substitutions.  

Table 8.3 shows substitution energies of various arrangements of Fe(III) substitutions 

in the (010) surface of montmorillonite and beidellite models. Fe substitution energies per 

Fe(III) substitution are calculated according to the formal reaction 

½ (010) +  Fe(OH)2+ → ½ (010)-Fe2 +  Al(OH)2+      (6) 

For comparison also relative energies of octahedral Mg and tetrahedral Al substitutions at 

various positions in the surface models without iron are calculated (Table 8.3).  

 The models without Fe(III) substitutions show that an octahedral Mg substitution is 

more favorable at the surface than in the two subsurface layers by about 30 kJ mol-1 (Table 

8.3). Tetrahedral Al substitutions, on the contrary, prefer subsurface positions. A tetrahedral 

Al substitution in the (010) surface is by about 13 kJ mol-1 less favorable than a 

corresponding substitution below that surface (Table 8.3).  

With Fe(III) substitutions in the montmorillonite surface models, both Fe(III) and Mg 

prefer surface positions. Moving Fe(III) further to the bulk with Mg in the surface requires 12 

kJ mol-1. Also when Mg is in the second subsurface layer (position 3), Fe(III) at the surface is 

by about 12 kJ mol-1 preferred compared to a subsurface position. These results are in 

agreement with the trend calculated for pyrophyllite (Table 8.2). Except when a Mg or Fe 

substitution is in the surface layer, Fe(III) exchange energies are endothermic, by about 20 kJ 

mol-1.  

In beidellite Fe exchange energies vary between 12 and 33 kJ mol-1. Fe(III) 

substitutions in the surface layer show lower substitution energies than calculated for 

Table 8.3 Substitution energies (for details see text) for various octahedral Fe(III) 
substitutions (in kJ mol-1) in the (010) slab of montmorillonite and beidellite with q = -0.25 
e. For comparison also relative substitution energies for octahedral Mg and tetrahedral Al 
substitutions for surface models without iron are given. The positions of various 
substitutions are labeled as 1-3, corresponding to surface and first and second subsurface 
cationic layers. Position 0 for Fe labels models without iron. 

montmorillonite  beidellite 
Fe/Mg 1 2 3  Fe/Altet 1 2 3 
0 0 32 29  0 14 2 0 
1 -6 - 6  1 12 18 22 
2 - 25 15  2 - 30 - 
3 6 21 19  3 - - 33 
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subsurface positions, by up to about 10 kJ mol-1. The lowest Fe(III) exchange energies of 12 

kJ mol-1 are calculated for Fe(III) in the surface, when tetrahedral Al also occupies a surface 

position 1 (Table 8.3).  

Overall, both our surface model studies suggest that octahedral Fe(III) substitutions in 

the (010) edge surfaces of smectites stabilize this surface. From this result one might 

conclude that dissolution of smectites, e.g. as an effect of increasing temperature, as probed 

by experiments of the project partner GRS Braunschweig, should lead to an accumulation of 

octahedral Fe(III) substitutions in smectite edge surfaces. This accumulation then should 

reduce the solubility at edge surfaces and overall lead to an increase of the iron concentration 

in smectite particles. Measurements of Fe(III) concentrations in bentonite probes equilibrated 

with artificial pore water of the project partner GRS Braunschweig did not show a clear trend 

with increasing temperature. Also an energy dispersive X-ray spectroscopy analysis of the 

smectite fraction of various bentonites in contact with pore water for one year at 90 °C 

(University Greifswald) did not yield a clear trend. Increasing, constant, as well as decreasing 

iron contents were observed. Thus, although the current experimental results do not yet allow 

a judgement on the validity of our hypothesis, our results are useful to be tested in further 

experiments, thermodynamic models, and computational studies. 

8.3 Adsorption of Fe(III) on the (010) edge surface of 2:1 smectites 

To the best of our knowledge, Fe(III) adsorption on clay minerals has not been studied 

computationally so far. There are only a limited number of computational studies on Fe(II) 

adsorption on edge surfaces of pyrophyllitic and nontronitic models.96-98 In this project 

Fe(III) adsorption was studied for the exemplary case of the (010) surfaces of the tv 

polymorph of montmorillonite, including also octahedral Fe(III) substitutions. We 

constructed a slab model with 6 layers of octahedral cations of the (010) surfaces of iron 

bearing montmorillonite (Fig. 8.5) with q = -0.33 e and a 2×1 surface unit cell. An octahedral 

Fe(III) substitution has been placed in the surface layer in the favorable para position relative 

to inner Mg substitutions. Thus, on one side of the slab model the surface is terminated by 

octahedral Mg and Al cations in the surface layer, while the other side of the slab is 

terminated by octahedral Al and Fe cations, Fig. 8.5. This arrangement allows inspecting a 

variety of possible sorption sites. The space between repeated slabs in the periodic model has 

been chosen to be 13 Å wide to minimize the interaction of an adsorbate with the surface of 

the repeated image of the model. The interlayer space is filled with 34 water molecules in 
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order to model surface solvation explicitly (Fig. 8.5). All adsorption complexes as well as a 

reference model without adsorbate were dynamically equilibrated and optimized.   

We studied the adsorption of Fe(OH)2+ species, which are common at medium pH, on doubly 

 
Figure 8.5 Slab model of the (010) surface of iron bearing Na-montmorillonite with q =  
-0.33 e. Two unit cells of the periodic model are shown. 
 

 
Figure 8.6 Adsorption sites for Fe(OH)2+ at the (010) surfaces of Fe bearing Na-
montmorillonite with q = -0.33 e. (a) Octahedral MOOH sites and mixed MOH-SiO sites, M 
= Al, Mg, or Fe, on the ideally terminated surface. (b) Trioctahedral vacancy site 
corresponding to the vacancy in the bulk structure, shown are distances to the neighboring 
octahedral cations. 
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deprotonated sites of the (010) surface. As possible sorption sites we choose octahedral 

bidentate sites MOOH, mixed sites MOH-SiO with M = Al, Mg, Fe, and the trioctahedral 

vacancy sites XOH-OYAl-ZOH-SiO (Fig. 8.6). These latter sites are labeled according to the 

neighboring octahedral cations in a shorter way as X-Y-Z with the four variants Al-Al-Mg, 

Mg-Mg-Al, Al-Al-Fe, and Fe-Fe-Al (Fig. 8.6).  

 Optimized structural parameters of the adsorption complexes of Fe(OH)2+ on MOOH 

and MOH-SiO sites are collected in Table 8.4. Corresponding adsorption energies Eads were 

calculated according to the reaction 

Surface + Fe(OH)(H2O)52+ → Surface-Fe + (H2O)4 + 2 H3O+ .                                              (7) 

Solvation energies of the molecular species involved were estimated by the COSMO variant 

of the polarizable continuum model as implemented in Turbomole.99-101 The solvation energy 

of the hydronium ion was taken from experiment, -430 kJ mol-1.102 

Fe(OH)2+ at the MOOH type of sites for M = Al and Mg converged to five-

coordinated doubly hydrolyzed Fe3+, Fe(OH)2+, adsorbed on AlOHOH and MgOHOH sites, 

respectively, due to reprotonation of the MO group of the site. Interestingly, Fe(OH)2+ on the 

FeOOH site converges to non-hydrolyzed Fe3+ with a coordination number of 6. The OH 

group of Fe(OH)2+ is protonated by a proton from a neighboring silanol group in this case. 

On the mixed sites adsorbed Fe is always five-coordinated and forms a Fe(OH)3 species on 

the AlOH-SiO site, Fe(OH)2+ on the MgOH-SiO site, and Fe(OH)2+ on the FeOH-SiO site. 

Formation of two or three OH ligands of adsorbed iron goes along with the formation of H2O 

ligands at the site Al cation or at neighboring octahedral surface cations due to proton 

hopping. Hydrogen bonding between the OH ligands of adsorbed iron and other surface 

Table 8.4 Structural parametersa (in pm) and adsorption energies Eads (in kJ mol-1) of 
Fe(OH)2+ on various sites of (010) edge surfaces of Na-montmorillonite. 

Site M Fe-OH Fe-O Fe-Oav(CN) Fe-M Fe-Si Eads 
MOOH Alb 188, 192 197-214 198(5) 304  65 
 Mgb 193, 195 190-220 200(5) 305  46 
 Fe  185-216 205(6) 295  67 
MOH-SiO Al 192-203 195, 211 199(5) 367 308 50 
 Mg 193, 198 190-213 200(5) 372 319 67 
 Fe 189 189-217 199(5) 359 308 7 

a Bond lengths of OH groups to Fe, Fe-OH; bond lengths between Fe and substrate O 
atoms, Fe-O; averaged Fe-O bond lengths Fe-Oav together with the coordination number of 
Fe, CN; distance between Fe and neighboring metal cation, Fe-M, and Si, Fe-Si.  
b Adsorbed Fe(III) hydrolyzed, resulting in a MOHOH site. 
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groups suggests a dynamical arrangement of protons around the surface complex. Fe-O bond 

lengths to surface O centers, OH ligands, and to H2O ligands vary between 185 and 220 pm 

(Table 8.4). Fe-OH bonds are always among the shorter of these bond lengths, varying 

between 188 and 203 pm (Table 8.4). Average Fe-O bond lengths are calculated at 198-200 

pm for CN = 5 and somewhat longer, at 205 pm, for CN = 6 (FeOOH site, Table 8.4). Two 

groups of distances to surface cations are observed. Shorter Fe-M distances of 295-319 pm 

are calculated between Fe and Si for the adsorption on mixed sites and between Fe and Al, 

Mg, or Fe for adsorption on bidentate MOOH sites (Table 8.4). Longer Fe-M distances of 

359-372 pm are determined between Fe and Al, Mg, or Fe for adsorption on mixed sites. The 

estimated adsorption energies Eads are all endothermic and show that the mixed site FeOH-

SiO is the most preferred one. All the other MOOH and MOH-SiO sites exhibit similar 

adsorption energies between 46 and 67 kJ mol-1 (Table 8.4). 

 Structural parameters as well as adsorption energies Eads for Fe(OH)2+ adsorbed on 

octahedral vacancy sites are gathered in Table 8.5. Fe(OH)2+ adsorbed on this type of site is 

stable and shows CN = 5 with four Fe-O bonds to the substrate and a single OH ligand. The 

four coordinating surface groups are three O centers coordinated to octahedral cations and 

one attached to a silanol group, XOH-OYAl-ZOH-SiO, where X, Y, and Z are either Al and 

Mg or Al and Fe, forming the sites Al-Al-Mg/Mg-Mg-Al and Al-Al-Fe/Fe-Fe-Al. Average 

Fe-O bond lengths of the sorption complex are 203-207 pm (Table 8.5). These values are up 

to 7 pm larger than the average Fe-O bond lengths of five-coordinated Fe adsorbed on mixed 

and bidentate sites due to steric restrictions of the trioctahedral vacancy site. Fe-OH bond 

lengths, calculated between 187 and 195 pm, are as for the other sites among the shorter of 

the Fe-O contacts (Table 8.5). Fe-Si distances are markedly shorter, between 278 and 285 

pm, than for adsorption complexes at the mixed sites (308 and 319 pm, Table 8.4). Fe-M 

Table 8.5 Structural parametersa (in pm) and adsorption energies Eads (in kJ mol-1) of 
Fe(OH)2+ on the XOH-OYAl-ZOH-SiO trioctahedral vacancy site on (010) edge surfaces 
of Na-montmorillonite. 

Site X,Y,Z Fe-OH Fe-O Fe-Oav(CN) Fe-M Fe-Si Eads 
Trioct. Al,Al,Mg 193 194-234 203(5) 314, 358, 363b 278 39 
 Mg,Mg,Al 193 193-247 204(5) 327b, 353, 375 282 46 
 Fe,Fe,Al 195 179-257 207(5) 333, 340, 340c 284 73 
 Al,Al,Fe 187 183-255 205(5) 327, 374, 337c 285 105 

a Bond lengths of OH group to Fe, Fe-OH; bond lengths between Fe and substrate O atoms, 
Fe-O; averaged Fe-O bond lengths Fe-Oav together with the coordination number of Fe, 
CN; distance between Fe and neighboring metal cations, Fe-M, and Si, Fe-Si. b Fe-Mg 
distances. c Fe-Fe distances.  
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distances to octahedral cations vary considerably, between 314 and 375 pm. The trioctahedral 

vacancy Al-Al-Mg and Mg-Mg-Al sites are energetically favorable compared to the Al-Al-Fe 

and Fe-Fe-Al ones, Table 8.5. The Al-Al-Mg and Mg-Mg-Al sites yield adsorption energies 

comparable to those of mixed and bidentate sites, Eads ~ 40 kJ mol-1, while Al-Al-Fe and Fe-

Fe-Al sites show more endothermic adsorption energies of about 70 and 105 kJ mol-1. Thus, 

at vacancy sites Fe(OH)2+ is adsorbed preferentially close to Mg octahedral cations and 

octahedral Fe neighbors are avoided, in partial contrast to the trends obtained for octahedral 

Fe(III) substitutions in the bulk. This trend is inverted for the MOH-SiO site (Table 8.4).  

9 Octahedral Fe(II) substitutions in exemplary dioctahedral 2:1 smectites 

The redox capability of smectites is determined by the redox pair Fe(III/II),14, 103 thus iron 

substitutions in smectites essentially contribute to the redox behavior of clays and soils. The 

reduction of Fe(III) in smectites occurs due to microbial activity104 or inorganic reactions.105  

The resulting Fe(II) in turn is able to reduce heavy metal ions, e.g., radionuclides, thereby 

affecting their speciation and mobility.106 Thus, redox processes in clay minerals are 

important geochemical reactions which, for instance, are related to weathering and the 

availability and distribution of various metal ions in soils. Analogues to Fe(III) substitutions 

in smectites, we modeled Fe(II) substitutions in the octahedral sheets of exemplary smectite 

models to determine their favorable distribution. By combining results for Fe(III) and Fe(II) 

the redox properties of smectites become accessible. The calculations of Fe(II) in smectites 

have been carried out at the same level of theory and accuracy as for Fe(III). The PBE-D3+U 

density functional approach was used with Ueff = 4.5 eV, with an energy cut-off of 600 eV 

and (2×2×2) k-mesh for Brillouin zone integration. 

Although Fe(III/II) reduction in clays has been studied in many experiments, a 

mechanistic understanding beyond qualitative models107-108 is missing until now. Questions 

like how the redox potential depends on the iron content, the structure, and the composition 

of the smectites are open. Hypotheses on the redox mechanism comprise the charge balancing 

by interlayer cations like Na+ and dehydroxylation.108 To the best of our knowledge, we have 

undertaken the first exploratory computational study of Fe(II) substitutions in smectites, 

including an estimate of the reduction potentials of Fe(III/II),  in this project. We limited our 

study of Fe(II) substitutions and the redox behavior of iron to pyrophyllite and beidellite with 

q = -0.25 e as model smectites for simplicity. To estimate redox potentials, we invoked 

charge balancing by a Na+ interlayer cation in the course of the reduction of Fe(III). 
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9.1 Fe(II) in pyrophyllite and beidellite 

Up to two octahedral Fe(II) substitutions per unit cell were investigated in a tv pyrophyllite 

model. The effects of Fe(II) and Fe(III) substitutions on the mineral properties and energies 

were compared. To note, when Fe(II) substitutes Al(III) in the octahedral sheet, it introduces 

a negative layer charge which is neutralized by adding a Na+ ion to the interlayer. This 

interlayer cation was always placed in a ditrigonal ring of the tetrahedral sheet close to the 

Fe(II) substitution. As for two Fe(III) substitutions an opposite spin orientation is favorable 

(Section 7.1.1), we choose the same spin orientation for double Fe(II) substitutions in the unit 

cell.  

 Table 9.1 shows the main structural parameters for pyrophyllitic models with a single 

Fe(II) or Fe(III) substitution and with double iron substitutions for all combinations of 

oxidations states. In addition, the relative energies of para and ortho arrangements in each 

case are noted. Comparison of octahedral Fe(II) and Fe(III) substitutions in a pyrophyllitic 

smectite model shows that lattice vectors a and b increase slightly for Fe(II), by about 3 pm 

(Table 9.1), in line with its larger ionic radius compared to Fe(III). For the vector c a larger 

increase by 6 pm is noted, due to the introduction of a charge compensating Na+ counter ion. 

The angle β changes only marginally. Also in agreement with its larger size, the average 

Fe(II)-O bond is calculated at 211 pm, which is by 10 pm larger than the mean Fe(III)-O 

bond (Table 9.1). The Fe(III)-O bond lengths of about 201 pm is in good agreement with 

EXAFS experiments, where Fe(III)-O bond lengths were measured at 200-201 pm.12, 108-109 

Table 9.1 Trans-vacant pyrophyllite with one or two octahedral Fe(III) or Fe(II) 
substitutions per 2×1×1 unit cell. Given are the charge per formula unit q (in e), lattice 
parameters (vector lengths in pm, angles in degree), average Fe(III)-O and Fe(II)-O bond 
lengths (in pm), and energy differences between the para and ortho arrangements of two Fe 
substitutions in various oxidation states (in kJ mol-1).  

Fe q a b c β Fe(III)-O Fe(II)-O Erel 
- 0 1039 894 958 100.1    
III 0 1043 897 957 99.8 201.3   
II -0.25 1046 900 963 101.0  211.5  
2 III para 0 1046 901 959 100.0 201.9  0 
2 III ortho 0 1046 901 959 100.2 201.1  6 
III+II para -0.25 1049 903 964 101.2 202.8 211.9 0 
III+II ortho -0.25 1048 902 966 101.1 201.8 210.9 24 
2 II para -0.50 1051 903 966 101.6  213.5 0 
2 II ortho -0.50 1049 904 969 101.7  212.3 57 
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Manceau et al.108 in their EXAFS study resolved Fe(II)-O at ~210 pm. Our results are also in 

agreement with an earlier computational study of a single Fe substitution in a pyrophyllitic 

model19, where Fe(III)-O and Fe(II)-O were calculated at ~202 and ~208 pm, respectively.  

Similar although not very regular trends are observed when two iron substitutions are 

modeled in the unit cell. Comparison of structures with two Fe(III) substitutions to the ones 

where one or both are replaced by Fe(II) reveals again slightly longer lattice vectors. Fe-O 

bond lengths vary only marginally depending on the composition of the model mineral. They 

are calculated by only up to 2 pm longer for two Fe substitutions in the unit cell (Table 9.1). 

Neighboring iron substitutions (ortho arrangement) show slightly shorter Fe-O bonds due to 

the larger size of Fe ions compared to Al cations, by about 1 pm only, than separate 

substitutions (para arrangement). While the energy difference between para and ortho 

arrangements of two Fe(III) substitutions is small (6 kJ mol-1), this energy difference 

increases to 24 kJ mol-1 for Fe(III) and Fe(II) substitutions and to 57 kJ mol-1 for a pair of 

Fe(II) substitutions. Thus, neighboring pairs of Fe substitutions are considerably less 

favorable compared to distant Fe pairs when one or both of these substitutions consist of 

reduced Fe(II) (Table 9.1). To note, the energy difference for the two Fe(II) arrangements can 

be affected by the relative arrangement of the two corresponding Na+ counterions in the 

interlayer. In order to keep Na+ close to Fe substitutions for the para arrangement of two 

Fe(II) substitutions the two interlayer Na+ cations were placed as shown in Fig. 9.1a, while 

for the ortho arrangement the interlayer counter ions are distributed as in Fig. 9.1b. The effect 

of Na+ positions is investigated in more detail for the beidellitic smectite model.   

 
Figure 9.1 Relative energies of an octahedral Fe(II) substitution per 2×1×1 unit cell at 
various positions for the tv polymorph of beidellite for various arrangements of Na+ counter 
ions (red crosses). The unit cell is indicated by gray shading and the position of the 
beidellitic tetrahedral substitution (Altet) by an angle connecting the neighboring octahedral 
cation sites.  
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 The position of the interlayer cation has a some effect on relative substitution 

energies of octahedral Fe(III) substitutions, as we have shown earlier (Section 7.6.1) for 

beidellite. Thus, larger effects are to be expected for Fe(II) substitutions due to their charge 

and their accompanying neutralizing interlayer Na+ cation. We studied various positions of 

the interlayer Na+ cations for beidellitic models with a generic layer charge of q = -0.25 e and 

a single Fe(II) substitution, which increases the layer charge to q = -0.5 e. Fig. 9.1 shows 

relative energies for various octahedral positions of octahedral Fe(II) substitutions in 

dependence of the arrangement of the interlayer cations. All three possible arrangements of 

the two Na+ counter ions are inspected for a deliberate choice of one of the equivalent 

positions of that counter ion which compensates the tetrahedral substitution.  

As shown in Fig. 9.1, relative energies of Fe(II) substitutions at various octahedral 

sites  vary up to about 40 kJ mol-1 and depend on the arrangement of interlayer cations. The 

most favorable Fe(II) positions change too, although they are always distant from the 

tetrahedral Al substitution. This is in contrast to Fe(III) substitutions, which prefer the sites 

close to the tetrahedral substitutions (Section 7.2.1). These sites are always among the least 

favorable ones for Fe(II) due to Coulomb repulsion between negatively charged substitutions. 

The energy difference between the two octahedral sites close to the tetrahedral substitution is 

qualitatively the same for all arrangements of the counter ions. As discussed earlier (Section 

7.2.1) this energy difference is due to the shift between octahedral and tetrahedral sheets, 

resulting in an asymmetry of the two neighboring octahedral sites with respect to tetrahedral 

Al. Due to its larger ionic radius, relative energies vary also much stronger for Fe(II) than for 

Fe(III). Depending on the arrangement of counter ions in the interlayer, one to three nearly 

degenerate most favorable sites are obtained (Fig. 9.1). 

Water in the interlayer will diminish the effect of counter ions on the relative energies 

of octahedral substitutions. Even for dried probes of smectites it is reasonable to assume 

small amounts of water in the interlayer, which will be most probably coordinated to the 

counter ions. To create a somewhat more realistic smectite model for the case of octahedral 

Fe(II) substitutions we screened each interlayer Na+ with three aqua ligands. This model 

should reduce the artificially strong dependence of substitution energies of octahedral Fe(II). 

In our test calculations we placed the interlayer cations in the ditrigonal rings of the 

tetrahedral layer lying in the unit cell (Fig. 9.1a). In Fig. 9.2 we compare relative energies of 

octahedral Fe(III) substitutions at various lattice positions in a dry beidellitic model and of 

octahedral Fe(III) as well as Fe(II) substitutions at various positions in a model with three 

water molecules in the interlayer per counter ion. For octahedral Fe(III) substitutions the 
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effect of interlayer water on relative energies is very small, up to 2 kJ mol-1 (Fig. 9.2 a and b, 

see also Section 7.6.2). Changes in relative energies due to interlayer water for octahedral 

Fe(II) substitutions are strong, compare Figs. 9.1a and Fig 9.2c. Due to the screening of the 

charge of the interlayer cations, essentially only the Coulomb repulsion between the Fe(II) 

substitutions and the tetrahedral beidellitic negative substitution are discriminating various 

sites. Fe(II) substitutions close to the tetrahedral Al3+ ions are by 20-30 kJ mol-1 less 

favorable than all other sites. The other sites are essentially degenerate in energy, the relative 

energies of the Fe(II) substitutions of these sites vary by at most 3.5 kJ mol-1 (Fig. 9.2c). 

Thus, Fe(II) prefers in contrast to Fe(III) substitution sites distant from tetrahedral Al 

substitutions.  

9.2 Fe(III/II) redox in pyrophyllite and beidellite  

Experimentally, redox profiles for various smectites were measured recently by using 

mediated electrochemical reduction and oxidation.110 The authors characterized the fraction 

of Fe(II)/Fetotal over a wide range of applied voltages EH, from -0.6 V to +0.6 V. Redox 

profiles were fitted using a modified form of the Nernst equation with two parameters, the 

standard reduction potential EH0 and the fractional value β which defines the width of the EH 

distribution and thus is a measure of the variation of the redox potential. The value of β = 1 

corresponds to ideal Nernstian conditions,110 thus to a single redox center with a well defined 

redox potential. EH0 for various smectites with an Fe content varying from 2.3 to 21.2 wt % 

varied from -0.03 to -0.45, while β changes from 0.23 to 0.52.110  

 
Figure 9.2 Relative energies of octahedral iron substitutions per 2×1×1 unit cell at various 
positions for the tv polymorph of beidellite with q = -0.25 e: (a) Fe(III) in dry model; (b) 
Fe(III) in solvated model; (c) Fe(II) in solvated model. Positions of interlayer Na+ ions are 
indicated by red crosses, which are in parentheses when Na+ is solvated. The unit cell is 
indicated by gray shading and the position of the beidellitic tetrahedral substitution (Altet) 
by an angle connecting the neighboring octahedral cation sites.  
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Calculating or measuring absolute redox potentials of metal ions in minerals is a 

challenging task, as reduction and oxidation reactions involve not only an electron transfer, 

but often also charge compensating reactions in solution and at surfaces as well as sometimes 

structural rearrangements of minerals.108, 111-113 To the best of our knowledge, no 

computational approach was used so far for this challenging task, although the mechanism of 

electron transfer in nontronites was explored computationally.71, 96 In order to estimate redox 

potentials of octahedral iron substitutions in pyrophyllite computationally, we used the 

following straight forward equation:  

Pyro-Fe(III) + X+(aq) + e → Pyro-X-Fe(II),       (8) 

where Pyro labels the pyrophyllite lattice and X is the interlayer cation balancing the 

electronic charge transfer of this reduction reaction. The energies of solvated ions X+(aq) 

were estimated from those of the corresponding atoms X using experimental ionization 

potentials114 and solvation enthalpies of the cations.115 We used Li, Na, and K cations for 

charge balancing. We also checked the effect of interlayer water (see below). The reduction 

potential can be estimated from the reaction energy ΔE of the reduction reaction given above 

as  

0
red (NHE)EU U

nF
∆

= − − ,          (9) 

where U(NHE) = 4.28 eV is the potential of the normal hydrogen electrode.116 We use U to 

distinguish calculated potentials from experimental ones which are referred as E. We 

calculated ΔE and Ured0 for dry and partially solvated mineral models. In the first case no 

interlayer water was introduced, while for the partially solvated models we added three water 

molecules per counter ion in the interlayer. Without interlayer water ΔE varies with the type 

of the interlayer cation between -2.9 eV for Li to -3.9 eV for K (Table 9.2). The reduction 

potentials thus also depend on the interlayer cation and vary between -1.4 and -0.4 eV. 

Table 9.2 Reduction reaction energies ΔE (in eV) for an Fe(III) substitution in pyrophyllite 
and corresponding standard reduction potentials Ured0 (in eV) in pyrophyllite models with 
various interlayer cations, without (X) and with (X(H2O)3) interlayer water. 

X Li Na K 
ΔE -2.91 -3.64 -3.90 
Ured0 -1.37 -0.64 -0.38 
X(H2O)3    
ΔE -3.20 -3.25 -3.33 
Ured0 -1.08 -1.03 -0.95 
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Interlayer water molecules coordinated to the interlayer cations screen their specific effect. 

For pyrophylite models with Fe(II) substitutions and interlayer water we calculated ΔE at 

about -3.25 eV and Ured0 at about -1 eV (Table 9.2). Due to the interlayer water the effect of 

the different interlayer cations decreases significantly. The variation of the redox potential in 

dependence of the type of interlayer cation decreases to about 0.1 eV compared to 1 eV in the 

dry pyrophyllite model.  

Thus, interlayer water plays a decisive role when modeling the iron reduction process 

in clay minerals. To note, we applied only a deliberately chosen partial solvation shell of the 

interlayer cations. It would be interesting, however, to inspect the effect of complete 

solvation of the interlayer cations, which should depend to some extent on the type of the 

interlayer cation.117-118 Moreover, our simple model result suggests that the amount of 

interlayer water might have an effect on the redox potential of octahedral Fe(III/II) 

substitutions. It is known from the literature that the proper modeling of the electrolyte 

solution is crucial when calculating redox potentials.119 Thus, future work should aim for a 

more realistic modeling of the interlayer region of smectites, including varying amounts of 

interlayer water and a proper solvation of interlayer cations.  

 In a similar manner as for iron substitutions in pyrophyllite, we estimated Ured0 for 

Fe(III/II) in a beidellitic model with a single tetrahedral Al3+ substitution per 2×1×1 unit cell 

and a generic layer charge without iron substitution of -0.25 e from the following reaction 

equation of reduction: 

Fe(III)-beid-Na(H2O)3 + Na(H2O)3+(aq) + e → Fe(II)-beid-Na2(H2O)6  .            (10) 

The calculated Ured0 values vary between +0.6 and +0.9 eV, depending on the octahedral site 

occupied by iron (Fig. 9.3) The lowest Ured0 values were calculated for the octahedral 

positions of iron next to tetrahedral Al substitution. At all the other substitution positions iron 

 
Figure 9.3 Calculated redox potentials (in eV) from Fe(III/II) reduction of an octahedral Fe 
substitution per 2×1×1 unit cell at various lattice positions in a tv beidellite model.  
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exhibits Ured0 values of 0.84–0.89 eV (Fig. 9.3). This difference is essentially the 

consequence of the Coulomb repulsion between the two charged substitutions, tetrahedral Al 

and octahedral Fe(II).  

Recall, that experimentally estimated standard reduction potentials EH0 of iron 

containing smectites vary between -0.03 and -0.45 eV.110 Thus, our estimations for 

pyrophyllite are too low, while Ured0 values calculated for the beidellitic model are too high. 

Comparison of measured EH0 and calculated Ured0 should be done with caution. The measured 

redox potentials EH0 do not only depend on the electron transfer itself, but also on other 

processes occurring simultaneously. For calculating Ured0 we used a model reaction including 

electron transfer and neutralization of the layer charge by a Na+ ion entering the interlayer. 

As indicated above in this Section, the amount and structure of interlayer water may also play 

a role and affect the iron redox potential. Also, using a pure GGA exchange-correlation 

functional might affect the final result for Ured0. It is assumed, that hybrid functionals should 

predict the energetics for electron transfer more accurately, however, predicting the accuracy 

of DFT variants for particular systems is difficult.120 For  first-row transition metal complexes 

it has been shown that GGA and hybrid functionals tend to deviate from experiment in 

opposite directions.121 Thus, an absolute comparison of the calculated and measured redox 

potentials seems to be challenging. Our calculated redox potentials reflect the different layer 

charge of pyrophyllite and beidellite, suggesting that the Fe(III/II) redox potential of 

smectites may vary rather widely with the layer charge and even locally if the layer charge is 

not homogeneously distributed in a mineral particle. To achieve a rough estimate for the 

variation of Fe(III/II) redox potentials in a typical smectite, we can compare the values 

achieved for the beidellite model. For various octahedral sites Ured0 varies by 0.3 eV (Fig. 

9.3). This is in qualitative agreement with the variation of measured EH0 values from redox 

profiles of smectites. These variations are determined to be ~0.4 eV and defined as the 

change in EH0 when the fraction of Fe2+/Fetot changes from 0 to 100%. In our beidellite 

model, first Fe(III) substitutions far from Altet would reduce (Ured = 0.9 eV) and only after 

these are reduced, at more negative voltage, the more stable Fe(III) substitutions close to Altet 

would reduce (Ured = 0.6 eV). What we miss in our model calculations is the change of the 

total layer charge during the first phase of reduction of the less stable Fe(III) substitutions, 

before the more stable ones are reduced. To account for that effect and to approach the 

experimental situation, much larger unit cell is necessary. This and other open questions and 

the interesting and reasonable results achieved in this exploratory study of Fe(III) reduction 
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in smectites motivate more detailed studies envisaged in a forthcoming project phase of the 

UMB consortium.   

10 Summary and outlook 

The main goal of the UMB consortium was to provide information for the competent choice 

of a bentonite with favorable properties to be used in the construction of a geological 

repository for highly radioactive waste. For that purpose properties of bentonites and their 

alteration mechanisms with regard to pore water composition, heat, and microbial activity 

were investigated. This project contributed by studying computationally the relations between 

the iron content and structure, composition and properties of smectites, the main clay 

minerals of bentonites. More specifically, we investigated the distribution and properties of 

Fe(III) substitutions in 2:1 dioctahedral smectite clay minerals as well as their effect on 

properties of these minerals. We also modeled octahedral Fe(III) substitutions in an 

exemplary smectite edge surface as well as for the first time the adsorption of Fe(III) on that 

surface. These latter studies shed light on the influence of Fe on dissolution or crystal growth 

properties of smectites.  In all these studies we used the first-principles quantum chemical 

density functional method at the spin-polarized GGA level. We supplemented this common 

approach by the DFT+U method to reduce self-interaction effects of the highly correlated 

iron d-electrons and added a correction to account for dispersion interactions. Results of 

earlier studies as well as test calculations on basic properties of smectites suggested this more 

accurate approach to be necessary and appropriate. 

 In this project we focused on a set of smectite models with layer charges between 0 

and -0.5 e including octahedral (montmorillonitic) as well as tetrahedral (beidellitic) 

substitutions. Compared to earlier work we choose the larger 2×1×1 unit cell to allow a more 

flexible composition of the model smectites. We focused our model calculations on a 

systematic variation of structure, composition and iron substitutional positions of Na-

smectites, omitting interlayer water for simplicity. To probe the reliability and validity of our 

model results, we supplemented this work by exemplary simulations inspecting the effect of 

interlayer water and of other interlayer cations, especially of Ca2+. In this way we achieved 

systematic results for a rather wide set of comparable model smectites.  

 For dioctahedral 2:1 Na-smectites we found a new, slightly more stable lattice variant, 

that differs from the known one determined experimentally for K-exchanged illites5 by a 

relative shift of octahedral and tetrahedral sheets of the crystal layers. In contrast to some 
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earlier computational studies,21-22 we were able to reproduce known preferences for cv and tv 

lattices for various types of ideal smectites. These results support our modeling approach. 

 By comparison of energies of octahedral Fe(III) substitutions at various lattice sites in 

our large set of smectite models of varying composition we determined an energy preference 

for sites distant from octahedral Mg2+ substitutions and for sites close to tetrahedral Al3+ 

substitutions. Only the former is known from earlier simulations.21, 23, 122 Formation of pairs 

of neighboring octahedral Fe(III) substitutions has been determined to be somewhat 

disfavored, independent of the type of smectite under consideration and in contrast to some 

earlier studies.21, 23, 123 As most favorable we found a third nearest neighbor position for two 

Fe(III) substitutions relative to each other. A second nearest neighbor positioning is only 

slightly less favorable though. This result is in agreement with the formation of iron rich 

domains determined earlier in Monte Carlo simulations.122 The energy variation of octahedral 

Fe(III) substitutions at various sites in dependence of the presence of other substitutions and 

the site volume can qualitatively be described by a multi-linear model. The results obtained 

for Na-smectites should be also valid for Ca-smectites, as suggested by exemplary model 

calculations. Overall, energy differences between various relative positions of Fe(III) 

substitutions are small, which may explain the experimental result that, depending on origin 

and history, the arrangement of octahedral Fe(III) substitutions may be ordered or 

disordered.12, 25  Our results also justify known empirical relations between the iron content, 

the relative amount of tetrahedral layer charge and the fraction of tv and cv lattices in 

smectites of low iron content.9 In typical smectites the iron content positively correlates with 

the presence of tetrahedral charge and the relative amount of tv polymorphs.124 In our 

calculations we found that the smectite layer charge and in particular the tetrahedral layer 

charge facilitates the formation of octahedral Fe(III) substitutions, which speaks in favor of 

higher iron content when more tetrahedral charge is present in the smectite. We also showed 

that with increasing iron content the tv lattice variant is stabilized relative to the cv one, 

independent of the type of smectite. Compared to octahedral Fe(III) substitutions, tetrahedral 

ones are strongly disfavored, in agreement with the experimental finding that octahedral iron 

substitutions are prevailing.125  

 OH stretching vibrational frequencies are known to vary with the type of octahedral 

cation they are attached to,89 thus infrared spectroscopy (IR) is useful for smectite 

composition characterization. With exemplary calculations on tv pyrophyllite and 

montmorillonite models we explored this relationship with a simplified computational 

approach. These calculations confirmed the known red-shift due to octahedral Fe(III) 
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cations.88-89 In agreement with another computational study,20 we found a blue-shift due to 

Mg substitution, which is in contradiction with the interpretation of IR experiments.88-89 

Overall, due to scattering of vibrational frequencies of OH groups bound to the same type of 

pair of  octahedral cations, we conclude that this scattering limits  the composition 

characterization  by means of IR vibrational spectroscopy.91 

  Exemplary model calculations of the representative (010) edge surface of 2:1 

dioctahedral smectites showed that octahedral Mg2+ substitutions are more stable at the 

surface than in the bulk mineral. The opposite trend has been calculated for tetrahedral Al3+ 

substitutions. Octahedral Fe(III) substitutions show the same trend as Mg2+ substitutions, as 

the surface facilitates lattice relaxation to accommodate the relatively large Fe3+ cation. This 

result suggests that Fe(III) substitutions at edge surfaces stabilize these surfaces and iron 

should be enriched in the surfaces when a smectite crystallite is partially dissolved. 

Comparison of the composition of beidellites and their smectite fraction in contact with 

solution, as measured by the project partners, did show small and variable changes of the iron 

content with increasing temperature and not an increase, as one would expect if smectites are 

partially dissolved. 

 The systematic and extended data generated for octahedral Fe(III) substitutions in 

smectites forms also a valuable basis for exploring the important redox chemistry of iron in 

smectites.13, 107, 111-113 To approach that topic, we carried out for the first time exemplary 

calculations on octahedral Fe(II) substitutions in pyrophyllite and beidellite. As expected, 

octahedral Fe(II) substitutions prefer lattice sites distant from tetrahedral substitutions as well 

as from other Fe(III/II) substitutions. Our test calculations demonstrated that the distribution 

of interlayer counter ions as well as the presence of interlayer water has a considerable effect 

on Fe(II) substitution energies in contrast to Fe(III). Interlayer water screens the specific 

effect of interlayer counter ions on the Fe(II) distribution. Thus, a proper modeling of the 

charged octahedral Fe(II) substitution demands a more realistic modeling approach than for 

Fe(III). With smectite models with solvated interlayer cations we calculated the variation of 

the Fe(III/II) redox potential in dependence of the site occupied by iron to about 0.3 eV, in 

qualitative agreement with experimental findings.110 Calculated absolute values of the 

Fe(III/II) redox potential depend considerably on the charge of the mineral model, as shown 

for pyrophyllite and beidellite. 

 Overall, our model calculations of smectites with iron substitutions have shown that 

an accurate computational approach is necessary in order to calculate reliably the rather small 

energy differences which are responsible for the relations between structure, composition and 
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properties. Also for proper representation of variability of the complex dioctahedral smectite 

minerals relatively large unit cells are needed. For the characterization of neutral octahedral 

Fe(III) substitutions our simplified model approach of dry mineral models was quite  

successful. However, when charged substitutions are considered or the iron redox chemistry, 

structure and composition of the interlayer and its water content have to be taken into 

account. Only in this way one can access reliably the effect of interlayer cations on the 

properties of smectites, e.g., on redox properties or the more subtle characteristics of OH 

vibrational frequencies, which we treated in this project only at an exploratory level. The 

complex chemistry of iron at smectite surfaces in interaction with an aqueous solution and the 

Fe(III/II) redox properties of these minerals, which have been explored in this project for the 

first time in a sketchy way, will be the focus of the planned cooperative BMWi project UMB 

II. Due to their wide mineralogical and geochemical implications, these topics are worth 

more thorough and extended investigations, which will profit from the experiences gained in 

this project.  
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