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AB-INITIO MODELLING OF SURFACE SITE REACTIVITY AND FLUID TRANSPORT 
IN CLAY MINERALS CASE STUDY: PYROPHYLLITE   

S.V. Churakov 

Pyrophyllite, Al2[Si4O10](OH)2, is the simplest structural prototype for 2:1 dioctahedral phyllosilicate. 
Because the net electric charge in pyrophyllite is zero, it is the best candidate for investigating the non-
electrostatic contribution to sorption and transport phenomena in clays. Using ab-initio simulations, we 
have investigated the reactivity and structure of the water-solid interface on the basal plane and edge sites 
of pyrophyllite. The calculations predict slightly hydrophobic behaviour of the basal plane. For the high 
water coverage (100), (110) and (-110), lateral facets have a lower energy than for the (010), (130) and 
(-130) surfaces. Analysis of the surface reactivity reveals that the ≡Al-OH groups are most easily 
protonated on the (010), (130) and (-130) facets. The ≡Al-O-Si≡ sites will be protonated on the (100), 
(130), (110), (-110) and (-130) surfaces. The ≡Al-OH2 complexes are more easily de-protonated than the 
≡Si-OH and ≡Al-OH sites. A spontaneous, reversible exchange of the protons between the solution and 
the edge sites has been observed in ab-initio molecular dynamics simulations at 300 K. Such near-surface 
proton diffusion may result in a significant contribution to the diffusion coefficients measured in neutron 
scattering experiments. 

1 INTRODUCTION 

Clay minerals occur as colloidal aggregates of tiny 
particles. Their large surface area is responsible for 
some unique physical and chemical properties, such 
as swelling, cation exchange, and pH dependent 
sorption. Because of their strong cation retardation 
ability, clay sediments are considered as appropriate 
host rocks for radioactive waste repositories. The 
safety and performance of such repositories depend 
entirely on our understanding of the mechanisms 
controlling the mobility and retardation of radionulides 
in clays.  

 

Fig. 1: Schematic view of the TOT unit in clay 
minerals and the water-clay interfaces. The 
large spheres in the fluid represent counter 
ions, compensating the permanent charge in 
the TOT layer. Shadowed areas emphasize 
two regions of particular interest: the interlayer 
fluid, and the fluid-solid interface at the edge 
sites. 

The basic structure element of phyllosilicates can be 
imagined as a hexagonally ordered layer of octahedra 
sandwiched between two tetrahedral siloxane planes, 
commonly referred as the TOT layer (Fig. 1). Various 
isomorphic substitutions in the octahedral and 

tetrahedral layers of clay minerals result in a 
permanent structural charge in the TOT unit, which in 
turn promotes swelling and sorption by the cation 
exchange mechanism. Additionally, the sorption 
processes take place on the edge sites of the TOT 
layer. The structure, composition and charges on the 
edges change as functions of pH, due to the dynamic 
proton exchange between the surface and the 
solution. Thus, both the sorption capacity and the 
mechanism of cation uptake on the edge sites depend 
on the pH of the solution. 
A typical lateral extent of TOT lamella is of the order 
of 200x50 nm. The layers are held together by 
electrostatic interaction with the charge-compensating 
interlayer cations, such as Ca and Na, and by 
hydrogen bonding interaction with interlayer water 
molecules. The inter-laminar stacking of 
…TOT…nH2O…TOT… blocks results in nano-
particles of around 200x50x(1-3) nm. Under 
compression, the clay wafers are preferentially 
oriented perpendicular to the direction of the applied 
stress. The preferential orientation of the nano-
crystals is responsible for the anisotropic diffusion 
rates in the compacted clays, which are typically 
faster along stratification lines [1]. The slowing down 
of the diffusion rates perpendicular to the layering can 
be due to either higher tortuosity or to stronger 
interaction of diffusing species with edge sites. These 
two factors are difficult to distinguish experimentally. 
Because of their colloidal nature and small particle 
size, clay minerals remain a challenge for the 
experimentalists. Despite its primary importance, the 
structural positions of the OH groups on the edge 
sites and in the bulk are only poorly known, because 
of the invisibility of hydrogen to X-rays. The 
application of atomic force microscopy is limited, due 
to the instability of the edge sites, coating processes, 
and obvious difficulties in sample preparation [2,3]. 
Meanwhile, ab-initio, quantum-mechanical calcu-
lations have achieved accuracy comparable to 
experimental techniques, and in addition provide 
important structural and crystal-chemical information 
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for systems for which conventional experimental 
techniques fail. In this context, a long-term project, 
focused on the ab-initio investigation of surface 
reactivity and transport processes in clays has been 
initiated at PSI [4,5,6]. The fundamental issues to be 
addressed with the help of molecular modelling are (I) 
the structure and crystal chemistry of the clay 
particles; (II) the surface reactivity of clays, and the 
density of reactive sites; (III) the interaction 
mechanism of interstitial fluid with sorbet ions and the 
surface of clays; and (IV) the transport properties of 
fluids in compacted systems. 

Pyrophyllite, Al2[Si4O10](OH)2, is the simplest structural 
prototype for 2:1 dioctahedral phyllosilicate. Two-
thirds of the available octahedral sites are occupied by 
aluminium atoms. Silicon atoms form tetrahedral 
layer. In contrast to other clay minerals, pyrophyllite 
does not posses a permanent electrical charge in the 
TOT layer. Consequently, it is the best candidate for 
investigating the non-electrostatic contribution to the 
mechanisms of cation sorption and transport 
phenomena in clays.  

2 METHOD 

2.1 Simulation technique 

For all calculations performed in this study, we use 
density functional theory (DFT) [7,8] in the generalized 
gradient approximation PBE [9] for the exchange and 
correlation functional. The interactions of the valence 
electrons with the cores are described by the pseudo-
potential (PP) formalism. We use ultra-soft Vanderbilt-
type pseudo-potentials [10], which enables the 
required base-set to be reduced dramatically. The 
wave functions of the valence electrons are expanded 
into the plane-wave base set, up to the 25 Ry cut-off 
energy. The accuracy and transferability of the 
pseudo-potentials, as well as the convergence of the 
plane-waves, basis set expansion, was tested against 
the geometry of small molecules and simple oxides. 
The bond length in the molecules and the lattice 
parameters of solids could be reproduced within 1% 
and 2% of the experimental values, respectively. 
Parameters of the unit cell are taken from the 
geometry optimization of the bulk pyrophyllite 
structure. An ortho-rhombic supercell with 12.0 Å 
“c”-spacing was used for all calculations. 

The ab-initio Car-Parrinello MD simulations [11] were 
performed with a time step of 0.17 fs and a fictitious 
electron mass of 500 au. For the charged systems, a 
homogeneous neutralizing background was added to 
maintain system charge neutrality. 

2.2 Bulk pyrophyllite crystal chemistry 

The low-symmetry of the lattice gives rise to 
complexities in the computer simulations. Because the 
deviation from orthogonally of the α and γ angles in 
pyrophyllite is very small, they can be fixed at 90 
degrees.  The magnitude of the β angle is determined 
from electrostatic and van-der-Waals interaction 
between neighbouring TOT layers. Since the van-der-

Waals interaction is not properly accounted for in the 
DFT calculations, and it is computationally 
advantageous to work with the orthogonal supercell, 
the lattice dimension in the “c” direction has been 
increased from the experimentally reported values of 
9.0 Å to 12 Å, and the β angle has been fixed at 90 
degrees. By these means, we expect to exclude ill-
described interaction between neighbouring TOT 
units, and to maintain the correct structure of the TOT 
layer in each ortho-rhombic supercell. Test 
calculations have shown that further increase in the 
“c”-spacing has no influence on the geometry of the 
pyrophyllite structure. Calculations were performed on 
a 2x1x1 supercell with a single k point in the centre of 
the Brillouin zone. Such a supercell approximately 
corresponds to a single-unit cell with two special 
k-points. Systematic studies of the pyrophyllite crystal 
chemistry have shown that two k-points are sufficient 
for both the energy and stress calculations [12]. 

2.3 Surface  

To model a semi-infinite bulk system with an exposed 
surface, a 3D, periodically-repeated box containing a 
slab of several atomic layers is employed. Above the 
slab, at least 6 Å of vacuum has been added to 
reduce the interaction with the periodic images. To 
ensure sufficient separation of the periodic images, 
the calculations were repeated, while decoupling 
electrostatic images in the Poisson solver using 
Hockney’s method [13]. Both methods predict the 
same geometry, confirming the accuracy of the 
supercell approach. In order to ensure that surface 
geometry is not affected by the thickness of the 
atomic layers representing the bulk structure, the 
calculations were repeated with a two-times-larger 
simulation cell. No change in surface geometry was 
observed.  

The surface energy, surfE , as a function of the water 
coverage was calculated as follows: 
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in which OH
GasE 2 is the water energy in the gas phase, 

prl
BulkE  the energy of the bulk pyrophyllite, prl

SurfE  the 
energy of the pyrophyllite with water sorbed on the 
surface, and n the number of water molecules 
involved in the sorption process. The accuracy of the 
calculated surface energies is ±1meV/ Å. 

2.4 Surface site reactivity 

In the DFT formalism, the ground-state energy, 
)](,[ rNE ν , of a many-electron system is a unique 

function of its density. In turn, the ground-state density 
is determined by the external potential, )(rν , due to 
nuclei, and the number of electrons in the system, N. 
The energy change, )](,[ rNE δν∆∆ , in a chemical 
reaction can be expressed, to second-order, as [14]:  



113 

   )()(

)](,[
2 ++∆+−∆

=∆−∆=∆

rprp

rp

NN

EErNE

ηηµµ

δν
    (2.1) 

++∫ drrvrrvr rrpp ))()()()(( δρδρ     (2.2) 

+−∆ ∫ drrvrfrvrfN rrpp ))()()()(( δδ     (2.3) 

( )
( ) −

+

∫
∫

−

−

2
1

2
1

)()(

)()([

drrvrf

drrvrfa

rrrr

pppp

δηη

δηη
     (2.4) 

)]))()()()(( 2121∫ −− − rdrvrfrvrf rrrppp δηδη    (2.5) 

 
where the subscripts p and r refer to reaction products 
and reactants, respectively, µ  and η  are the 
chemical potential and hardness of the system, 
respectively (the first-order and second-order 
derivatives of the system energy with respect to the 
number of electrons), )(rρ  is the electron density, 

)(rf  are the Fukui functions (local responses of the 
electron density to changes in the numbers of 
electrons in the system), and α is a system-specific 
parameter. In the DFT formalism, the Fukui functions 
are most readily calculated as: 

)()()( 1 rrrf NN ρρ −= +
+                              (3.1) 

)()()( 1 rrrf NN −
− −= ρρ                              (3.2) 

Thus, )(rf +  and )(rf −  are just the local selectivity 
indices for nucleophilic and electrophilic attack, 
respectively. 

Suppose for a moment that we know the optimal 
structures of the various facets of a crystal, and would 
like to predict the most probable reactive sites for the 
single-step protonation reactions: 

≡S-OHn   →   ≡S-OHn-1  +  H+
solv 

≡S-OHn   +   H+
solv  → ≡S-OHn+1  

For the most favourable reaction mechanism, the 
change in reaction energy will be at a maximum. 
According to Eq. 2, the change in reaction energy is 
determined by the global parameters of the system, 
such as the chemical potential and hardness (Eq. 2.1) 
and local quantities such as electron density and the 
Fukui function (Eqs. 2.2-2.5). The contributions from 
the chemical potential and the hardness (Eq. 2.1) are 
expected to be similar for every surface of the crystal, 
since it is in equilibrium with the same bulk material. 
Therefore, only local parameters are important in 
comparisons of site reactivity. The most important 
contributions arise from the terms (2.2) and (2.3). 
These will be minimized if the protonation reaction 

take places on the sites for which )(rρ  and )(rf −  
are at a maximum; de-protonation is favoured for 
those sites for which )(rρ  is at a minimum and 

)(rf +  a maximum.  

2.5 Diffusion 

The self-diffusion coefficient for water, OH
selfD 2 , was 

calculated from the molecular dynamics trajectories at 
300 K using the Einstein relationship: 

2)0()(6 2
ii

OH
self rtrtD −=                                        (4) 

in which )(tri  is the position of the centre of mass of 
the molecule i at time t; the average being taken over 
all molecules in the system.  

3 RESULTS AND DISCUSSION 

3.1 Lattice geometry and structure of TOT layer 

Since several constraints and simplifications have 
been employed for the pyrophyllite lattice, the ability of 
the calculations to reproduce the structural features of 
the bulk pyrophyllite is a critical test of the reliability of 
the surface simulations. Target variables are the 
global minima of the pyrophyllite lattice, determined by 
varying the “a” and “b” lattice parameters at constant 
“c” dimension, and the given ortho-rhombic symmetry 
of the supercell. The results of the calculations are 
compared against experimental data and other ab-
initio simulations in Table 1. The calculated values of 
the “a” and “b” lattice parameters are about 1% 
greater than those observed experimentally. Similar 
discrepancies were reported by Refson et al. [12], 
who performed the calculation with another exchange-
correlation functional, and who allowed for triclinic 
symmetry of the unit cell. The small (positive) 
deviations of the lattice parameters can be attributed 
to the use of GGA exchange-correlation functionals, 
which are known to systematically overestimate the 
bond length and lattice constants of solids [15,16]. 
The calculations of Bickmore et al. [17] are in better 
agreement with experimental data, even though they 
were performed under conditions similar to those of 
Refson et al. [12]. The discrepancies between the two 
predictions might be due to the different strategies 
adapted for generating the pseudo-potentials.  
The calculated inter-atomic distances are in good 
agreement with the experimental data of Lee at al. 
[18], with an average (positive) deviation of 0.02-
0.03 Å. Similarly, the fully relaxed optimization 
reported by Refson et al. [12], slightly overpredicts the 
experimental data. In contrast, the calculations of 
Bickmore et al. [17] predict on average Si-O and Al-O 
bonds about 0.01 too low. 
The deviation of the calculated bond lengths is a 
direct consequence of the mismatch in the lattice 
parameters, which can be attributed to the systematic 
error in calculating the core radius in the pseudo-
potential. Comparison of the bond angles usually 
provides a more stringent test of the reliability of the 
calculations. 
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Table 1: A comparison of experimentally determined 
lattice parameters for pyrophyllite and 
theoretically calculated lattice constants at 
zero pressure; lattice geometry was fixed 
(ortho-rhombic symmetry). The “c” 
dimension was constrained at 12.0 Å. The 
values in brackets give the deviation of the 
theoretical values from the data of Lee and 
Guggenheim [18]. 

 a/b/c α/β/γ 
Lee and Guggenheim 
(1981) 

 5.160 
 8.966 
 9.347 

  91.18(4) 
100.46(4) 
  89.64(3) 

MacKenzie et al. 
(1985) 

5.20 
9.15 
9.45 

92.0 
 98.83 
89.0 

Refson et al. (2003)*  5.218 
 9.079 
10.001 

 90.49 
101.73 
 89.69 

Bickmore, et al (2003)    5.1488 
   8.9979 
   9.8409 

 91.20 
100.74 
 89.66 

This work 5.219 (1.1 %) 
9.033 (0.7 %) 

12.0 

90 
90 
90 

* Data reported correspond to the GeOpt 2 calculation [12].  

Various structural characteristics of tetrahedral and 
octahedral distortion in the TOT layer of pyrophyllite 
(see [12] for details) are compared in Table 2. Our 
calculations are in excellent agreement with the 
experimental data and sophisticated ab-initio 
calculations of Refson et al. [25]. The results show 
that the structural parameters of the pyrophyllite can 
be reproduced using the constrained ortho-rhombic 
supercell approach. This leads to increased 
confidence in the use of the method in future 
calculations.  

Table 2: Structural distortion of the TOT layer in 
pyrophyllite (see [12] for definitions). 

 This 
Work 

Refson et 
al. (2003) 

Lee & 
Guggenheim 

(1981) 

Trot [deg] 10.17 10.07 10.2 

AO [Å] 3.038 3.04 3.00 

Td  [Å] 2.186 2.18 2.153 

ψ [deg] 57.08 56.72 57.1 

Oh [Å] 2.105 2.126 2.08 

TTilt [deg] 6.58 6.7 7.0 

OH∠  
out of plane 

25.33 25.43  

3.2 Electrostatic potential at (001) plane of 
pyrophyllite 

The topology of the electrostatic potential near the 
surface of clay particles is an important guide in 
understanding sorption behaviour of mineral surfaces 
[19]. The electrostatic potential near the (001) surface 
of talc and pyrophyllite has been calculated by Bleam 
[20], based on the classical point-charge model. 
Figure 2, is a contour map of the ab-initio electrostatic 
potential parallel to the (001) surface of pyrophyllite at 
2 Å above the uppermost basal oxygen atoms. The 
topology of the surface potential is mainly determined 
by rotation and tilting of the silicon tetrahedra. The 
surface geometry corresponds to the cm symmetry 
group, with the potential symmetric relative to the 
mirror plane passing thorough the OH dipoles. The 
basal oxygen atoms are split by non-equivalent 
positions. One third of the basal oxygen atoms (Ob3 
sites) are situated on the mirror plane. The Ob3 sites 
are slightly displaced towards the centre of the TOT 
layer. The strong, positive potential produced by 
neighbouring silicon atoms screens the oxygen sites. 
Consequently, the Si-Ob(3)-Si groups form islands of 
positive electrostatic potential. The electrostatic 
potential above the Ob1 and Ob2 sites exhibits 
negative maxima, situated at either side of the mirror 
symmetry plane. The siloxane cavity produces a weak 
negative potential.   

 

Fig. 2: Contour plot of the ab-initio electrostatic 
potential in the plane parallel to the (001) 
surface of pyrophyllite, 2 Å above the 
uppermost basal oxygen atom. Iso-lines are 
drawn through 0.05 eV. The bold line is the 
iso-line of zero potential. Centres of negative 
potential are localized above the Ob1, Ob2 
and OH sites, while the positive part is 
concentrated above the silicon tetrahedra.   

Unlike the (001) surface of talc [20], the averaged 
electrostatic potential at short distances above the 
basal plane of pyrophyllite has a small positive value. 
The difference in sign near pyrophilite and talc 
suggests that the two minerals should exhibit different 
sorption behaviour with respect to the positively and 
negatively charged ions. In particular, pyrophyllite is 
expected to adsorb anions more easily then cations. 
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3.3  Sorption of water on the (001) surface of 
pyrophyllite  

The symmetry of the electrostatic potential near the 
pyrophyllite surface constrains the possible orientation 
of the adsorbed water molecules. In a stable 
configuration, the hydrogen atoms of the water 
molecules would point in the direction of the negative 
surface potential, while the oxygen atoms should be 
situated near the maxima of the positive potential. To 
find an optimal orientation of water near the 
pyrophyllite surface, we have performed a series of 
geometry optimizations with two water molecules per 
unit area (5.219 x 9.033 Å). In the initial configuration, 
the water molecules were oriented parallel to the 
surface, about 2 Å from it. During optimization, water 
molecules were found to move away from the surface 
to a distance of about 2.8 Å, to become oriented in a 
plane almost perpendicular to the surface. One of the 
OH bonds points either to the centre of the siloxane 
cavity, or to one of the surface oxygen sites, Ob1 or 
Ob2. The oxygen atom of the water is situated above 
the surface silicone atoms. The sorption energy of the 
water molecules varies from 1.0 to 2.0 kcal/mol for 
different configurations, which is rather small 
compared with the energy of hydrogen bonding in the 
water. The results suggest that the uncharged basal 
plane of pyrophyllite should be slightly hydrophobic. 
This conclusion is in agreement with the previous 
studies of Bridgeman et al. [21], who predicted a 
positive energy for pyrophyllite swelling. The 
hydrophobic behaviour of the basal plane in 
pyrophyllite has also been observed by Schader and 
Yariv [22], based on wettability measurements of fresh 
pyrophyllite surfaces. Weak interaction of water 
molecules with the basal plane of pyrophyllite may be 
responsible for the faster surface diffusion at the 
liquid-solid interface.  

3.4 Sorption of hydronium on (001) surface of 
pyrophyllite  

In highly compacted systems, the proton sorption 
equilibria may buffer the pH valve of the interlayer 
fluid. It is therefore important to know the proton 
affinity of the mineral surface and the mechanism of 
proton sorption in order to correctly model the 
thermodynamic equilibria of compacted clays. 
According to the electrostatic potential above the 
basal plane of pyrophyllite (Fig. 2), the proton may be 
situated above the Ob1 and Ob2 oxygen sites, or may 
enter the siloxan cavity. In order to obtain an 
equilibrium position, several simulated annealing runs 
and direct geometry optimizations have been 
performed, starting from different initial configurations 
of the hydronium ions.  

Several configurations were found in which the proton 
was shared between the Ob1 or Ob2 sites of the 
surface and the water molecule in the gas phase. In 
the most stable configuration (Fig. 3), the hydronium 
ion is situated parallel to the surface within the 
siloxane cavity, forming three strong hydrogen bonds 
to the oxygen atoms on the surface pyrophyllite. The 
length of the bonds O-H…(Ob1,Ob2) are 1.02/1.65 Å, 

while the O-H…Ob3 bond is longer, 1.01/1.75 Å, 
suggesting that Ob1 and Ob2 are more strongly 
bonded to the hydronium ion than the Ob3 site. 

 
Fig. 3: Most stable configuration of the hydronium 

complex on the basal plane of pyrophyllite. 
Only the uppermost tetrahedral layer is 
shown. Thin lines indicate hydrogen bonds. 

These data are in agreement with the distribution of 
the electrostatic potential (Fig. 2), which predicts a 
slightly positive potential above the Ob3 site. The 
structure was found to be stable during the 5 ps MD 
run. The strong sorption of the proton in the siloxane 
cavity, and its stability during the MD simulation, 
indicates that hydronium can form inner-sphere 
complexes on the basal plane of pyrophyllite. The 
sorption will be even stronger for other clays with 
negatively charged TOT layers. It should be 
remembered, however, that the fluid environment 
above the basal plane has not been modelled 
realistically, and this could have a significant influence 
on the sorption mechanism of the hydronium ions.  

3.5 Structure of edge sites and surface energy 

According to basic crystallographic principles, the 
most common facets are represented by the 
crystallographic planes with maximum atomic density 
[23]. The most probable lateral facets of clay particles 
are indicated in Fig. 4. The available, in-situ studies of 
clay particle morphology by atomic force microscopy 
report preferential stability of the (010), (110) and 
(-110) facets [3]; the (100) and (130) forms were 
found to occur rarely. 

(-130)

(110)

(010)

(100)

(-110)

(130)

 
Fig. 4: Crystallographic direction of possible edge 

facets in the structure of pyrophyllite; the Si-
tetrahedra are shown in light grey, and the Al-
octahedra in dark-grey. A unit cell is indicated 
by the black rectangle. The small spheres, 
shared between the edges of the octahedral, 
indicate the positions of the OH groups.  
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In order to understand the influence of water sorption 
on surface stability, the surface energy of the lateral 
facets in pyrophyllite for different water coverage have 
been calculated. Results are summarized in Table 3.  

By formation of lateral surfaces, some Si-O and Al-O 
bonds are broken. Such a distorted configuration is 
unfavourable in terms of energy. The stabilization of 
the structure is achieved by saturation of the dangling 
Si-O and Al-O bonds with protons, as well as the 
coordination of the Si and Al groups with the OH- 
complexes. The minimum number of water molecules 
required to saturate dangling bonds is two H2O 
molecules per unit surface area. After bond saturation, 
all surface Si atoms are four-coordinated, and the 
surface Al sites are five-coordinated. The energies of 
such configurations at different facets are listed in the 
second column of Table 3. The surface energies are 
the same within the accuracy of the calculations.  

The next two water molecules (per unit area) are 
absorbed at Al sites, to complete an octahedral 
coordination shell of the surface Al polyhedra. The 
(100), (110) and (-110) facets turned out to be more 
stable than the (010), (130) and (-130) facets (see 
third and fourth column, in Table 3). The apparent 
dependence of the surface energy on the surface 
coverage indicates that the morphology of the 
particles can change under different thermodynamic 
conditions and fluid composition. On the other hand, 
the static calculations, using Eq. 1 neglect the entropic 
contributions to the surface energy, which would be 
different for different facets.     

Table 3: Surface energies calculated assuming 12 Å 
spacing in the “c” direction. Two water 
molecules per unit area are required to 
compensate the dangling Si-O and Al-O 
bonds. 

 Unit 
Area  
[nm2] 

Esurf×2H2O 

[meV/ Å2] 

Esurf×4H2O 

[meV/ Å2] 

∆HH2O
sorb 

[kcal mol-
1] 

(010) 1.25 11.8 5.4 -9.3 

(100) 1.08 13.0 1.9 -13.8 

(-110) 
(110) 1.25 12.2 1.6 -13.9 

(130) 
(-130) 

1.08 12.2 5.7 -8.1 

3.6 Surface site reactivity 

In order to estimate the reactivity of the edge sites of 
pyrophyllite, the Fukui indices and partial atomic 
charge [24] on superficial oxygen atoms have been 
calculated. Typical Fukui functions are shown in Fig. 5 
for the optimized (010) surface of pyrophyllite. The 
maxima of the )(rf −  are localized near the ≡Al-OH 

sites, indicating that the protonation of the (010) 
surface should take place according to the reaction:  

≡Al-OH  + H+
solv  → ≡Al-OH2  

In contrast, the density of the )(rf +  is a maximum 
near the ≡Al-OH, ≡Al-OH2 and ≡Si-OH groups, 
indicating that any of these complexes can be de-
protonated.  

 
Fig. 5: Fragments of the optimized (010) surfaces of 

pyrophyllite. Fukui functions are shown as a 
series of iso-density plots. Maxima of )(rf −  
are localized near ≡Al-OH sites. The maxima 
of ( )f r+  are situated at the oxygen atoms of 
the ≡Al-OH, ≡Al-OH2 and ≡Si-OH complexes. 

Graphical representation of the Fukui functions 
provides a good visualisation of the reactive sites. In 
order to obtain a quantitative estimate of the surface 
group reactivity, the three-dimensional density, )(rf , 
should be partitioned between reactive sites (for 
example, using condensed Fukui functions, [25]). 
Numerical values for the condensed Fukui functions at 
surface sites, together with the site density, are given 
in Table 4. The highest values of −f indicate that the 
≡Al-OH groups are the ones most easily protonated 
on the (010), (130) and (-130) facets. The ≡Al-O-Si≡ 
sites will be protonated on the (100), (130), (110), (-
110) and (-130) surfaces.  
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Table 4: Partial charges (qO) and condensed Fukui 
functions (f) for reactive sites on different 
surfaces of pyrophyllite. Site density is given 
as number of functional groups per nm2.  

 qO 
−f  +f  Site 

Density 

(010) 

Si-OH -0.812 0.006 0.003 1.60 

Si-OH -0.750 0.018 0.003 1.60 

Al-OH -0.736 0.040 0.002 1.60 

Al-OH2 -0.711 0.005 0.004 1.60 

(100) 

Si-OH -0.796 0.021 0.001 1.85 

Si-OH -0.731 0.008 0.002 1.85 

Al-OH2 -0.789 0.002 0.003 1.85 

Al-(OH)-Al -1.952 0.007 0.003 0.93 

Si-O-Al -1.420 0.028 0.002 1.85 

(110), (-110) 

Si-OH -0.670 0.021 0.001 1.60 

Si-OH -0.960 0.003 0.002 1.60 

Al-OH2 -0.981 0.002 0.004 1.60 

Al-(OH)-Al -2.188 0.016 0.003 1.60 

Si-O-Al -1.487 0.037 0.001 1.60 

(130), (-130) 

Si-OH -0.906 0.009 0.001 0.93 

Si-OH -1.320 0.003 0.004 0.93 

Si-OH -0.715 0.015 0.001 0.93 

Si-OH -0.680 0.012 0.002 0.93 

Al-OH2 -0.894 0.006 0.005 1.85 

Al-OH -1.042 0.032 0.002 1.85 

Si-O-Al -1.355 0.031 0.001 1.85 

Al-(OH)-Al -2.349 0.025 0.003 1.85 

 
Taking into account the very large partial charge of 
the ≡Al-OH-Al≡ groups on the (130) and (-130) 
surfaces, these sites should also be considered as 
potential candidates for protonation. The electrophilic 
indices +f  are more or less equal at all surfaces for 
the various hydrogen-containing surface sites. The 
tendency for +f  to have slightly higher values for the 
≡Al-OH2 groups than for ≡Si-OH and ≡Al-OH suggests 
smaller values of pK for the  ≡Al-OH2 groups.   

3.7 Structure of the water phase near the edge 
sites of pyrophyllite 

The structure of the fluid phase near the interface is 
disturbed by the external field generated by the solid 
phase. Structural changes have an influence on the 
material properties of the fluid, such as the local 
density, the dielectric constant, and the self diffusion 
coefficients. A density profile through the water 
neighbouring the (010) surface of pyrophyllite has 
been collected from the ~6 ps ab-initio molecular 
dynamics trajectory (Fig. 6). The water molecules 
form three distinct molecular layers, with a slightly 
higher density in the centre of the interlayer. The 
border of the liquid-solid interface can be drawn 
through the density minima between the water 
molecules in the fluid phase and those bonded to the 
pyrophyllite surface. The latter coincide with the 
position of the surface-bonded OH groups. 
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Fig. 6: Density profile through the water compacted 
between the (010) facets of pyrophyllite. The 
solid phase on the left and the right side is 
marked by the position of the Al, Si atoms and 
the OH groups. The area occupied by the fluid 
is shadowed in grey. The bold dotted and 
solid lines indicate the density profile of water 
molecules and OH groups, respectively. 
Three distinct layers of water are formed in 
the fluid. The rightmost and the leftmost peaks 
of the H2O profile overlap the positions of the 
OH groups on the edge sites of the 
pyrophyllite. These are water molecules, 
strongly bonded to the surface. 

A small peak in the OH density profile in the fluid 
phase can be recognized in Fig 6. The OHs in the 
fluid originate from the proton transfer reactions on the 
surface of the pyrophyllite (Fig. 7). In a first step, a 
water molecule near the surface dissociates, giving a 
proton to the surface ≡Al-OH group: 

≡Al-OH  + H2Osolv  → ≡Al-OH2
+ + OH-

sol 
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Subsequently, the hydroxyl dissolved in the fluid 
interacts with ≡Si-OH, and the surface donates a 
proton back to the fluid: 

≡Si-OH  + OH-
sol → ≡Si-O- + H2Osolv 

The sum of the two reaction steps results in surface 
proton diffusion: 

≡Al-OH   +  ≡Si-OH    → ≡Al-OH2
+  +  ≡Si-O- 

After a very short time, of a few molecular vibrations, 
the proton is transferred from the ≡Al-OH2 back to the 
≡Si-O group.  

The proton transfer observed in the molecular 
dynamics simulations confirms the predictions made 
based on the analysis of the Fukui functions in 

Section 3.6: namely, that on the (010) facet of 
pyrophyllite, both the ≡Al-OH2 and ≡Si-OH groups can 
be de-protonated, and that the ≡Al-OH sites are 
available for the protonation.  

The near-surface proton diffusion may have important 
consequences on the experimental measurements of 
water diffusion obtained using the QENS technique. 
Since the total bound-atom scattering cross-section 
for H is much larger than that of most other atoms, the 
measured intensity is dominated by the scattering 
from the hydrogen nucleus. Therefore, the signal from 
the diffusing water molecule overlaps that of the 
diffusing protons. Consequently, the proton transfer 
reactions on the edges of the pyrophyllite may need to 
be taken into account when extracting diffusion 
coefficients of water from the QENS measurements. 

 

 

Fig. 7: Diffusive transport of protons on the (010) edge of pyrophyllite by ab-initio molecular dynamics simulations 
at 300 K. The surface diffusion is processed through the sorbtion/desorbtion of protons to the solution at 
the fluid-edge interface. From left to the right: (a) pyrophyllite surface with ≡Al-OH and ≡Si-OH groups; (b) 
dissociation of the water molecule in the solution, and proton sorption on the ≡Al-OH site; (c) formation of 
the solvated OH group, and the ≡Al-OH2 surface complex; (d) the ≡Si-OH surface complex donates a 
proton to the solvated OH group; (e) the surface consists solely of the ≡Si-O and ≡Al-OH2 complexes. 

3.8 Dynamics of the water in the interlayer 

The self-diffusion coefficient of water confined 
between the (010) facets of pyrophyllite has been 
extracted from the ab-initio molecular dynamics 
trajectories at 300 K using the Einstein relationship 
(Eq. 4). The slope of the mean-square displacement 
curve at large times yields the required diffusion 
coefficient. Comparing the calculated mobility of 
confined water (2.2x10-9 m2/s) with experimental 
values for the bulk fluid (2.4 x10-9 m2/s), the fact that 
the ab-initio simulations with the GGA exchange-
correlation functional are known to systematically 
underestimate the self-diffusion coefficient of water 
[26,27] should be taken into account. The OH

selfD 2  of 
the bulk water predicted by Allesch et al. [27], using a 
simulation technique similar to that used here, is six 
times smaller than the experimental value. Taking into 
account this fact, the findings here should be 
interpreted as an increase of the diffusivity of confined 
water in pyrophyllite compared with the bulk fluid. This 
conclusion is in agreement with recent QENS 
measurements of water diffusion in pyrophyllite and 
kaolinite [29]. Fast self-diffusion of confined water 
indicates that tortuosity plays a dominant role in 

slowing down the diffusion of water in the direction 
perpendicular to the bedding of the clay particles.    
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Fig. 8: Mean-square displacement (MSD) of water 

molecules in the interstitial fluid between (010) 
facets of pyrophyllite. The slope of the MSD 
curve at large t gives the required diffusion 
coefficient. 
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4 CONCLUSIONS 

Molecular modelling provides important insight into 
the mechanisms of fluid-rock interaction at the atomic 
scale. Predicted reactivities, and the structure and 
density of the surface sites are important input 
parameters for accurate thermo-dynamic description 
of fluid equilibria in compacted clay systems. 
Observed proton diffusion on the surface can help to 
explain the unusually fast estimates for water diffusion 
in pyrophyllite and kaolinite obtained from neutron-
scattering experiments [29]. 

The study should be extended to incorporate more 
complex chemistry of the fluid and solid phases. It is 
important in their study of the stability of surface 
complexes to understand the nature of ion sorption, 
surface dissolution, and the effects of cation 
substitutions in the solid. 

ACKNOWLEDGEMENTS 

Simulations have been performed on the IBM-SP4 at 
CSCS, Manno, and thanks are extended to the staff 
there for the support given to this project. Data 
processing and visualization have been carried out 
using the AVS-Express graphics package.  

REFERENCES 

[1] L.R. Van Loon, J.M. Soler, A. Jakob, M.H. 
Bradbury, “Effect of Confining Pressure on the 
Diffusion of HTO, 36Cl- and 125I- in a Layered 
Argillaceous Rock (Opalinus Clay): Diffusion 
Perpendicular to the Fabric”, Applied 
Geochemistry, 18, 1653-1662 (2003). 

[2] B.R. Bickmore, M.F. Hochella, D. Bosbach, L. 
Charlet, “Methods for performing atomic force 
microscopy imaging of clay minerals in aqueous 
solutions”, Clays and Clay Minerals, 47, 573-581 
(1999). 

[3] B.R. Bickmore, D. Bosbach, M.F. Hochella, L. 
Charlet, E. Rufe, “In-situ atomic force microscopy 
study of hectorite and nontronite dissolution: 
Implications for phyllosilicate edge surface 
structures and dissolution mechanisms”, 
American Mineralogist, 86, 411-423, 2001. 

[4] S.V. Churakov, “Ab-initio investigation of crystal 
chemistry and sorption of pyrophyllite: I. Bulk 
structure and crystal chemistry of pyrophyllite 
basal plane”, in preparation (2005a). 

[5] S.V. Churakov, “Ab-initio investigation of sorption 
processes in clay minerals: II. Structure of edge 
sites in pyrophyllite and acid-base reactivity”, in 
preparation, 2005b. 

[6] S.V. Churakov, “Ab-initio investigation of sorption 
processes in clay minerals: III. Molecular 
dynamic study of proton transfer on pyrophyllite-
water interface, in preparation, 2005c. 

[7] P. Hohenberg, W. Kohn, “Inhomogeneous 
Electron Gas”, Physical Review, 136, 864-871 
(1964). 

[8] W. Kohn, L.J. Sham, “Self-consistent equation 
including exchange and correlation effects”, 
Physical Review, 140, A1133-A1138 (1965). 

[9] J.P. Perdew, K. Burke, M. Ernzerhof, 
“Generalized Gradient Approximation Made 
Simple”, Physical Review Letters, 77, 3865-3868 
(1996). 

[10] D. Vanderbilt, “Soft self-consistent pseudo-
potentials in a generalized eigenvalue formalism”, 
Physical Review B, 41, 7892-7895 (1990). 

[11] R. Car, M. Parrinello, “Unified approach for 
molecular dynamics and density-functional 
theory”, Physical Review Letters, 55, 2471-2474 
(1985). 

[12] K. Refson, S.H. Park, G. Sposito, “Ab-Initio 
Computational Crystallography of 2:1 Clay 
Minerals: 1. Pyrophyllite-1Tc”, J. Phys. Chem. B, 
107, 13376-13383 (2003). 

[13]  R.W. Nochney, “Potential calsulation and some 
applications”, Methods in computational Physics, 
9, 136-211 (1970). 

[14] Y. Li, J.N. Evans, “The Fukui Function: A Key 
Concept Linking Frontier Molecular Orbital 
Theory and the Hard-Soft-Acid-Base Principle”, 
Journal of the American Chemical Society, 
117(29), 7756-7759 (1995) 

[15] J.D. Gale, A.L. Rohl, V. Milman, M.C. Warren, 
“An Ab-Initio Study of the Structure and 
Properties of Aluminum Hydroxide: Gibbsite and 
Bayerite”, J. Phys. Chem. B, 105, 10236–10242 
(2001). 

[16] B.B. Karki, L. Stixrude, S.J. Clark, M.C. Warren, 
G.J. Ackland, J. Crain, "Elastic properties of 
orthorombic MgSiO3 perovskite at lower mantle 
pressures", American Mineralogist, 82, 635-638 
(1997). 

[17] B.R. Bickmore, K.M. Rosso, K.L. Nagy, R.T. 
Cygan, C.J. Tadaniers, “Ab initio determination of 
edge surface structures for dioctahedral 2:1 
phyllosilicates: implications for acid-base for 
reactivity”, Clays and Clay Minerals, 51, 359-371 
(2003). 

[18] J.H. Lee, S. Guggenheim, “Single crystal X-Ray 
refinement of pyrophyllite-1Tc”, American 
Mineralogist, 66, 350-357 (1981). 

[19] Y. Aray, M. Marquez, J. Rodríguez, S. Coll, Y. 
Simón-Manso, C. Gonzalez, D.A. Weitz, “Electro-
statics for Exploring the Nature of Water 
Adsorption on the Laponite Sheets’ Surface”, J. 
Phys. Chem. B, 107, 8946-8952 (2003). 

[20] W.F. Bleam, “Electrostatic potential at the basal 
(001) surface of talc and pyrophyllite as related to 
tetrahedral sheet distortions”, Clays and Clay 
Minerals, 38, 522-526 (1990). 



120 

[21] C.H. Bridgeman, A.D. Buckingham, N.T. Skipper, 
M.C. Payne, “Ab-initio total energy study of 
uncharged 2:1 clays and their interaction with 
water”, Molecular Physics, 89, 879-889 (1996). 

[22] M.E. Schader, S. Yariv, “Wettability of clay 
minerals”, Journal of Colloid and Interface 
Science, 136, 85-94 (1990). 

[23] G.N. White, L.W. Zelazny, “Analysis and 
implications of the edge structure of dioctahedral 
phyllosilicates”, Clays and Clay Minerals, 36, 
141-146 (1988). 

[24] S.R. Cox, P.A. Kollman, “An approach to 
computing electrostatic charges for molecules”, J. 
Comp. Chem., 5, 129-145 (1984). 

[25] P. Geerlings, F.D. Proft, W. Langenaeker, 
“Conceptual Density Functional Theory”, 
Chemical Review, 103, 1793-1874 (2003). 

[26] I.F.W. Kuo, C.J. Mundy, M.J. McGrath, J.I. 
Siepmann, J. VandeVondele, M. Sprik, J. Hutter, 
B. Chen, M.L. Klein, F. Mohamed, M. Krack, M. 
Parrinello, “Liquid water from first principles: 
Investigation of different sampling approaches”, J 
Phys Chem., 108 12990-12998 (2004). 

[27] M. Allesch, E. Schwegler, F. Gygi, G.A. Galli, 
“First principles simulation of rigid water”, J. 
Chem. Phys., 120, 5192-5198 (2004). 

[28] F. Gonzalez, F. Jurany, L. Van Loon, T. Gimmi, 
T. Seydel, “Dynamics of confined water in 
compacted clay systems”, Conference Abstract, 
7th Int. Conf. on Quasielastic Neutron Scattering, 
QENS2004, 2004. 

 

 




