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Quantum mechanical geometry optimizations and molecular dynamics simulations were performed of
trichloroethene (TCE) adsorbed on the mineral surfaces in the interlayer space of an idealized nontronite, a
2:1 clay mineral containing structural Fe2+. Density functional procedures were used as implemented in the
ab initio program CASTEP, in fully periodic calculations. Geometry optimization included the atomic positions
of the mineral and the adsorbates within the unit cell, in addition to unit cell lengths and angles, achieving
full optimization of the entire crystal system. In the absence of water, TCE molecules reside flat on the
mineral basal planes and the molecular structure is not significantly different from that of the isolated system.
In the presence of water, geometry optimization leads to a nonplanar structure, with thecis-Cl-CdC-Cl
torsion at 52.5° and a C‚‚‚Cl distance of∼3 Å. The molecular dynamics simulations show that the elongated
C‚‚‚Cl distance has lost the oscillatory properties of a true bond, which are clearly observed for the other
bond distances of TCE, with frequencies of the right order of magnitude. The crystal lattice of the optimized
nontronite with TCE and water in the interlayer space shows the structural features of oxidized nontronite,
even though the starting structure was that of the reduced nontronite. The results make it promising to test
the possibilities of joint computational and experimental techniques in finding the best conditions under which
catalytic processes on clay mineral surfaces will occur.

Introduction

Nontronites are the expandable, dioctahedral clay minerals
in which iron, rather than aluminum, populates the octahedral
sheet. Nontronites serve as environmental redox catalysts in that
their reduction does not cause mineral dissolution or radical
structural change and is apparently fully reversible with respect
to the oxidation state.1-6 The catalytic properties of nontronites
are relied upon for several schemes aimed to reductively
dechlorinate organic contaminants in groundwater aquifers.7-14

Knowledge of the mechanism by which nontronites mediate the
reductive dechlorination of organic contaminants is desirable
because it should allow engineers to optimize conditions that
favor dechlorination reactions. In previous studies, it was found
that different mechanisms apply to compounds which have
different hydrolysis and redox potentials.13,14

For the current paper, we optimized the structure of trichlo-
roethene (TCE) in the interlayer space of an idealized nontronite,
using the quantum mechanical techniques of program CASTEP.15

The study was prompted by our general interest in exploring
the potential of computational techniques to provide information
on chemical reactions on mineral surfaces. For TCE, specifically,
we wanted to determine whether the interactions with the
mineral surface would lead to distortions which can be thought
to lower the activation energy of a dechlorination reaction. The
results are reported below.

Methods

As a starting point for the current study, we used the
approximate structure for oxidized microcrystalline nontronite
Na(AlSi7)Fe4O20(OH)4 that was recently obtained by Manceau
et al.16 The negative charge in the idealized clay lattice, balanced
by Na+, is 117 cmol/kg. We added structural protons (lacking
in the X-ray structure) such that all Fe3+ occupy cis sites,6 and
we fully optimized the electronic structure, atomic positions,
and unit cell vectors using the periodic ab initio program
CASTEP.15

The ultimate goal of quantum mechanical calculations of
minerals is to compute a wave function for the entire crystal.
This can be done approximately through semiempirical means17

and extended Hu¨ckel techniques.18-20 The program CRYSTAL
was developed21-23 for computing more accurate HF/ab initio
crystal wave functions, but applied to various minerals,24-28 the
computational demands were found high.22,24

The natural basis set for a periodic crystal is a Fourier series
of plane waves.29 Program CASTEP employs density functional
theory30 with a generalized gradient approximation15 for the
exchange-correlation energy and a plane-wave basis set to build
the wave functions. The explicit treatment of valence electrons
combined with pseudopotentials15 for the nuclei and core
electrons has been shown to be effective in the study of proton-
transfer catalysis within aluminosilicate zeolite pores.31,32 The
program approximates the calculation for an infinite crystal by
repeating the central unit cell (here, 41-42 atoms) along the
three crystal axes. It is an important aspect of this approach
that the long-range electrostatic environment in periodic systems
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reveals phenomena, which ab initio calculations of isolated
clusters of similar systems will not produce.

From the oxidized nontronite system defined above, a reduced
model nontronite structure was constructed by adding to the
unit cell one more electron and one more Na+ to balance its
charge. A comparison of structures for oxidized6,16and reduced5

nontronites yields a consistent model33 for the stoichiometry of
the reduction process.

In the reduced nontronite system obtained as described above,
for simplicity, all Fe atoms were left in cis sites. This is a highly
idealized structure and different from naturally occurring
reduced nontronites,6 but we accepted it a suitable model for
the exploratory calculations described in this paper. Other
systems, including larger ones if possible, will be considered
in the future. For the current reduced nontronite, the optimization
process was repeated, and a fully optimized structure was
obtained.

All geometry optimizations performed for this study included
the atomic positions of the adsorbates and nontronite within
the experimental unit cell, in addition to the unit cell lengths
and angles, achieving full optimization of the entire crystal
system. The default convergence criteria of CASTEP were
applied; that is, 0.0002 eV for the energy change per atom, 0.001
Å for the rms atomic displacement, and 0.05 eV/Å for the rms
residual force. The 330 eV basis set was used with the gradient
corrected local spin density approximation15 and 19 free spins
for reduced nontronite, assuming high-spin states for all Fe. The
versions of CASTEP included in the Cerius2 software package
were used, issues 3.8 and 4.0, obtained from MSI Corp.34

To study the structure of TCE on nontronite, the layers of
the reduced structure of nontronite, Na2(AlSi7)Fe4O20(OH)4,
were arbitrarily separated to 15 Å, a single molecule of TCE
was introduced, and the entire system was optimized. In a
second case, one molecule of TCE was introduced into the
interlayer space of reduced nontronite together with eight water
molecules. After geometry optimization of this system, it was
subjected to ab initio molecular dynamics (MD) simulations.
The default criteria of Cerius2 for MD simulations34 were
applied, total spin 19, external temperature 298 K, kinetic energy
cutoff 330 eV, time step 0.5 fs, and the NVT dynamic ensemble.
All calculations were performed on an IBM RS/6000 model
260 workstation.

Results and Discussion

Some structural results from the calculations are presented
in Tables 1-4. Views of TCE in the nontronite interlayer space,
with water present and without, are presented in Figures 1 and

2. Results from the quantum dynamics simulations are presented
in Figures 3-9.

(a) Some General Structural Trends. To gain some
experience with the performance of CASTEP in modeling the
structures of clay minerals, geometry optimizations were
performed for some benchmark systems. Results obtained for
pyrophyllite, talc, and kaolinite are presented in Tables 1-3
and compared with the crystal structures. The largest deviations
between calculated and experimental structures (∼0.1-0.2 Å)
are found for the relatively long (∼9 Å) c axis and d001 spacing,
whereas bond lengths within the crystal lattice agree within
∼0.02 Å. Calculated d001 spacings are typically longer than
experimental values (Tables 1-3) which is in agreement with
the fact that long-range dispersion forces are absent in the
density functional calculations.

The model oxidized nontronite that we created, of unit cell
formula Na(AlSi7)Fe4O20(OH)4, is an idealized ferric end-
member for the nontronites, yet it is quite close in composition
to the well-studied Garfield nontronite, which has the formula
Na1.07(Al0.98Si7.02)(Fe3.72Al0.23Mg0.03)O20(OH)4.35 There is some
uncertainty in this formula, with various studies reporting
0.78-1.16 tetrahedral charges per unit cell.6,16,36-40 The layer
charge is almost completely due to tetrahedral Al. A detailed
crystal structure refinement16 is available. It is compared with
the CASTEP computational results in Table 4. Again, the differ-
ences between computed and experimental structures are largest

TABLE 1: Ab Initio Structure of Pyrophyllite Compared
with the Crystal Structure

mineral parameter CASTEPa experimentb

a axis length 5.136 5.160
b axis length 8.957 8.966
c axis length 9.511 9.347
R cell angle 90.70 91.18
â cell angle 100.09 100.46
γ cell angle 89.61 89.64
layer d spacingc 9.363 9.190
density (g cm-3) 2.778 2.815
Al-O bond length 1.899( 0.023 1.912( 0.017
Si-O bond length 1.597( 0.010 1.617( 0.011
O-H bond length 0.959 0.971

a The program CASTEP was used15 with the 330 eV basis set and
GGA theory. Distances are in angstroms, and angles are in degrees.
b Crystallographic data from Lee and Guggenheim.43 c Defined as the
crystallographic repeat distance normal to theab plane.

TABLE 2: Ab Initio Structure of Talc Compared with the
Crystal Structure

mineral parameter CASTEPa experimentb

a axis length 5.293 5.291
b axis length 5.299 5.290
c axis length 9.607 9.460
R cell angle 98.76 98.68
â cell angle 85.15 85.27
γ cell angle 120.02 119.90
layer d spacingc 9.494 9.351
density (g cm-3) 2.731 2.776
Mg-O bond length 2.095( 0.020 2.072( 0.018
Si-O bond length 1.610( 0.007 1.622( 0.002
O-H bond length 0.961 0.846

a The program CASTEP was used15 with the 330 eV basis set and
GGA theory. Distances are in angstroms, and angles are in degrees.
b Crystall structure by Perdikatsis and Burzlaff.44 The talc H-atom
positions were estimated.c Defined as the crystallographic repeat
distance normal to theab plane.

TABLE 3: Ab Initio Structure of Kaolinite Compared with
the Crystal Structure

mineral parameter CASTEPa experimentb

a axis length 5.150 5.154
b axis length 8.942 8.942
c axis length 7.492 7.391
R cell angle 91.52 91.93
â cell angle 104.70 105.05
γ cell angle 89.88 89.80
layer d spacingc 7.244 7.131
density (g cm-3) 2.570 2.608
Al-O bond length 1.895( 0.073 1.908( 0.019
Si-O bond length 1.600( 0.010 1.615( 0.004
O-H bond length 0.961( 0.002 0.978( 0.004

a The program CASTEP was used15 with the 330 eV basis set and
GGA theory. Distances are in angstroms, and angles are in degrees.
b Crystal structure by Bish.45 c Defined as the crystallographic repeat
distance normal to theab plane. This value is reported in lieu of thec
axis length because relative translations of adjacent lamellae during
molecular dynamics will often result in distorted values forc, even
though the d spacing remains essentially constant.
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for thec axis and d001 spacing. The average Fe-O bond length
in the modeled structure of the oxidized nontronite agrees
well with the observed value of 2.01 Å,6 with a range of
1.95-2.08 Å.

The CASTEP minimum-energy geometry for the reduced
nontronite has a longerb axis and longer Fe-O bonds than the
oxidized model (Table 4). Experimentally,5,6 full reduction (i.e.,
four electrons per unit cell) of the Garfield nontronite results in
an expansion of theb axis from 9.14 to 9.21 Å. In the present
calculations, only a single electron was added to the four-Fe
unit cell. Accordingly, the computed increase in theb axis is
smaller, i.e., 0.044 Å (Table 4). In contrast to the experimental
results, the computeda axis did not shrink upon reduction of
the structural Fe. The average computed Fe-O bond length for
the singly reduced nontronite is 0.03 Å larger than in the
oxidized form, which should be compared to an increase of
∼0.09 Å for the quadruply reduced experimental crystal. In
addition, the standard deviation of the computed bond lengths
increases upon reduction, in agreement with experimental
observations that Fe-O distances become more structured upon

reduction.5 Experimental estimates for Fe(II)-O in fully reduced
clays show a characteristic bond length of 2.10 Å.5 Interestingly,
in the current study, the average of the six longest Fe-O bonds
(of the 24 unique Fe-O bonds) is indeed 2.103 Å.

In both nontronite models, the CASTEP calculations indi-
cate that the unhydrated Na+ ions do not reside at the mid-
plane of the interlayer space. In the oxidized model, the Na+ is
shifted 0.41 Å toward the side of the interlayer in which Al
has substituted for Si in a tetrahedral site. In the reduced
model, the two Na+ are shifted 0.57( 0.01 Å toward the same
side.

TABLE 4: Ab Initio Structures (Distances in Angstroms, Angles in Degrees) of Oxidized and Reduced Nontronite Compared
with Crystal Structure Refinements

mineral parameter
oxidized

CASTEP modela oxidized exptb
reduced

CASTEP modelc reduced exptd
with TCE,

H2O in interlayere

a axis length 5.279 5.277 5.279 5.21 5.255
b axis length 9.114 9.140 9.158 9.21 9.132
c axis length 10.056 9.780 10.057 ∼9.91 20.287
R cell angle 90.57 90.00 88.76 ∼90 89.27
â cell angle 100.58 101.00 99.81 ∼101 100.33
γ cell angle 90.03 90.00 89.95 ∼90 90.00
layer d spacingf 9.885 9.600 9.908 9.732 19.957
density (g cm-3) 2.996 3.077 3.054 ∼3.13 2.005
Fe-O bond length 2.014( 0.030 2.013( 0.032 2.045( 0.044 2.10 2.014( 0.029
Si-O bond length 1.606( 0.011 1.645( 0.013b 1.612( 0.020 1.605( 0.013
Al-O bond length 1.711( 0.017 b 1.722( 0.012 1.706( 0.017
O-H bond length 0.968( 0.003 1.000b 0.968( 0.001 0.970( 0.004
Na‚‚‚O distances 3.166( 0.511 3.031( 0.199 3.162( 0.356

a Program CASTEP was used15 with the 330 eV basis set and GGS theory with 20 unpaired spins.b Manceau et al.6 Hydrogen positions were
not solved in the experimental structure, so they were added for the present study. The refined tetrahedral bond lengths are weighted averages of
Si-O and Al-O. The experimentalc axis length was adjusted to 9.78 Å and is not an experimental observable. For this reason, the precision on
Na-to-basal-oxygen distances is low for the experimental structure.c Program CASTEP,15 330 eV basis set, GGS theory, 19 unpaired spins.d

Manceau et al.5 Only a, b, d001, and the Fe-O distance were reported.e Program CASTEP,15 330 eV basis set, GGS theory, 19 unpaired spins.
f Defined as the crystallographic repeat distance normal to theab plane.

Figure 1. Optimized structure of nontronite with trichloroethene in
the interlayer space; in the presence of water (left) and without water
(right). In the dry system (right), TCE is adsorbed flat and without
change on the mineral basal plane. When the same system is optimized
with water in the interlayer space (left), geometry optimization leads
to a structure in which Cl has dissociated from TCE. The Cl atom is
at a distance of 3.3 Å to the C atom from which it dissociated and
forms an H bond to a water molecule at 2.19 Å. The dissociated C
atom also forms an H bond with water, at 2.05 Å.

Figure 2. Enlarged view of the optimized structure of nontronite with
trichloroethene and eight water molecules in the interlayer space. Note
the nonplanarity of trichloroethene and the visibly elongated C*-Cl*
distance at the H-C-Cl end of the molecule.
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A structural difference between the oxidized and reduced
forms of notronite is of specific interest for the discussion below.
It concerns the optimized angles formed by the four unique
structural O-H bonds with the octahedral plane. They are 21°,
4°, 2°, and 1°, in the minimum-energy structure of the oxidized

nontronite, with the two largest angles belonging to the
hydroxyls closest to the Al substitution site. In the CASTEP
minimum-energy geometry for the reduced nontronite, the O-H
vectors are essentially parallel to the octahedral plane with
angles of 1°, 6°, 1°, and 2° (same ordering as for the oxidized
nontronite), so they have relaxed by up to 20° compared to the
oxidized nontronite.

(b) Some Selected Structural Aspects of Trichloroethene
in the Nontronite Interlayer Space.When the TCE/nontronite
system is optimized in the absence of water, a structure results
in which the molecule resides flat on the mineral basal plane
(Figure 1). That kind of interaction is characteristic for the
adsorption of organic compounds on clay mineral surfaces. It
has been found before41 in empirical molecular dynamics
simulations of TCE on pyrophyllite and kaolinte, and it has been
observed for the adsorption of methylene blue42 on mineral
surfaces, and the same configuration is being obtained in
ongoing studies in our group of the interactions of various
pesticides with clay minerals.

In the absence of water (Figure 1), the molecular structure
of adsorbed TCE is not distinguished by any unusual features,
compared to free TCE. Bond distances and angles are in the
expected ranges: the C-Cl bond lengths, specifically, are∼1.70
Å, and the molecule is essentially planar; thecis-Cl-CdC-Cl
torsion is 1.3°. In contrast (Figure 2), when the geometry of
the TCE/nontronite system is optimized in the presence of water

Figure 3. Evolution of the C-H bond distance in trichloroethene on
nontronite with water, during molecular dynamics. The absicissa is the
time axis and scaled in picoseconds. The ordinate is the distance axis
and scaled in angstroms.

Figure 4. Evolution of the CdC bond distance in trichloroethene on
nontronite with water, during molecular dynamics. The abscissa is the
time axis and scaled in picoseconds. The ordinate is the distance axis
and scaled in angstroms.

Figure 5. Evolution of the two C-Cl bond distances at the Cl-C-
Cl end of trichloroethene on nontronite with water, during molecular
dynamics. The abscissa is the time axis and scaled in picoseconds. The
ordinate is the distance axis and scaled in angstroms.

Figure 6. Evolution of the C*-Cl* distance at the H-C-Cl end of
trichloroethene on nontronite with water, during molecular dynamics.
The abscissa is the time axis and scaled in picoseconds. The ordinate
is the distance axis and scaled in angstroms.

Figure 7. Evolution of the Cl*-out-of-plane angle at the H-C-Cl
end of trichloroethene on nontronite with water, during molecular
dynamics. The abscissa is the time axis and scaled in picoseconds. The
ordinate is the angle axis and scaled in degrees.

Figure 8. Evolution of the O‚‚‚Na nonbonded distances in the
trichloroethene/nontronite/water system, during molecular dynamics.
The abscissa is the time axis and scaled in picoseconds. The ordinate
is the distance axis and scaled in angstroms.

Figure 9. Evolution of the (H2O)H‚‚‚Cl* nonbonded distances in the
trichloroethene/nontronite/water system, during molecular dynamics.
The abscissa is the time axis and scaled by step number. The ordinate
is the distance axis and scaled in angstroms.
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in the interlayer space, thecis-Cl-CdC-Cl torsion changes
to 52.5°, and the C-Cl bond at the H-C-Cl end of TCE
(henceforth referred to as C*-Cl*) seems to have been broken,
because it has increased to∼3 Å. The participation of water
for this result seems essential, considering that the C*-Cl*
bond elongation is not found for the dry system (Figure 1)
and the fact that there are close nonbonded H‚‚‚Cl* and
H‚‚‚C* interactions with water at 2.19 and 2.05 Å, respec-
tively (Figure 1).

There is a variety of circumstantial evidence indicating that
the clay, which began the simulation with the reduced structure,
has become oxidized by the addition of TCE with water and
the subsequent geometry optimization of the entire system: The
resulting structure of the clay is closer to the oxidized structure
than the one reduced (Table 4). First, the mean Fe-O bond
length is 2.01 Å, which is characteristic of the oxidized structure,
and there is no Fe-O bond longer than 2.05 Å. Also, the Si-O
and Al-O bond lengths are shorter than their counterparts in
the reduced model, more nearly matching those in the oxidized
model. Finally, the structural O-H vectors relaxed from their
essentially parallel arrangement with respect to the octahedral
plane in the starting structure, back to angles of 26°, 5°, 3°,
and 1°, which is characteristic for the oxidized clay structure
rather than the reduced as shown above.

(c) Some Selected Results of the Molecular Dynamics
Simulations. The idealized nature of our system has been
emphasized above. For that system, nevertheless, the structural
changes are clear. It is possible that the starting geometry of
TCE on nontronite, with the placement of surrounding water,
was fortuitously high in energy, so that the system was able to
overcome the barrier to C-Cl dissociation, which can in
principle be small for TCE in the interlayer space. Nevertheless,
to make sure that the optimized system was not a false energy
minimum, the optimized TCE/water/nontronite system was
subjected to additional molecular dynamics simulations. Because
of the length of the calculations, the dynamics simulations were
restricted to some 400 steps, or∼0.2 ps. As it turns out, the
results are sufficient to support the conclusions of this study.

The evolution of interatomic distances in the TCE/water/
nontronite system during molecular dynamics is documented
in Figures 3-9. The figures show the oscillations characteristic
for bonded distances, with frequencies of∼3240 cm-1 for
H-C (Figure 3),∼1680 cm-1 for CdC (Figure 4), and∼780
and ∼690 cm-1 for the two C-Cl bonds (Figure 5) at the
Cl-C-Cl end of TCE. In addition, the distance evolution is
shown for C*-Cl* (Figure 6), the Cl* out-of-plane motion
(Figure 7), and various low-frequency oscillations are seen for
the shallow potential energy curves of nonbonded distances,
such as O‚‚‚Na and H-Cl* (Figures 8 and 9). High-frequency
oscillations such as those of H-C and CdC are enveloped with
the effects of low-frequency oscillations. Thus, the oscillatory
motion displayed in Figures 3-9 are not normal modes but the
sum total of the effects of all the normal modes of the system
on a given internuclear distance.

Comparison of the two C-Cl and the C*-Cl* oscillations
(Figures 5 and 6) show characteristic differences. Although the
former display the periodic behavior typical for bonds, the
C*-Cl* distance increases steadily from∼ 3 to 4 Å over the
period of investigation, showing nothing but the soft oscillations
of a shallow potential. It is also interesting to note that, initially,
the Cl* out of plane motion followed a definite oscillatory
pattern (Figure 7) until, at∼0.1 ps, a transition occurs to a
different kind of motion. At about the same time, the two C-Cl
bonds at the Cl-C-Cl end of TCE go out of phase, after

initially moving in phase for∼0.1 ps. Thus, trajectories of this
kind provide an interesting illustration on internal vibrational
interactions.

It is also interesting to consider the nonbonded interactions,
such as O‚‚‚Na and H‚‚‚Cl*. They show that the entire cell is
a network of shallow potential energy interactions and con-
comitant low-frequency oscillations.

Conclusions

From the material presented above, the idealized nature of
the TCE/water/nontronite model system investigated here is
obvious. Similarly, the idealized nature of the calculations is
apparent from the many simplifying assumptions adopted for
them. Nevertheless, even for an idealized system, the results
are highly unusual. At the same time, the internal consistency
of the calculated structural trends and the generally good
agreement between X-ray crystallographic structures and cal-
culated geometries (see Tables 1-4) convey the impression that
our model system is not unrealistic.

It is well-known46 that, under certain conditions, density
functional theory may incorrectly predict no barrier for low-
barrier chemical reactions. In the current case, this imperfection
revealed what seems to be a characteristic aspect of the
decomposition of TCE on nontronites; that is, the reductive
dechlorination of TCE occurs more readily when water is present
than when it is not. Thus, apart from TCE and its potential fate
on nontronite, the results of this study make it interesting to
investigate to what extent computational techniques can be used
in cooperation with laboratory techniques in helping to optimize
the experimental conditions under which particular catalytic
reactions are most likely to proceed.
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