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Abstract

Atomic models involving the dehydroxylation process of dioctahedral phyllosilicates without interlayer charge were used
to calculate energies and explore the reaction paths of the possible mechanisms of this reaction at a quantum mechanical level.
The geometrical features and electronic structure of a molecular cluster model of two edge-sharing octahedrally coordinated
cations coupled to a ring of six silicate tetrahedra was evaluated by ab initio molecular orbital calculations with Hartree–Fock
approximation. Two dehydroxylation mechanisms are considered. One mechanism involves two contiguous hydroxyl that are
on an octahedron shared edge that joins a pair of octahedral cations. The other model considered involves OH loss from
across an octahedral vacant. The substitution effect of Al3+ by Fe3+ in the octahedral sheet on the activation energy and struc-
tural transformations is compared by minimization of the critical points of the Potential Energy Surface (PES) for the reac-
tant, transition state and product along the reaction path of the dehydroxylation process. The calculated energy differences
and vibration frequencies are according to previous experimental results. The dehydroxylation mechanism involving OH
across the octahedral hole, is less energetically favorable and is endothermic.
� 2008 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

The dehydroxylation of dioctahedral 2:1 phyllosilicates to
the dehydroxylate derivative occurs over a broad range of
temperature from 350 to 800 �C (Heller et al., 1962; Koster
van Groos and Guggenheim, 1987; Drits et al., 1995).
Dehydroxylation involves the formation and eventual elimi-
nation of one H2O molecule per half unit cell from hydroxyl
groups in the structure. Two possible dehydroxylation mech-
anisms have been proposed: one mechanism involves two
adjacent (cis) hydroxyl groups on a shared edge between a
pair of octahedral cations (Guggenheim et al., 1987) and an-

other mechanism involves (trans) hydroxyl groups across the
vacant octahedral site (Malhotra and Ogloza, 1989). Previ-
ous studies involving Nuclear Magnetic Resonance (NMR)
(Fitzgerald et al., 1996), powder X-ray diffraction (XRD)
(Wardle and Brindley, 1972), and infrared spectroscopy
(Wang et al., 2002) of pyrophyllite and its dehydroxylate
showed that the pyrophyllite dehydroxylate consists of five-
coordinated, distorted, trigonal bipyramidal AlO5 units in
the former octahedral sheet, sandwiched between two dis-
torted but intact tetrahedral SiO4 sheets. A similar dehydr-
oxylate structure occurs for muscovite (Udagawa et al.,
1974). After H2O molecule formation, a residual oxygen joins
the two penta-coordinated Al atoms. Thermogravimetric
studies of this reaction detected that the release of H2O occurs
in a two-step process (Guggenheim et al., 1987). Infrared
spectroscopic studies of this process in pyrophyllite between
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200 and 1500 �C revealed the formation of a structure inter-
mediate during dehydroxylation with a new OH species
exhibiting spectra at 3690 and 3702 cm�1, but no structure
was proposed (Wang et al., 2002). Previous rehydroxylation
studies suggested that an intermediate should be formed dur-
ing rehydroxylation of the dehydroxylate pyrophyllite, but
no structure was proposed (Heller et al., 1962). Recently,
Sainz-Dı́az et al. (2004) found evidence for a semi-dehydroxy-
late derivative as an intermediate of this process by using
quantum mechanical calculations with a good agreement
with the spectroscopic studies of Wang et al. (2002). The com-
plexity of the phyllosilicate samples, with low symmetry, het-
erogeneous chemical composition and high disorder-degree
makes difficult to determine experimentally the different ele-
mentary steps and mechanisms of this process that have been
reported. This can justify discrepancies in activation energy
determination and mechanism proposals found in the litera-
ture (Gualtieri and Ferrari, 2006). One purpose of the present
work is to study the mechanism and reaction path of the
dehydroxylation process of dioctahedral trans-vacant
phyllosilicates at the atomic scale.

On dehydroxylation of dioctahedral phyllosilicates, the
main factor affecting the thermal stability of the octahedral
sheet is the Al–OH bond strength (Guggenheim et al., 1987;
Koster van Groos and Guggenheim, 1987). After the forma-
tion and release of the first H2O, the remaining hydroxyl
groups are bound more strongly to the cations, owing to
the effect of the residual oxygen, which is undersaturated with
respect to positive charge. Therefore, higher temperature is
required for further H2O release until complete dehydroxyla-
tion. Thus, the composition of the octahedral sheet also
affects the thermal stability of the mineral. Infrared spectros-
copy has shown that dehydroxylation is favoured when Mg
and Fe octahedral cations are present (Heller-Kallai and
Rozenson, 1980; Bray and Redfern, 2000) following the
thermal stability sequence: Al–OH–Al > Al–OH–Mg >
Fe–OH–Al > Fe–OH–Mg > Fe–OH–Fe.

Recently, Density Functional Theory (DFT) based cal-
culations have been applied to the study of structural prop-
erties in phyllosilicates (Rosso et al., 2001; Sainz-Dı́az et al.,
2002, 2005; Botella et al., 2004; Hernández-Laguna et al.,
2006) and dehydroxylation processes ( Sainz-Dı́az et al.,
2004; Stackhouse et al., 2004) by using periodic crystal
models. However, some points are still unclear, such as,
the reaction paths, transition states and activation energy
of dehydroxylation process. For studying these points
theoretically at high level the use of clusters or molecular
models can be useful. This approach is especially useful
to study properties and reactions where local atomic
environment is sufficient to describe the experimental
phenomenon. Dehydroxylation of dioctahedral phyllosilicates
involves the reactivity of the hydroxyl groups and can be
considered as a phenomenon that is strongly dependent
on a local atomic environment. Thus, with the choice of a
correct cluster model, a good approximation can be made
to describe the process. This approach allows determine
the critical points of the Potential Energy Surface (PES)
for the reaction path, including the transition states and
then the reaction energy barrier can be determined. The
transition state searching procedure has been widely used

in molecules (Frisch et al., 1998). Since the cluster models
are used as molecules, this transition state searching proce-
dure is easily applied for clusters, whereas this procedure is
more difficult to apply in periodic models.

Previous quantum mechanical studies on clusters or
molecular models of silicates have been reported (Sauer et
al., 1994; Lasaga, 1995), especially for the study of the
OH properties in phyllosilicates (Kubicki and Apitz, 1998;
Chatterjee et al., 2000; Sainz-Dı́az et al., 2000; Timón et
al., 2003), validating the utility of this approach. Here, we
apply a similar methodology to the study of the dehydroxy-
lation mechanism of dioctahedral phyllosilicates by finding
an activation energy close to the experimental value. We
also show the effect of cation substitution on reactivity.
This paper summarizes the models of the structural trans-
formation in dehydroxylation reaction, compares the ener-
getics of the reaction depending on the octahedral
composition, and provides a theoretical vibrational analysis
of the possible models.

2. MODELS AND METHODS

The cluster model was selected to obtain the smallest
local meaningful model. This model includes two octahe-
dral cations with nearest-neighbor oxygen atoms so that
two OH groups reside on a shared edge (Fig. 1). This cluster

Fig. 1. Molecular cluster models Si6Al2H16O22(OH)2 (a) and
Si6Al6H20O38(OH)2 (b). Si, Al, O and H atoms are represented
by gray, dark gray, black and white colors, respectively.
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was generated from the data of Wardle and Brindley (1972)
for pyrophyllite [unit cell: Si8 Al4 O20 (OH)4] by cutting a
cluster of two complete octahedra, [Al2 O8 (OH)2]12�, and
a ring of six SiO4 tetrahedra. The dangling bonds were neu-
tralized with hydrogen atoms (Al2Si6O24H18) (Fig. 1a).
Thus, four terminal OH groups are formed within the same
(M–OH–M0) plane and four terminal OH2 groups are
formed in association with the octahedral positions. This
model is believed to contain the most relevant atoms to
study the mechanism of the dehydroxylation in these min-
erals. This cluster was previously generated and optimized
(Timón et al., 2003), and is superior and more realistic than
smaller clusters simulating clays (Chatterjee et al., 2000;
Sainz-Dı́az et al., 2000), although it requires greater compu-
tational effort. The octahedral aluminum pair of this cluster
model is substituted by one Fe3+ or by two Fe3+, for deter-
mining the effect of substitutions of Fe3+.

We use the Hartree–Fock (HF) approximation imple-
mented in the Gaussian 98 (Frisch et al., 1998) program
package. Dunning–Huzinaga full double zeta basis set
(D95) including pseudopotentials and polarization functions
(LANL2DZ) was used (Wadt and Hay, 1985). This approx-
imation yielded good results of the effect of cation substitu-
tion on OH vibrational properties for similar clusters
(Sainz-Dı́az et al., 2000; Timón et al., 2003). Preliminary
calculations with hybrid HF/DFT functionals yielded a
significant deformation of the model that increased the
difficulty of the study of this reaction. Nevertheless, we will
perform comparative analysis between reactant and
products and the electronic correlation effect will be
minimized. All clusters were optimised by the Berny method
(Schlegel, 1982). To study the reaction mechanisms and the
effect of cation substitutions in octahedral sites, only the
octahedral sheet was fully optimized whereas the tetrahedral
sheet was fixed. The latter was not optimized because of its
supposedly negligible contribution to the energy variations
on the potential energy surface. In preliminary calculations,
we tried to optimize this tetrahedral ring obtaining many
local minima and the ring was partly deformed, because
one part of this ring is not completed with the octahedra
for maintaining the planarity of the ring as in phyllosilicates.
Nevertheless, we tested to relax the whole ring with
redundant coordinates during the optimization of the whole
cluster and no improvement was observed, whereas the
computational effort increased a lot and convergence
problems appeared. We have to take into account that these
clusters models are not real molecules, but models that
represent fragments of solids where dangling bonds have
been closed with hydrogen, resulting in some cases even
water molecules close to the octahedral sheet model. The
transition states were searching with the saddle point
optimization procedure taking into account the eigenvelues
of Hessian. The critical points of the PES along the reaction
path were computed to obtain the default minimal forces
threshold. For each critical point of the PES, the vibrational
frequencies and Hessian eigenvalues were calculated;
transition states were characterized to obtain the imaginary
frequency. The Zero-point Energy (ZPE) was considered
for all cases. No effect of the temperature is included, then
our calculations will be static at 0 K.

We also studied different spin states for the Fe3+ models.
Thus, we fixed several values of the spin multiplicity by
comparing the relative energies of the optimized structures.
For the Fe3+Fe3+ cluster, the triplet state was more stable
than the singlet one. Thus, we considered the triplet state
in our reactivity calculations.

Frequencies of the vibration modes were scaled by the stan-
dard factor of 0.89 to account for anharmonic effects, the ne-
glect of electron correlation, and the limitations of the basis
set (Pople et al., 1981; Gordon and Truhlar, 1986; Sauer et
al., 1994; Lasaga, 1995; Kubicki and Apitz, 1998; Sainz-Dı́az
et al., 2000) before comparisons to experimental values.

The dehydroxylation mechanism that occurs via the vacant
octahedral site (Malhotra and Ogloza, 1989) cannot be ex-
plored with this cluster model. Therefore, an extended cluster
model was generated comprising a complete tetrahedral and
octahedral sheet (Fig. 1b), with dangling bonds saturated with
hydrogen atoms, as in the previous cluster model. For calculat-
ing this large model, the ONIOM (Maseras and Morokuma,
1995) approach implemented in Gaussian 98 was also used.
Two ONIOM layers, the octahedral and the tetrahedral sheet,
was defined and treated at ab initio (HF/lanl2dz) and semiem-
pirical (PM3) quantum mechanical levels, respectively. The
linking atoms between both sheets (the apical oxygens) were
included into the ab initio layer, whereas the shared electrons
were included in the semiempirical layer. The external OH
bonds were fixed by redundant coordinates.

3. RESULTS

3.1. Reaction energy profile

Critical points of the reaction path for the cis-dehydr-
oxylation mechanism (Guggenheim et al., 1987) (involving
the two OH groups on the shared edge) are studied from
pyrophyllite to the dehydroxylate that contains a H2O mol-
ecule in the center of the ditrigonal cavity of the tetrahedral
sheet. These critical points were optimized (Fig. 2). Our
calculated energy barrier in the two Al3+ model is
55.04 kcal/mol for the H2O formation, and this is consistent
with a previous theoretical estimation of 56 kcal/mol in
pyrophyllite (Stackhouse et al., 2004) and an experimental
value of 60 kcal/mol in smectite (Bray and Redfern, 2000)
and 46 kcal/mol in kaolinite (Bellotto et al., 1995). We pro-
pose here an energy barrier of the dehydroxylation reaction
for the mechanism of the cis contiguous hydroxyl groups,
but only for an isolated reaction path. Stackhouse et al.
(2004) established that the activation energy of this reaction
is independent of the dehydroxylation state of neighboring
pairs. The activation energy is determined from the initial
step of the dehydroxylation and it should not be affected
by the prior loss of H atom elsewhere in the structure.
Therefore, our calculations can represent one step of the
actual dehydroxylation process within the cis mechanism,
the first step for the semidehydroxylate formation or the
second step for the dehydroxylate product formation.

We analyzed the effect of the substitution of Al3+ octa-
hedral cations by either one Fe3+ substitution or by two
Fe3+ cations, on the reaction energy. For the simultaneous
Fe3+Fe3+ substitution, we take into account the most stable

Ab initio calculations of phyllosilicate dehydroxylation 3931
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spin state, which is the high spin state (triplet), as previously
established by Timón et al. (2003) in a smaller silicate clus-
ter model. For other substitutions, the spin multiplicity was
singlet (Al3+Al3+) and doublet (Al3+Fe3+). The substitution
on the octahedral site changes the activation energy (Table
1) and hence the reaction rate, following the sequence:
Fe3+–OH–Fe3+ > Fe3+–OH–Al3+ > Al3+–OH–Al3+. Thus,
the FeFe pairs are the most favoured for dehydroxylation
and the AlAl pair the less favoured one. This is consistent

with the reactivity order postulated previously (Heller-Kal-
lai and Rozenson, 1980; Bray and Redfern, 2000; Muller
et al., 2000) based on infra-red spectroscopy studies of sev-
eral phyllosilicates at high temperature. The structures of
the critical points along the reaction coordinate are similar
each other (Fig. 2) in all cases. Nevertheless, we observe
some differences in the disposition of the H2O molecule
trapped in the ditrigonal cavity in the products of the
substituted cluster models.

Fig. 2. Reaction path of the dehydroxylation reaction mechanism that occurs between two contiguous hydroxyl groups in Si6Al2H16O22(OH)2

model of pyrophyllite (AlAl, a), with one Fe3+ substitution (AlFe, b) and with two Fe3+ substitutions (FeFe, c). Si, Al, O and H atoms are
represented by gray, dark gray, black and white colors, respectively. The H atoms from bridging OH groups are represented by small gray
spheres.

Table 1
Total energy (in Hartrees) of the calculated structures corrected with ZPE (in brackets) and comparison of energies (DE = Eproduct � Ereactant

in kcal/mol) between critical points, and activation energy (Ea = ETS � Ereactant in kcal/mol) on the basis of octahedral composition

Substitution Reactant Transition state Ea (kcal/mol) Product

Al–OH–Al �1834.5807002 (0.3275) �1834.4929846 55.04 (0.3270) �1834.5138864 (0.3292)
DE = 41.9

Al–OH–Fe �1955.0204297 �1954.9695449 (0.3238) 31.93 (0.3256) �1955.04669253 (0.3221)
DE = �16.5

Fe–OH–Fe �2075.5051207 (0.3209) �2075.4663882 (0.3239) 24.31 �2075.5321323 (0.3204)
DE = �17.0
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In pyrophyllite, the determined energy for the product
(dehydroxylate + H2O) is less than the value for the reac-
tant (DE = 41.9 kcal/mol) and thus more stable, which is
consistent with previous DFT calculations on pyrophyllite
dehydroxylation [42.3 kcal/mol between pyrophyllite and
product (dehydroxylate�H2O + H2O), Sainz-Dı́az et al.,
2004]. In contrast, in models with Fe3+ substitutions the
product is more stable (ffi16 kcal/mol) than the reactant.

3.2. Spectroscopic studies

Infrared spectroscopic studies of the dehydroxylation
reaction for various phyllosilicates determined an estimate
for the thermal stability of the M–OH bond and the rate
of H2O release (Heller-Kallai and Rozenson, 1980; Emme-
rich et al., 1999; Bray and Redfern, 2000; Muller et al.,
2000). The frequency of the vibration modes of the OH
groups showed notable differences with cation substitution.
To verify the effects of these substitutions, we performed a
vibrational analysis of the main vibration modes in reac-
tants of the substituted clusters, and compared these results
to the experimental determinations. The scaled calculated
frequencies of the stretching, m(OH), and bending in-plane,
d(OH), and out-plane, c(OH), vibrations of the bridging
OH groups are shown with experimental data in Table 2.
The m(OH) modes correspond only to the vibrational move-
ments of these bridging OH groups without any contribution
from the displacement of other atoms in the cluster. The
d(OH) modes of the bridging OH groups are distinguished
easily but a small contribution from atomic displacements
of the external O and H atoms occurs. However, the
c(OH) modes of these OH groups are difficult to determine
owing to contributions from the external O and H atomic
displacements.

A significant influence of the tetrahedral sheet on the
m(OH) frequency was observed in our calculations, owing
to the non-bonding interactions between the hydrogen
atom of the bridging OH group and the surrounding oxy-
gen atoms of the tetrahedral sheet (Robert and Kodama,

1988; Sainz-Dı́az et al., 2000). The m(OH) frequency calcu-
lated for O14H26, that is oriented towards the tetrahedral
ring, is slightly higher (3699 cm�1) than the experimental
value, 3675 cm�1 in pyrophyllite from Wang et al. (2002),
and 3621 cm�1 in kaolinite from Johnston et al. (1985).
This difference is related to an incomplete model that does
not include either the another tetrahedral ring, representing
the second tetrahedral sheet, nor the whole octahedral ring,
representing the octahedral sheet, namely the hydroxyl
groups associated with the octahedral vacancy. In phyllos-
ilicates, hydroxyl groups are oriented to the tetrahedral
sheet and surrounded by the structural oxygens of these tet-
rahedra. This atomic environment determines the local
interaction of the hydroxyl groups. In our calculations,
the m(OH) frequency of the OH group that is oriented to-
wards the zone without a tetrahedra ring, O12 H29 is
3725 cm�1 being close to the experimental value in gibbsite
(3740 cm�1, Saalfeld and Wedde, 1974), where there is no
silicate tetrahedral sheet at all. This is also consistent with
experimental value of m(OH) frequency for OH groups
non-oriented towards the tetrahedral sheet in kaolinite
(3697 to 3669 cm�1, Johnston et al., 1985). The m(OH)
frequency of O12 H29 is higher than that of the former
one, O14H26, oriented towards the tetrahedra ring, owing
to the lack of the non-bonding interactions with the tetrahe-
dral oxygens. This effect was observed experimentally in
kaolinite where m(OH) band appears at 3620 and
3697 cm�1 for the OH groups oriented towards or not the
tetrahedral sheet, respectively (Johnston et al., 1985). This
result was not observed for the d(OH) showing that this
mode is less sensitive to the hydrogen bond interactions
with the tetrahedral oxygens. In general, we find a good
approximation to the experimental values, remarking the
strong influence of the local atomic environment on the
m(OH) vibration frequencies.

Considering the reactivity of the bridging OH groups with
cation substitution, the d(OH) frequency (symmetric and
antisymmetric modes) is found to decrease with the
activation energy of the process (Fig. 3) following a linear
relationship (R = 0.9848 and 0.9330 for symmetric and anti-
symmetric d(OH) frequency, respectively) for the models
substituted by Fe3+. The decreasing of both, activation en-
ergy and d(OH) frequency, indicates a weakening of the
bonds involved in the process. Like in the experimental data,
the octahedral composition determines the energy barrier of
the reaction such that, Fe3+-rich phyllosilicates, which con-
tain a lower d(OH) frequency, will dehydroxylate earlier than
Al-rich phyllosilicates. However, the relationship between
activation energy and m(OH) frequency, related with the O–
H bond strength, is not as linear as with d(OH) frequency.
Therefore, the reactivity of phyllosilicates in this reaction is
related with the strength of the M–OH bond.

3.3. Geometrical features

The main geometrical features of the calculated models
for the cis mechanism (Guggenheim et al., 1987) are close
to the experimental values (Table 3). Taking as reference
the Al3+–Al3+ cluster model, the O–H bond length of the
hydroxyl group is similar in value (0.948 Å) to that in cluster

Table 2
Scaled theoretical vibration frequencies (in cm�1) of phyllosilicate
models compared to experimental values (in brackets)

Vibration mode AlOHAl AlOHFe FeOHFe

v(OH) 3725a, 3699 3701a, 3684 3703a, 3695
(3740)b, (3675)c (3573–3652)d (3535–3631)d

d(OH) 947s, 968as 903s, 938as 873s, 898as
(949)c (890)d,e (820)f

c(OH) 418s, 431as 441s, 452 as 430s, 478as
(418, 482)c

m(Si–O) 1166 (1122)c 1160 1161
m(Al–O) 630 (622)g 533 625

s, symmetric; as, antisymmetric.
a Bridging OH group without tetrahedral ring.
b In gibbsite (Saalfeld and Wedde, 1974).
c In pyrophyllite (Wang et al., 2002).
d In dioctahedral micas (Besson et al., 1987).
e In smectite, illite and pyrophyllite (Bray and Redfern, 2000).
f In montmorillonite (Vantelon et al., 2001).
g In montmorillonite (Emmerich et al., 1999).
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models of gibbsite (Kubicki and Apitz, 1998; Sainz-Dı́az et
al., 2000). However, the bridging OH group with an O–H
vector pointing towards the tetrahedral ring has a slightly
longer bond length (0.947 Å) than the former bridging OH
group, owing to weak hydrogen-bond interactions between
the H atom and the oxygen atoms of the SiO4 groups. Thus,
the strongest non-bonding interaction of this H atom is with
the basal oxygen O9 that is in front of the O–H bond
with a distance (H. . .O) of 2.457 Å and angle (O–H. . ..O
= 142.8�). The non-bonding interactions between the OH
group and the apical O atoms (O18 and O41) are much weaker
with longer H. . .O distances and smaller O–H. . .O angles.

The interactions between the OH group and the other basal
O atoms are very weak and they are thus weak electrostatic
interactions. Because thermal stability is also attributed to
the M–OH distance in relation with the vibrational frequency
of the hydroxyl groups (Heller-Kallai and Rozenson, 1980),
we also consider the average M–OH bond length with the
activation energy (Fig. 4). The activation energy decreases
with the increase in M–OH bond length following a linear
relationship for isoelectric cation substitutions (Al3+ by
Fe3+). This suggests that the M–OH bond length is a factor
in the energy-barrier height. Longer bond distances facilitate
the release of the OH group and subsequent H2O molecule

Fig. 3. Relationship between activation energy and d(OH) fre-
quency for the Fe3+ cation substitution effect.

Table 3
Main geometrical features related with the bridging OH groups of the calculated clusters (distances in Å and angles in degrees)

Parameter Reactant Transition state Product

Al–Al Al–Fe Fe–Fe Al–Al Al–Fe Fe–Fe AlAl Al–Fe Fe–Fe

d(M–M) 2.986 3.005 3.028 3.499 3.315 3.343 3.315 3.805 3.589
(2.97)a

d(M–OH) 1.904c 1.903Al, 1.941c 2.01c, 1.92Al, 2.02c, 1.761b, 1.90Al
b, 2.075b,c,

(1.89)a 1.876Al
b, 1.81b,c 2.22Al

b, 2.20b,c 2:75H2O 2.27Fe
b 2:750H2O

c

1.949Fe, 2.07Fe,
1.968Fe

b 2.18Fe
b

d(O–H) 0.948, 0.947b 0.949 0.953 0.95, 0.95, 0.95, 0:952H2O 0:956H2O 0:955H2O

0.948b 0.952b 1.06b 0.941b 0.943b

(0.95)d 1.33H. . .O 1.61H. . .O 1.65H. . . O

MOM 103.2 102.6 100.3 87.6, 112.2, 110.8, 140.3b 131.7b 119.9b

(100)e 150.8b 97.8b 98.7b

OMO 76.75 (80)e

d(H26. . .O9) 2.457 2.462 2.598 2.261 2.297 2.296 2.205 2.249 2.352
d(H26. . .O41) 3.135 3.145 3.433 2.997 3.055 3.092 3.560 3.269 3.465
d(H26. . .O18) 3.208 3.231 3.321 3.108 3.086 3.134 3.626 3.442 3.592
O14H26O9 142.8 141.1 128.0 114.9 177.9 178.3 108.7 122.6 107.8
O14H26 O18 94.5 94.1 85.0 77.2 121.3 122.3
O14H26 O41 96.4 94.2 86.9 77.0 124.5 121.9
vi

f �1117 �1190 �1151

Experimental values in brackets.
a From pyrophyllite and its dehydroxylate derivative (Lee and Guggenheim, 1981).
b Bridging OH located in the zone without tetrahedral ring that remains as residual bridging oxygen after dehydroxylation.
c Average value.
d Average value in muscovite (Catti et al., 1994).
e In gibbsite (Saalfeld and Wedde, 1974).
f Imaginary frequency of the transition vector in cm�1.

Fig. 4. Activation energy versus M–OH bond length (average
values) for the Fe3+ cation substitution effect.
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formation. Thus, phyllosilicates with octahedral sheets con-
taining Fe3+–Fe3+ pairs show a lower activation energy for
dehydroxylation than those with Al3+–Al3+ pairs.

The dehydroxylation product maintains the geometry of
the crystal lattice of the dehydroxylate derivative of pyro-
phyllite (Wardle and Brindley, 1972; Lee and Guggenheim,
1981). The fivefold coordination of Al (VAl) in the dehydr-
oxylate forms a trigonal bipyramid (Fitzgerald et al., 1996),
where one oxygen atom bridges two VAl atoms, with one
Al–O bond length of 1.76 Å, that is close to that reported
experimentally (1.80 Å from Wardle and Brindley, 1972).
This is drastically shorter than the Al–OH bond length of
pyrophyllite of 1.90 Å (1.89 Å, Lee and Guggenheim,
1981). The AlOAl angle in the trigonal bipyramid is
140.3�, which is greater than in pyrophyllite but not near
to the ideal value of 180�. In this product, the presence of
the H2O molecule in the ditrigonal cavity of tetrahedral
sheet involves a repulsive interaction between O atoms.
Therefore, the AlOAl angle does not reach the 180� value
that is found in a dehydroxylated product and dehydrated
derivative. This trigonal bipyramid produces also a signifi-
cant enlargement of the M. . .M distance with respect to the
reactants in all cases.

The trapping of the H2O molecule in the ditrigonal
cavity is controlled by hydrogen bond interactions of the
H atoms with O atoms of the Si tetrahedra. One H atom
is in the center of the tetrahedral ring and oriented in a per-
pendicular direction with respect to the basal (001) plane.
This H atom (H26) has a H bonding with the basal tetrahe-
dral oxygen atom, O9, and weaker interactions with the
remaining of surrounding O atoms.

The transition state (TS) shows a structure close to the
product. From the frequency analysis, this structure is a
saddle point in the PES of the reaction. The frequencies of
the transition vectors are similar for all TSs [(�1117)–
(�1190) cm�1)]. By analyzing the eigenvalues of the Hessian,
this structure proved to be a transition state of a reaction

coordinate where the transition vector (/) is defined mainly
by the non-bonding (OH. . .OH) distance. The reaction in-
volves the H atom of one OH group jumping to and bonding
to another OH group. The result is the formation of a H2O
molecule and the residual O atom (Or). This reaction affects
other geometrical features (O–Al bond length, HO. . .Or dis-
tance, bond angles and dihedral angles) [/ = 0.74
d(Or. . .OH) � 0.27 d(HO. . .Or) + 0.17d(Al–OH) + 0.29
h(HO–Al–Si) � 0.29 h(Al–Or–OH) + 0.23 h(Or–Si–Al–Al)
� 0.22 h(Or–Al–Si–O) � 0.19 h(H–O–Or–Al)]. The varia-
tions of these geometrical parameters are similar for each
TS. One OH group swings in accord with the out-of-plane
bending vibration mode until it is oriented towards the other
bridging O atom with a H. . .O distance of 1.54 Å. This situ-
ation forces the other O–H vectors to move away from the
AlOHAl group towards the center of the hexagonal cavity.
Then, the H atom bonds to the out-going OH group to gen-
erate a H2O molecule. The octahedral cation substitutions
do not change the transition vector configuration in TS
and only slight geometrical variations are found, especially
in the H. . .OH distance of the bridging OH groups. Larger
H. . .O distances are associated with lower activation ener-
gies for the isoelectric cation substitutions (Al3+ by Fe3+)
with the reaction sequence order of:

Fe3þ � Fe3þðH . . . O 1:65 ÅÞ > Al3þ � Fe3þðH . . . O1:61 ÅÞ
> Al3þ �Al3þðH . . . O1:54 ÅÞ

3.4. Charge

The lost of the OH group and H atom produces a local
excess of positive charge that is distributed through the api-
cal oxygen atoms, shortening the M–OH bond distance on
the remaining hydroxyl groups. Therefore, a higher energy
is required for the reaction progress as postulated by Gug-
genheim et al. (1987). Mulliken population analysis on the

Table 4
Mulliken atomic net charges of the calculated clusters

Atom Reactant Product

AlAl AlFe FeFe AlAl AlFe FeFe

M–M 2.021Al, 2.072Al, 1.465Fe, 2.087Al, 2.092Al, 1.237Fe,
2.027Al 1.419Fe 1.483Fe 2.093Al 1.285Fe 1.270Fe

Si 2.26–2.33 2.26–2.33 2.28–2.34 2.28–2.34 2.27-2.34 2.29-2.35
O14 �1.241 �1.156 �1.078 �0.930 �0.944 �0.930
H26 0.501 0.494 0.486 0.510 0.493 0.502
O12 �1.154 �1.079 �0.994 �1.415a �0.693a �0.624a

H29 0.474 0.469 0.456 0.463 0.496 0.477
O9 �1.229 �1.230 �1.230 �1.272 �1.262 �1.258
O2 �1.180 �1.181 �1.182 �1.208 �1.203 �1.203
O37 �1.187 �1.192 �1.192 �1.218 �1.213 �1.205
O41 �1.069 �1.070 �1.081 �1.010 �1.051 �1.086
O18 �1.063 �1.069 �1.069 �1.006 �0.999 �1.032
O7 �1.276 �1.149 �1.151 �1.330 �1.292 �1.275
O11 �1.268 �1.149 �1.149 �1.302 �1.266 �1.259
O24 �1.297 �1.293 �1.161 �1.290 �1.282 �0.579
O25 �1.285 �1.284 �1.169 �1.333 �1.321 �1.226

a Residual Or atom.
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reactant and intermediate structures of the cluster allowed
us to examine further this assumption quantitatively (Table
4). First, we affirm that the charge distribution of the apical
oxygen atoms and residual oxygen atoms change along the
reaction path, e.g. the residual oxygen O12 yields an under-
saturation of positive charge and its net atomic charge is
more negative (�1.15 in the reactant of Al–OH–Al to
�1.42 in the intermediate of Al–Or–Al) and the net atomic
charge of apical oxygen atoms increases slightly (�1.28 to
�1.30 in the reactant, �1.29 to �1.33 in the intermediate
of Al3+–Al3+). On the other hand, in the reactants, the
negative net atomic charges of the oxygen atoms of the
hydroxyl groups (O12 and O14) with respect to the octahe-
dral cation substitution show the following order: Al–
OH–Al > Al–OH–Fe > Fe–OH–Fe. The charge distribu-
tion of both oxygen atoms shows linear relationships with
the activation energy (Fig. 5), depending also on the octahe-
dral cation composition. The octahedral composition and
moreover the cation substitution in the octahedra deter-
mines the energetics of the dehydroxylation reaction.

3.5. Dehydroxylation mechanism across the octahedral hole

To investigate the dehydroxylation reaction mechanism
involving the octahedral vacancy (hereafter referred to as
the ‘cross’ mechanism) in pyrophyllite, the cluster model is
extended to a complete octahedral ring including the
hydroxyl groups of both parts of the octahedral vacancy.
Dehydroxylation occurs between the hydroxyl groups that
are oriented to the same octahedral hole. This model includes
two coupled rings, one tetrahedral and one octahedral. Using
ONIOM, we optimized the reactant and product structures
as shown in Fig. 6. The energy of the reactant is 59.77 kcal/
mol lower than that of the product. This energy difference
is smaller (41.9 kcal/mol) in the other reaction mechanism
involving contiguous hydroxyls. This result indicates that
the activation energy of the cross mechanism is greater than
in the mechanism involving contiguous hydroxyls (55 kcal/
mol). In addition, the product of the cross mechanism is a
semi-dehydroxylate intermediate of the cross reaction.
Considering the results of Sainz-Dı́az et al. (2004), the

intermediate must have a lower energy than the final dehydr-
oxylate product. Therefore, our results indicate that the cross
mechanism is energetically less favoured than the mechanism
involving contiguous hydroxyls. The migration effort of the
H atom is much higher (longer distance) in this mechanism
that in the previous one.

In the product, the H2O molecule is stabilized by hydro-
gen bonds (1.557 and 2.128 Å) with the apical oxygens and
by electrostatic interactions with the five-coordinated Al
cations. These Al cations have an additional positive charge
caused by the loss of one OH, which forms H2O. An

Fig. 5. Relationship between activation energy and Mulliken net
atomic charge of the oxygens from OH groups for the Fe3+ cation
substitution effect. Solid line is related to the O atom that forms
water and dashed line is related to the residual O atom (Or).

Fig. 6. Optimized structures of the reactant (a) and intermediate
(b) in the dehydroxylation cross mechanism. Si, Al, O and H atoms
are represented by gray, dark gray, black and white colors,
respectively. The H atoms from bridging OH groups are repre-
sented by small gray spheres.
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intermediate structure is formed with a pair of five-coordi-
nated aluminum joined together with a remnant hydroxyl
group OHr (Al–OHr–Al), whereas the remaining sixfold
aluminum cations are joined by a residual oxygen atom
(Al–Or–Al) and a hydroxyl group (Al–OH–Al). This
intermediate structure is the starting point for a different
reaction mechanism on both edges. Further research
relating to this mechanism is forthcoming.

4. CONCLUSIONS

Our results suggest the usefulness of cluster models
and the quantum–mechanical methodology for the study
of phyllosilicate properties. The existence of a transition
state along the on-site reaction path of dehydroxylation
between the reactive and the product (dehydroxy-
late.H2O) suggests that this path is one possible mecha-
nism for dehydroxylation. The nature of this transition
state indicates that the mechanism involves the breaking
of two Al–O bonds forming a free OH group and the
swing of the other H atom towards this free OH group
to form H2O. This mechanism is the same to that pro-
posed by Guggenheim et al. (1987). The energy difference
between reactive and product in our cluster models is
similar to that found in real crystal lattice models
( Sainz-Dı́az et al., 2004). The reaction barrier found
(55.04 kcal/mol) is consistent with the activation barrier
found experimentally for the dehydroxylation of smectite
(59.8 kcal/mol, Bray and Redfern, 2000) and kaolinite
(46 kcal/mol, Bellotto et al., 1995).

The dehydroxylation mechanism of Malhotra and
Ogloza (1989), where the H atom migrates through the
octahedral vacant site to join to the vicinal OH group
(cross mechanism), was examined by the ONIOM model
cluster approach. We conclude that the cross mechanism
is energetically less favoured than the mechanism pro-
posed by Guggenheim et al. (1987).

The substitution of octahedral Fe3+ cations causes
variations in the M–OH bond lengths and vibration fre-
quencies of the OH groups that are linearly related with
activation energy. The Fe3+ substitution increases signifi-
cantly the reactivity of the OH groups for the dehydroxy-
lation reaction, and the reaction follows the sequence:
Fe–Fe > Al–Fe > Al–Al, according to experimental
observations.

Although our models represent likely the structure of
pyrophyllite or kaolinite with different degrees of Fe substi-
tution, the results of this work can be applied qualitatively
for other dioctahedral phyllosilicates, since the limiting step
is the formation of H2O.
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