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Reactants, Intermediates, And Transition States along the Reaction Path

Esther Molina-Montes,” Davide Donadio,* Alfonso Hernindez-Laguna,® and
C. Ignacio Sainz-Diaz*

Laboratorio de Estudios Cristalogrdficos, Instituto Andaluz de Ciencias de la Tierra (CSIC/Universidad de
Granada), Avenida Fuentenueva s/n, 18002-Granada, Spain, Laboratory of Physical Chemistry, ETH Zurich,
USI Campus, Via Giuseppe Buffi 13, CH-6904 Lugano, Switzerland, and Estacion Experimental del Zaidin,
Consejo Superior de Investigaciones Cientificas (CSIC), C/Profesor Albareda 1, 18008-Granada, Spain

Received: February 5, 2008; Revised Manuscript Received: April 16, 2008

We delineate the dehydroxylation reaction of pyrophyllite in detail by localizing the complete reaction path
on the free energy surface obtained previously by Car—Parrinello molecular dynamics and the implemented
metadynamics algorithm (Molina-Montes et al. J. Phys. Chem. B 2008, 112, 7051). All intermediates were
identified, and a transition state search was also undertaken with the PRFO algorithm. The characterization
of this reaction and the atomic rearrangement in the intermediates and products at quantum mechanical level
were performed for the two reaction paths found previously: (i) direct dehydroxylation through the octahedral
hole (cross mechanism) or between contiguous hydroxyl groups (on-site mechanism) and (ii) two-step
dehydroxylation assisted by apical oxygens for each of the two steps. New intermediates were found and
determined structurally. The structural variations found for all intermediates and transition states are in
agreement with experimental results. The formation of these structures indicates that the dehydroxylation
process is much more complex than a first-order reaction and can explain the wide range of temperatures for
completing the reaction, and these results can be extrapolated to the dehydroxylation of other dioctahedral

2:1 phyllosilicates.

Introduction

Pyrophyllite is a dioctahedral 2:1 phyllosilicate in which a
sheet of octahedrally coordinated Al cations is sandwiched
between two sheets of linked SiOy tetrahedra. Each octahedral
aluminum is bonded to the tetrahedral silicon via an apical
oxygen and to an adjacent aluminum via two hydroxyl groups.
This clay mineral is an important raw material for ceramics,
glass, and refractory materials and is also involved in phenom-
enological geology processes as a pressure-transfer medium.

The dehydroxylation of pyrophyllite to pyrophyllite dehy-
droxylate involves water loss from a hydroxyl group that
destabilizes and traps the proton from the adjacent OH group
following the reaction 2(OH) — H,O + Or. The remaining
oxygen, Or, is referred as the “residual” oxygen and remains in
a dehydroxylate structure where the Al cations are five-
coordinate.” Solid-state NMR investigations of the thermally
induced formation of pyrophyllite dehydroxylate and its high-
temperature transformations have detected five-fold coordination
of the Al sites.>* Infrared (IR) spectroscopy ¢ and X-ray
diffraction” have also been used to study the structural changes
in the clay mineral at high temperatures. In a recent IR
spectroscopic work,® a new OH species was observed at 3690
and 3702 cm™! in the temperature range of 550—900 °C,
suggesting that the dehydroxylation of pyrophyllite might be a
complex process including the presence of intermediates. Other
IR studies have identified the appearance of silanol groups at
3715—3720 cm™! at high dehydroxylation temperatures.® In
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addition, differential thermal analysis (DTA) of this dehydroxy-
lation revealed a two-step process within the temperature range
of 550—900 °C.* Evidence for a nonhomogeneous loss of H,O
in dioctahedral phyllosilicates was also found by Heller et al.
by Mossbauer analysis of Fe-containing muscovite.” Guggen-
heim et al. used Pauling bond strength rules to explain the
crystallographic structure of muscovite, the possible intermedi-
ates obtained upon loss of H>O groups, and changing interactions
of the AI—OH bond justifying the wide range of temperature
of this reaction.!? All of these studies together predict that there
is a bimodal loss of H,O involving dehydroxylation and the
broad temperature interval. In contrast, Stackhouse et al.
concluded that the activation energy for the dehydroxylation
steps is the same and independent of the dehydroxylation state
of neighboring atoms.!! Our interest is to clarify these discrep-
ancies in the mechanism of the dehydroxylation of pyrophyllite.
In addition, several aspects of the process of thermally induced
dehydroxylation, such as the mechanism, structural transforma-
tions, temperature range, and reaction rate, remain only partially
understood.

Two possible reaction mechanisms have been proposed for
the dehydroxylation reaction: (i) one that evolves the hydroxyl
groups that are oriented toward the same octahedral hole, that
is, crossing the octahedral hole,'>!3 and (ii) one that involves
the hydroxyls oriented toward different octahedral holes, that
is, on-site to two edge-sharing Al octahedra that share the
hydroxyl groups implicated in the reaction.!” An in-depth study
of what happens in pyrophyllite at the atomic level in high-
temperature environments is important and useful for optimizing
its industrial applications.

A potential problem of such experimental studies is that the
dehydroxylation process does not appear to occur uniformly
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within a crystal and the proton interactions are complex.
Therefore, quantum mechanical simulations based on density
functional theory (DFT) were used in the early years to predict
the crystallographic properties of these minerals,'*!> particularly
for the dehydroxylation reaction.!'® We recently carried out
an exhaustive DFT study on different possible mechanisms of
this reaction.! We found that the on-site and cross mechanisms
are possible with similar activation energies, although the cross
mechanism has a lower free energy than the on-site mechanism.
Also, we found the assistance of apical oxygens in the reaction
mechanism. Moreover, we found that partial and total dehy-
droxylation have the same energetic barrier (60 kcal/mol),
matching the experimental data for muscovite of 59.8 kcal/mol.!”
Stackhouse et al. proposed an approximate energy barrier of
56 kcal/mol for the protonation of adjacent edge-sharing
hydroxyl groups, but no transition state (TS) was localized.!'!
Sainz-Diaz et al.'® found a theoretical semidehydroxylate
derivative, reproducing the FTIR spectroscopic bands of Wang
et al.% In the present work, our aim was to characterize the
structural transformations that take place along the different
reaction paths of the dehydroxylation mechanisms. DFT ab initio
geometry optimization and a transition state search were applied
to identify the reactants, transition states, and intermediates of
the dehydroxylation mechanisms.

Models and Methods

All calculations were performed using CPMD, version 3.9,
a DFT code based on plane waves.!® The energy cutoff for the
plane-wave basis employed was 70 Ry, and we used the BLYP
exchange correlation functional!®-? in the generalized gradient
approximation (GGA). Troullier—Martin pseudopotentials in the
norm-conserving formalism were used to describe the nuclear
core and inner electrons.?! Brillouin-zone sampling was re-
stricted to the I" point.

The procedure for the ab initio Car—Parrinello MD simula-
tions?? was described in our previous work.! We used a time
step of 0.12 fs and a fictitious electron mass of 800 au in the
constant-volume, constant-temperature ensemble. Afterward, we
applied metadynamics® in the extended Lagrangian form.>*2
The sum of gaussians provides an estimation of the free energy
surface (FES), and the resulting ground-state electron density
distribution as a function of the nuclear coordinates defines a
potential energy surface (PES), which, in turn, was used for
geometry optimization of the critical points of the dehydroxy-
lation reaction. In this way, we located reactants, intermediates,
and transition states of the reaction paths of the different
mechanisms. The metadynamic run was followed until the
reaction was completed. When the dynamical reaction trajec-
tories had been identified, we explored the topology of the free
energy surface (FES) and estimated the structure of the critical
points with thermodynamic integration.

Optimization of the wave function and ionic positions of the
intermediates was achieved at 0 K using the method of direct
inversion in the iterative subspace (DIIS).?® We used a linear
scaling method for TS search (saddle point of first order) based
on the microiterative scheme using the partitioned rational
functional optimizer (PRFO) implemented in the CPMD code,?’
by following eigenmodes of the approximated Hessian.?® This
partial Hessian (finite-difference Hessian matrix of the core
degrees of freedom) obtained from the TS search was also used
to calculate harmonic frequencies by finite differences of first
derivatives. The critical points of the PES involved in all
mechanisms of this reaction were confirmed by vibrational
analysis implemented in the CPMD code.

Molina-Montes et al.

Figure 1. Pyrophyllite crystal structure and description of the main
geometric features related to the OH groups. The Si, Al, O, and H
atoms are represented in dark gray, gray, black, and white, respectively.

The experimental crystallographic data of pyrophyllite and
its dehydroxylate derivative were used for the simulations and
optimization calculations at constant volume.?

Results and Discussion

In this section, we describe and discuss the optimized
structures of reactants, transition states, intermediates, and
products with details about the geometrical features, lattice
parameters, OH groups, and theoretical X-ray diffraction (XRD)
patterns.

Two steps of the dehydroxylation reaction were investigated,
coming from our previous work:' (i) the first step of the
dehydroxylation reaction in which just one water molecule was
formed in the octahedral ring and (ii) the second step dehy-
droxylation reaction starting from the semidehydroxylate deriva-
tive and removing the water molecule.

We characterized several reactants, transition states, and
intermediates along the dehydroxylation mechanism paths.
Specifically, we identified, for the first time, several semide-
hydroxylate intermediates for the on-site and cross mechanisms
with and without water, the dehydroxylate derivative for the
on-site and cross mechanisms with and without water, and the
on-site and cross intermediates with the protonated apical
oxygen. All of these structures were optimized at constant
volume with the experimental lattice parameters of pyrophyllite
(Figure 1).2 Vibrational analysis of all of the optimized structures
confirmed the minima (no imaginary frequency) and transition
states.

With respect to the on-site derivative, the five-fold coordina-
tion of the aluminium atom forms a trigonal bipyramide in which
one oxygen atom (residual oxygen, Or) is bridging between two
pentacoordinated Al atoms (Al—Or—Al). In this intermediate,
half of the AlI—(OH),—Al groups are dehydroxylated alterna-
tively, and the Al becomes five-coordinated. This is character-
istic of the local on-site dehydroxylation mechanism,'® and it
corresponds to an Al—Al pair that has lost one bridging OH
group, whereas the contiguous Al pair remains hydroxylated.
On the other hand, the cross semidehydroxylate derivative also
forms Al pairs in five-fold coordination, but the bridging residual
oxygen remains protonated, giving rise to a residual hydroxyl
group (OHr). The Al—OHr—Al pairs alternate with the contigu-
ous six-fold Al pairs joined by an OH group (Al—OH—AI) and
a residual oxygen (Al—Or—Al). This residual OH groups arise
in the subsequent deprotonation to the formation of a second
water molecule per unit cell that leads to complete dehydroxy-
lation. Hence, the main structural difference between the
semidehydroxylate intermediates of the two mechanisms is that,
in the on-site derivative, the residual oxygen that joins the
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Figure 2. Interactions of the water molecule in the ditrigonal cavity in the optimized structures of the intermediates for the (a,b) on-site and (c,d)
cross mechanisms. The Si, Al, O, and H atoms are represented in dark gray, gray, black, and white, respectively.

Al—Al dehydroxylated pair, AI—O—Al, is undersaturated with
respect to positive charge (Figure 2a), whereas in the cross
intermediate, the bridging residual oxygen is protonated and
the undersaturation lies on the contiguous deprotonated oxygen
(Figure 2c).

The structure of the completely dehydroxylated derivative is
the same for both dehydroxylation mechanisms (on-site and
cross), and again, the last water molecule can adopt a stable
disposition in the ditrigonal cavity of the tetrahedral sheet, or it
can be lost leading to the complete dehydroxylated structure
characterized by Al—Al five-fold coordination pairs, which, in
turn, form AI—Or—Al angles close to 180°, according to
experiment (Table 1).10

Two variations on each intermediate exist: (i) on-site and
cross intermediates with a water molecule in the ditrigonal
cavity, which adopts two different configurations stabilized by
hydrogen bonds with the surrounding oxygens (Figure 2a—d),
and (ii) the same intermediates without the water molecule
(Figure 3a and b). The completely dehydroxylated structure also
exposes the derivative with and without the water molecule
(Figure 3c and d, respectively). The main hydrogen bonds and
O—H bond lengths of the water molecule in the ditrigonal cavity
are shown in Figure 2. It is remarkable that the water molecule
forms two types of hydrogen bonds depending on the config-
uration: (i) hydrogen bonds with the surrounding oxygens and
(i) hydrogen bonds with the residual oxygen or hydroxyl group.
The global minima of these conformers are those depicted in
Figure 2a for on-site intermediates and Figure 2c for cross
intermediates. The secondary minimum of the on-site intermedi-
ate is that depicted in Figure 2b and has a higher energy (7.67

kcal/mol) than the global minimum. Even though the water
molecule forms a very strong H bond with the residual oxygen,
facilitating the formation of large AlOrAl angle, it is likely that
electrostatic repulsions of the water oxygen with the surrounding
oxygens (Figure 2b) can destabilize the structure of the second
conformer, justifying its high energy, in contrast to the
electrostatic attractions of the water oxygen with the Al cations
in the global minimum (Figure 2a). The second minimum of
the cross intermediate is that depicted in Figure 2d and has a
much higher energy (39.0 kcal/mol) than the global minimum.
In this second conformer, the OrH group forms a very strong
H bond with the water oxygen, and one water hydrogen forms
a strong H bond with one apical oxygen (Figure 2d); however,
the electrostatic attractions of the water oxygen with the Al
cations and the H bonds between the two water hydrogens with
the surrounding oxygens can probably justify the lower energy
of the global minimum (Figure 2c¢).

Geometrical Features. In Table 1, we report the main
optimized geometrical features for comparison with the experi-
mental values. The mean distances and angles measured in
pyrophyllite match the experimental data with differences of
less than 2%. These results are also consistent with recent DFT
calculations of pyrophyllite, although the Si—O bond length
calculated with CPMD is closer to the experimental value than
those obtained in previous DFT calculations.!®

In general, in the on-site intermediates, the changes in the
atomic dispositions (Table 1) caused by the formation of a water
molecule lead to a slight decrease in the mean value of the
Al—O distance (from 1.943 A in pyrophyllite to 1.930 A in the
semidehydroxylate with water and to 1.927 A in the intermediate
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Figure 3. Semidehydroxylate derivatives without water for the (a) on-site and (b) cross intermediates. Dehydroxylate derivative (c) with water and
(d) without water. The Si, Al, O, and H atoms are represented in dark gray, gray, black, and white, respectively.

without water). This effect is higher with the formation of the
second water molecule after the second step of dehydroxylation
with the same tendency, giving 1.88 and 1.84 A in the
dehydroxylates with and without water, respectively. In the cross
semidehydroxylate intermediate, this distance is longer than in
the on-site intermediate. In all cases, the release of water
decreases the Al—O distance slightly. The hydrogen bonds of
the water molecule with the O atoms compensate somewhat
the charge defect produced by the water formation. This
formation of water and pentacoordinated Al produces a defect
of charge, so that the Al—O bonds become stronger, hence
decreasing the Al—O distance. Although these differences are
very small, this tendency is consistent with the conclusions of
Guggenheim et al.!0 taken from experimental dehydroxylation
studies along with Pauling bond strength calculations that also
justify the formation of intermediates and the nonhomogeneity
of the reaction.

Considering the AI—OH distance of the bridging AlI—OH—ALI
unit, this distance is about 1.89—1.91 A in pyrophyllite and all
of the semidehydroxylate intermediates, whereas the Al—Or
distance of the bridging AI—Or—Al unit decreases progressively,
from 1.76 A in the cross semidehydroxylate and 1.72 A in the
on-site semidehydroxylate with water to 1.68 A in the on-site
semidehydroxylate without water. According to Drits et al.,” in
the Al five-coordinate prisms, the octahedral cation—Or distance
becomes b/6, i.e., 1.51—1.52 A, and this distance is too short
for cations with pentagonal coordination. Therefore, the octa-
hedral cations must move away from each other, as observed
experimentally in dehydroxylated muscovite, for which the
Al—Or distance is 1.69 A% according to our calculations. In
general, the release of water from the ditrigonal cavity produces
a shorter Al—Or distance because the interactions between the

O atom and the pentacoordinated Al cation become stronger
and the AlI—Or—Al angle increases. In the cross intermediate,
these interactions justify the following sequence of Al—OH
distances: d(AI—OH) > d(Al—OHr) > d(Al—Or), where the
electron density is different in each case.

We found that the presence of water in the ditrigonal cavity
generates interactions of the water molecule, with this bridging
O atom affecting the Al—O bond length but also affecting the
Al—Or—Al and Al—OHr—Al bond angles, which decrease in
presence of water (123—118° in the semidehydroxylate inter-
mediate with water, 168—146° in the semidehydroxylate
intermediate without water, 150° in the dehydroxylate derivative
with water, and 179.4° in the completely dehydroxylated
structure). This is an important structural variation that was
reported experimentally, ' namely, the changes in the Al—OHr—Al
angle, which varies from 103.1° in pyrophyllite to values near
180° as the reaction proceeds.

Another structural change is the progressive increase in the
Al---Al distances. Two types of Al--+Al distances can be
distinguished: those between the Al pair involved in the
dehydroxylation reaction and those between the rest of the Al
pairs. Considering the first case, this Al+++ Al distance increases
during the dehydroxylation reaction, forming the bipyramidal
structure with Al pentacoordinated from 3.00 A in pyrophyllite
(AI—OH—AI) to 3.3 A (AlOrAl) in the on-site semidehydroxy-
late intermediate and 3.34 A (AlOrAl) in the dehydroxylate
product, where the AlI—Or—Al angle is close to 180°. A similar
effect was observed with the cross intermediates. The presence
of water in the ditrigonal cavity also affects this Al<e+Al
distance, which is lower with water than without water, because
this distance is related to the changes in the Al—Or—Al bond
angle discussed above. In contrast, the rest of the Al pairs that
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the apical on-site intermediate and 1.98 A in the apical cross
intermediate (Figure 4). Therefore, the shorter O++<H distance
of the latter intermediate shows a higher interaction and
contributes to its higher stability, in agreement with our previous
work.!

Characterization of OH Groups. Because the dehydroxy-
lation reaction proceeds by the removal of hydroxyl groups from
the octahedral sheet, we analyzed the geometry of these
functional groups in the reactant and semidehydroxylate struc-
tures. For this analysis, we defined some geometrical features,
including the OH bond length; the orientation angle (p) of the
OH bond with respect to the (001) plane; and the main O+++H
nonbonding distances between the H atoms and the surrounding
tetrahedral O atoms, namely, Hy, with the basal O atom in front
of the O—H bond and H,; and H,, with the apical O atoms of
the tetrahedra that are in front of (Figure 1, Table 2). The
additional H++O nonbonding distances surrounding the H atom
are too long to be considered here.

All intermediates contain two types of OH groups: (i) one
oriented toward the basal oxygen as the pyrophyllite OH groups
and (ii) the other oriented toward the apical O atoms.

No significant difference in the O—H bond length was
observed between pyrophyllite and the semidehydroxylates
(0.976—0.979 A). The OH from the AIOrHALI unit of the cross
semidehydroxylate has a long OH distance (0.983 A). The
calculated p(OH) angle for pyrophyllite (27.5°) matches the
experimental value (26—31.5°)%! and is consistent with previous
ab initio calculations (33.0°).'° This angle is similar for the two
OH groups in the on-site semidehydroxylate (33.0—33.9°), and
it is slightly larger than in pyrophyllite. The presence of the
water molecule in the ditrigonal cavity of this intermediate
increases the p(OH) angle of the OH group (40.7°) that is
oriented toward the same ditrigonal cavity, as a result of the
repulsion between the two H atoms. In contrast, another OH
group that is oriented toward the cavity without water does not
maintain the same p(OH) value as the on-site semidehydroxylate
(33—34°) but rather has a p(OH) angle of 9.3°. This OH is
oriented toward the AlOrAl group. The AlOrAl angle is lower
in the intermediate with water (123.5°) than in that without water
(174.8°), and therefore, the interactions of this bridging residual
oxygen with the H atom of the OH group are shorter than in
that without water, justifying the low p(OH) value. This angle
value means that the Hy, distance is longer and the H,; and Hy
distances are shorter than in the other OH group with the higher
p(OH) value. In the cross semidehydroxylate intermediate, the
OH groups have very different p(OH) values from each other
because they are in completely different environments: one is
an AIOHrAl group, and the other one is an Al(O)(OH)rAl group.
The AIOHrAl group has a very low p(OH) angle even with a
negative value (—10.8°), whereas the other one has a higher
value (47.5°). These p(OH) values change the nonbonding
distances Hy, Ha1, and Hy, significantly. In the presence of water,
this cross intermediate shows a similar effect but the differences
are smaller.

For the intermediates with the protonated apical oxygen, the
SiO—H bond is oriented perpendicularly with respect to the
(010) plane. In the on-site derivative, the SiO—H bond (1.004
A) is balanced among the surrounding oxygens, whereas in the
cross derivative, this H atom is oriented slightly toward the
AlIOr(OH)AL residual oxygen, and the SiO—H bond length is
greater (1.035 A). This long SiO—H bond in the cross
intermediate could explain why the subsequent deprotonation
of the apical oxygen during water molecule formation proceeds
more easily through the cross mechanism than through the on-
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site mechanism. In general, the d(OH) bond lengths (0.977—0.979
A) are similar to those of previous intermediates, except in the
OH group that is not oriented toward the silanol group in the
on-site derivative and shows a long d(OH) bond (0.986 A). This
OH group is oriented toward the AlIOr(OH)AI residual oxygen,
and the electrostatic interactions between the two atoms can
justify this OH bond length, as well as the low value of p(OH)
(—5°), the high value of H,, (3.01 A), and the low values of Hy
(2.35 A), and Hy, (2.46 A) for this OH group. In the cross
intermediate, this OH group is also oriented toward the silanol
group, and the repulsion with this group decreases the interaction
with the AlOr(OH)AI residual oxygen, so that d(OH) is not as
long but is similar to those of the rest of OH groups. In the
on-site intermediate, the OH groups oriented toward the silanol
group have a very high p(OH) value (61.4—67.3°) because of
the electrostatic repulsions between the H atoms of the two OH
groups and the silanol groups in the same ditrigonal cavity
(Figure 4a). These high p(OH) values justify the large values
of Hp, Ha, and Hyp for these OH groups. In the cross
intermediate, the OH group oriented toward the silanol group
has a lower p(OH) value (38.4°) than in the on-site intermediate,
because the interaction with the silanol hydrogen is lower and
there is only one OH in the ditrigonal cavity with the silanol
group instead of two OH groups as in the on-site case. The
p(OH) values for the rest of the OH groups in the cross
intermediate (23°) are similar to the pyrophyllite ones.

Transition States. For the transition states, we analyzed the
same geometrical features as above, and mainly the H++Oy
donor and H+*+Oy acceptor distances in order to distinguish
the main mechanisms (Figures 5 and 6, Table 3). The structural
variations along the reaction paths on the AI—OH and AlI—O
distances are similar to the intermediates. The force analysis of
all of the transition states (TSs) shows one imaginary frequency,
confirming the TS character.

In the on-site mechanism, we can consider the TS structure
of the simple mechanism for the formation of the semidehy-
droxylate intermediate (TSpsl) and for the second step of
dehydroxylation and formation of the complete dehydroxylate
product (TSps2) (Table 3). The latter TS was optimized using
the experimental cell parameters of pyrophyllite (TSps2) and
of the dehydroxylate, and no significant differences in the
geometrical features were observed. In TSosl, the delocalizing
proton is 1.271 A from the acceptor outgoing oxygen atom for
water molecule formation and 1.160 A from the donor oxygen,
whereas in TSos2, the distance from the proton to the acceptor
oxygen is smaller (1.20 A). In TSpsl, the outgoing OH group
is oriented toward the interlayer space, perpendicular to the 001
plane, thus maintaining the initial OH bond length (0.979 A
and 0.977—0.978 A for the OHs of the other Al—Al pair). This
outgoing OH group can be considered completely separated
from one of the initial Al atoms, d(O+++Al) = 2.77 A; however,
it still maintains a short distance with the other Al atom (2.039
A). Therefore, one Al cation has five-fold coordination with
d(Al—Or) = 1.770 A, whereas the other Al cation still has six-
fold coordination with d(Al—Or) = 1.854 A. If we consider
the reaction coordinates as H+++O (donor/acceptor) distances
and take into account the fact that the reaction is endoergic,
the TS structure is closer to the reactant than to the product,
which looks like it does not fulfill the Leffler—Hammond
principle.3>33 However, including the H—O (donor) orientation
angle in the reaction coordinate, which changes from 123.9° in
the reactant to 77.5° in TSps1, adds a bending normal coordinate
to the transition vector, making it closer to the product than to
the reactant. With this reaction coordinate, a more complex
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Figure 5. Transition states for the dehydroxylation reaction: (a) cross
mechanism, (b) on-site mechanism, and (c) second on-site dehydroxy-
lation step. The Si, Al, O, and H atoms are represented in dark gray,
gray, black, and white, respectively.

reaction is found, in such a way the Leffler—Hammond principle
is fulfilled. Therefore, the TS coordinate is based mainly on
the migration of the H atom and the breaking of the remaining
Al—O bond.

For the second step of dehydroxylation by the on-site
mechanism, in TSes2, the outgoing OH group is equidistant
between the two Al cations, d(Al+++0) = 2.326 A, which can
be considered pentacoordinated Al, d(Al—Or) = 1.79 A.
Therefore, the TS coordinate is based mainly on the migration
of the H atom, in features similar to TSps].

Regarding the TS of the cross mechanism (TScgr1), the donor
oxygen—proton (Og+++H) distance is 1.47 A, whereas the
acceptor—proton distance is 1.196 A. This TS shows a structure
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closer to that of the product, as it corresponds to an endoergic
reaction, which agrees with the Leffler—Hammond principle;
thus, only the H+++O (donor/acceptor) distances can be con-
sidered as its reaction coordinate, which are much simpler than
the reaction coordinates of TSpsl and TSps2. This simplicity
in the reaction coordinate with respect to the on-site mechanism,
even though the bending vibration corresponding to the orienta-
tion angle of the OH is a soft vibration; the relatively clear
environment in the octahedral home for the cross mechanism
with respect to the on-site mechanism; and the ergicity features
make the cross mechanism much more favored than the on-site
mechanism.

For the case of the apical oxygen mechanism, two transition
states are observed: (i) one that corresponds to apical oxygen
protonation for the on-site (TSps21) and cross (TScr21) mech-
anisms and (ii) one that corresponds to apical oxygen depro-
tonation toward water formation, also for the on-site (TSps22)
and cross (TScr22) mechanisms. The distances of the delocal-
izing proton from the donor and acceptor oxygens are similar
for the two mechanisms. In particular, deprotonation of the
apical oxygen toward water molecule formation is given by an
acceptor—H distance of 1.33 A in the on-site intermediate
(TSops22) and 1.24 A in the cross intermediate (TScr22). On
the other hand, these transition states are characterized by the
bond breaking of the silanol—aluminum group (Si—OH—AI),
which adopts a distance of 2.47 A in the on-site mechanism
(TSos21) and 2.33 A in the cross mechanism (TScr21). The
distorted Al arrangement in this localization remains until the
water molecule is formed in the subsequent reaction step. In
the first TS, the H+++O (donor/acceptor) distances are lower
than those in the product, corresponding to an endoergic
reaction, again following the Leffler—Hammond principle.
However, in the second TS, some differences are found in both
the on-site and cross mechanisms. Considering the silanol
intermediates as reactants in the former mechanism, the
geometry of the TS is closer to that of the reactant as it
corresponds to an exoergic reaction. Nonetheless, in the cross
mechanism, the geometry of the TS is nearly symmetric, as it
corresponds to a slightly endoergic reaction, which has a
structure at the approximate midpoint of the reaction coordinate.

Crystal Lattice Parameters. We also performed geometry
optimization with variable cell parameters. The optimized cell
parameters are reported in Table 4 for comparison to the
experimental data>!'? in which the transition from pyrophyllite
to its dehydroxylate leads to an increase of the a, b, and ¢ lattice
parameters. Drits et al.” noted that the main reason for the
increase of the b parameter for dehydroxylated Al-rich 2:1 layers
is a tendency for octahedral cations to move away from each
other along the b axis to increase the Al—Or distance to an
appropriate equilibrium value, and this is the main reason for
the larger @ and b parameters compared to original values.
Experimentally,'? a similar effect was observed that, during this
thermally induced process, changes in the cell parameters occur,
increasing the b parameter.

The calculated values for pyrophyllite are similar to the
experimental results, except that the ¢ parameter is slightly
higher than the experimental value according to that previously
reported in other DFT plane-wave calculations.!-3* This is due
to restrictions of DFT plane-wave calculations on van der Waals
interactions presented in the lattice.

The semidehydroxylate intermediates found in our simulations
were also optimized with variable cell parameters (with and
without H,O, cross and on-site). All of these semidehydroxylates
present similar lattice parameters and are close to the experi-
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Figure 6. Transition states for the dehydroxylation reaction with apical oxygen assistance: (a,b) on-site mechanism [(a) apical oxygen protonation,
(b) water molecule formation], (c,d) cross mechanism [(c) apical oxygen protonation, (d) water molecule formation]. The Si, Al, O, and H atoms

are represented in dark gray, gray, black, and white, respectively.

TABLE 4: Lattice Cell Parameters of the Optimized Structures for the Reactant and Intermediate Structures®

cell semidehydroxylate semidehydroxylate semidehydroxylate semidehydroxylate
parameter pyro on-site with H,O cross with H,O on-site Cross
a (A) 5.18 5.21 5.20 5.20 5.20
b (A) 9.01 9.08 9.02 9.08 9.04
cd) 9.79 9.77 9.81 9.82 9.81
o (deg) 90.6 90.8 90.79 90.6 90.9
p (deg) 100.2 100.1 100.1 100.2 100.1
y (deg) 89.8 89.9 90.0 89.4 89.1

@ Experimental data: For pyrophyllite? a = 5.16 A, b = 897 A, ¢ = 9.35 A, o = 91.2°, # = 100.5°, y = 89.6°. For pyrophyllite
dehydroxylate,'’ a = 5.19, b = 9.12, ¢ = 9.50, oo = 91.2°, B = 100.2°, y = 88.6°.

mental values for the dehydroxylate derivative, except for the
b and c¢ parameters. The ¢ parameter is higher than the
experimental value for the dehydroxylate derivative but closer
to the experimental data than previous works on pyrophyllite
with plane-wave DFT calculations.!! The b parameter is slightly
lower than the experimental value for the dehydroxylate
derivative because the AI—O—Al bond angle of the pentaco-
ordinated Al is lower than 180° and the Al--+Al distance is
shorter in the semidehydroxylate derivative than in the com-
pletely dehydroxylated structure. The presence of water in the
ditrigonal cavity does not alter the lattice parameters.

X-ray Diffraction Pattern. Simulations of the powder X-ray
diffraction (XRD) patterns of the calculated structures were
performed using diffraction software implemented within Ce-
rius2 package and XPowder software® with an X-ray wave-
length of 1.54 A. The simulated powder X-ray diffraction
patterns based on the optimized structures of different semide-
hydroxylate intermediates (with water and without water) of
the on-site and cross mechanisms are depicted in Figure 7. The
range of 5—50° (20 units) was considered for comparison. No

significant differences were found between the semidehydroxy-
late derivatives and pyrophyllite. Slight differences can be
detected between the semidehydroxylate intermediates without
water molecules and pyrophyllite, but these differences are not
observable within the experimental resolution. This can explain
the fact that these intermediates cannot be detected experimen-
tally by means of the XRD technique during the dehydroxylation
process.

Conclusions

Several intermediates of pyrophyllite dehydroxylation were
identified in this work: the semidehydroxylates with water (on-
site and cross); the semidehydroxylates without water (on-site
and cross), which are simultaneously the reactants of the second
dehydroxylation step; and the completely dehydroxylate deriva-
tives with and without water. This article also reports for the
first time the apical oxygen intermediate that is consistent with
the possible silanol group that was detected experimentally and
assigned to a possible intermediate.®
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Figure 7. Simulated XRD patterns of the calculated crystal structures of (a) pyrophyllite, (b) semidehydroxylate on-site with water, (c)
semidehydroxylate cross with water, (d) semidehydroxylate on-site without water, and (e) semidehydroxylate cross without water.

Variations observed in our calculated structures are in
agreement with experimental findings such as five-fold Al
coordination with a residual oxygen midway between the Al
pairs. The simulation of the XRD pattern from our calculated
crystal structures shows good agreement with the known
experimental data. In addition, the similarity in the simulated
XRD patterns of the intermediates explains the significant
experimental difficulty in following the development of the
reaction by XRD. This validation of our calculations and models
shows that this theoretical methodology is a useful tool for

analyzing intermediates and TSs for reactions in minerals that
cannot be observed experimentally and can help to increase the
understanding of the experimental behavior.

According to our previous results,! it is important to note
that dehydroxylation would proceed with a higher activation
energy only to favor the completeness of the dehydroxylation
reaction. The conclusion of Guggenheim et al.!” based on the
gradual strengthening of the AI—O bonds along the intermedi-
ates of reaction are also reproduced in our work, but we believe
that these structural rearrangements are not sufficient for the
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major energetic requirement found experimentally. Our results,
in accordance with those of Stackhouse et al.,'! reveal that the
progress of the dehydroxylation reaction does not require a
higher activation energy (58—59 kcal/mol for the first step and
60.3 kcal/mol for the second dehydroxylation step). The
formation of all of these structures indicates that the dehy-
droxylation process is much more complex than a first-order
reaction and can explain the wide range of temperatures
necessary to complete the release of water in this process. These
conclusions are thought to be valid for other aluminum-
containing dioctahedral 2:1 phyllosilicates.
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