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The effect of isomorphic substitution on Brønsted acid sites, generated during acid treatment of montmorillonite,
was studied using the density functional theory (DFT) and the cluster model method. Cluster models describing
acid montmorillonite were constructed and used as a matrix for the protonation of several test molecules
under different types of isomorphic substitution. Our results concerning geometries, energies, and infrared
vibrational frequencies indicate that isomorphic substitution of aluminum with magnesium in the octahedral
sheet leads to stronger acid sites and more effective protonation of test molecules than those produced by
substitution of silicon with aluminum in the tetrahedral sheet.

Introduction

Phyllosilicates consist of a 2D stack of inorganic layers made
of tetrahedral sheets of SiO2 motifs, octahedral sheets, or both
of metal oxide and hydroxide (where the metal can be Al, Fe,
or Mg).1 Cohesion between the layers is maintained by weak
electrostatic and van der Waals interactions mediated by the
cations located in the interlayer and water molecules.2 Mont-
morillonite (MMT) is a 2:1 layer type comprising an octahedral
alumina sheet fused between two tetrahedral silica sheets (Figure
1). Isomorphic substitution of octahedral aluminum and silicon
within the tetrahedral sheet, by magnesium and aluminum,
respectively, creates a negative layer charge, which is balanced
out by exchangeable cations residing in the interlayer and on
the external surfaces of the particles.

Although MMT has been found to have little catalytic activity
in its natural Na+ forms toward organic molecules,4 various
cation-exchanged MMTs have proved to be effective catalysts
for a wide variety of organic reactions.5 The alteration of MMT
by acid treatments constitutes one of the most important
modifications to this phyllosilicate so that the resulting acid
material is used in the food, beverage, and paper industries, in
oil bleaching, and in a number of other important industrial
reactions.6,7 Furthermore, clay minerals are the focus of renewed
interest owing to their use as supports for environmentally
friendly catalysts.8,9 When MMT is acid-treated, ion-exchange
occurs, generating H-MMT; at the same time, the acid MMT
transforms itself by means of progressive delamination.10 The
acid treatment applied to most commercial acid-treated MMT
is controlled so that only a part of the metal content of the lattice
is removed.11 Much work has been devoted to the experimental
investigation of the surface acidity of MMT, especially to the
factors that affect the structural composition of MMT and the
proportion of Brønsted sites in comparison with Lewis sites.9,12-15

The percentage of modified MMT as well as the surface area
and the Brønsted surface acidity depends mainly on acid
concentration, composition, temperature, humidity, and length
of acid exposure. In general, short treatments with diluted acid
are recommended.16

The Brønsted acidity of MMT is associated with (a) the
exchange of the cations with the H+ in the acid and (b) leaching
the octahedral cations such as Al3+, Mg2+, and Fe3+ at higher
acid concentrations that migrate from the layers and produce
protons via the dissociation of interlayer molecules. Leaching
these cations increases with the degree of acid treatment.10 The
nature of Brønsted sites in MMT has been explored through
the use of different spectroscopic techniques such as FT-IR and
NMR. Tyagi et al., using diffuse reflectance FT-IR (DRIFT)
spectroscopy, studied the surface acidity of an acid MMT
activated with hydrothermal, ultrasonic, and microwave tech-
niques. They measured Brønsted acidity generated during acid
digestion and used pyridine as the probe molecule; the results
showed that surface acidity of similar strength can be gener-
ated.11 However, the structural characterization of the Brønsted
sites is still a complex task that could be clarified by further
theoretical studies. The use of probe molecules has contributed
to the identification of a Si-OH-Al group in the acid-treated
MMT, which is related to the exchange of H+ ions for cations
in the interlayer at low acid concentrations.17

Brønsted acidity is associated with dissociated water mol-
ecules in the hydration sphere of the exchangeable cations in
the interlayer region.18-21 Nevertheless, considering that the H+
ions are highly mobile and that the structure of MMT has a
negative charge zone located on some oxygen atoms, three
sources of Brønsted acidity have been considered besides the
interlayer: (1) the particle edges where the layers are broken,8

(2) the hydroxyl groups of the octahedral sheets,22 and (3) the
basal oxygen of the tetrahedral sheets.23

Because of the complex nature of phyllosilicates, ab initio
studies have proceeded in one of two ways: either employing a
cluster model approach or using a periodic description. In the
cluster approach, a representative fragment of the extended
material is taken, and dangling bonds are saturated by hydrogen
atoms to minimize the excessive migration of electron density
that would produce artificial states. One alternative approach is
to embed the cluster in an environment of point charges to
account for the electrostatic interaction of the rest of the solid.
The cluster approach is frequently used because it gives
important information related to the reactivity index and
thermodynamics and to kinetics parameters such as activation
energies and Gibbs free energies. However, in the periodic
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description, the edge effects can be avoided because a unitary
cell, which is propagated in two or three dimensions, is defined
as input. The periodic approach can give information about the
infrared vibrational modes as well as the behavior of cation
interlayer and water in MMT.2 Most periodic studies adopt a
plane-wave basis set, which is delocalized and hence free from
the basis set superposition errors. Within the cluster approach,
the system is described by localized orbitals that can be readily
interpreted in terms of charges on the atoms and reactivity.
Furthermore, calculations have also been done for some kinds
of phyllosilicates using classical molecular mechanics; the reader
can refer to the recent review by Greenwell et al.24 that covers
both classical molecular mechanics and quantum mechanics
methods employed in theoretical studies of these materials.
Specifically, the complex behavior of water confined in MMT
is better described by means of molecular dynamics and Monte
Carlo methods that are able to hand a large number of
molecules.25 Classical simulations are an attractive alternative,
but they require the development of accurate models to de-
scribe the interactions.26,27 For example, in the recent study of
Larentzos et al.28 ab initio molecular dynamics and the CLAYFF
force field were employed on pyrophyllite and talc. The latter
method yields results that differ from the ab initio molecular
dynamics and experiments regarding structural and vibrational
properties.

Theoretical studies dealing with the effect of isomorphic
substitutions range from semiempirical calculations29-31 to ab

initio type of calculations.32-35 The semiempirical calculations
pointed out that a dramatic difference in excess negative charge
distributions arises from tetrahedral (A1(III)-Si(IV)) and
octahedral (Mg(II)-Al(III)) substitution. In the case of tetra-
hedral substitution, most of the excess negative charge not
remaining at the substitution site localizes on the closest oxygen
atoms. However, the majority of the excess negative charge is
found on the next-closest aluminum atoms and less on the
closest oxygen atoms directly coordinating the magnesium
octahedral substitution. Several ab initio studies have been
performed by Chatterjee et al., who optimized a cluster of MMT
comprising a hexagonal silicate ring and two Al/O octahedral
units. Using this cluster, the structural and energetic properties
were studied33 as well as the effect of the tetrahedral and
octahedral isomorphic substitutions on the MMT-water interac-
tions34 and the adsorption of Na+.35 Regarding acidic properties
of MMT, Stackhouse et al.22 studied the protonation of methanal
and ethylenediamine on H-MMT considering octahedral sub-
stitutions and found that the most suitable site for protonation
of both monomers was the lattice-edge of the material.
Furthermore, ethylenediamine was also protonated by the
hydroxyl group in the tetrahedral sheet. Through the study of
water and proton sorption on pyrophyllite, Churakov36 inves-
tigated the acidity of the edges sites and sorption properties not
related to the permanent structural charge of the 2:1 dioctahedral
phyllosilicates. It was found that “Al-O-Si” sites have the
highest proton affinity. Also, Bourg et al.37 studied the acid

Figure 1. Side view of a 2:1 layer of the montmorillonite consisting of an octahedral alumina sheet fused between two tetrahedral silica sheets.3

Figure 2. Cluster model (Al2Si6O24H18) used in the calculation. (a) Cluster A with octahedral isomorphic substitution of Al3+ by Mg2+and (b)
cluster B with tetrahedral isomorphic substitution of Si2+ by Al3+.
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properties of the edge sites of MMT by means of the comparison
of experimental titration data and their simulated titration. They
found that a model accounting for bond-length relaxation and
charge redistribution at the edge surface yields the best
prediction of experimental titration data. Ammonia has been
used extensively as a probe molecule in solid acids, and Yang
et al.38 used it to carry out a theoretical and experimental study
on MMT. Ammonia was relaxed on a cluster of MMT with
and without tetrahedral isomorphic substitution. Theoretical
results showed that acid sites located around the octahedral
aluminum, and substitution of Al3+ for tetrahedral Si4+ would
be favorable to NH3. It is important to notice that most of the
acid sites studied by Yang et al. correspond to the Lewis type.

The purpose of the present article is to study the effect of
isomorphic substitution on the possible protonation of MMT
on the tetrahedral sheet as well as the strength of the Brønsted
sites formed using probes molecules within a density functional
theory (DFT) scheme.

Methodology

We have carried out cluster-type calculations using a cluster
that is considered to be representative of the bulk MMT. The

cluster model, having the formula Al2Si6O24H18, was constructed
from the crystal structure of well-defined dioctahedral pyro-
phyllite, which differs from MMT in that pyrophyllite does not
exhibit isomorphic substitutions. This cluster was chosen
because a larger one would be computationally very demanding
in the calculation of thermochemical properties. We further
support this decision based on the work by Stackhouse et al.,22

who showed that it is more energetically favorable for the proton
to reside close to the site of isomorphic substitution, and thus
it is possible to study protonation sites employing the already
defined cluster. The coordinates of the unit cell are based on
those given by Skipper et al.39 Figure 2 displays the cluster
consisting of one hexagonal cavity of tetrahedral Si/O and two
octahedra Al/O. The dangling bonds were saturated with
hydrogen atoms. To study the effect of each kind of isomorphic
substitution, an aluminum atom of the octahedral sheet was
replaced by a magnesium atom in the first case (cluster A), and
in the second case, a silicon atom of the tetrahedral sheet was
replaced by an aluminum atom (cluster B).

It is important to mention that the cluster size can have an
effect on quantitative properties; however, several research
papers have shown that a cluster is sufficient to obtain a
qualitative picture of the acid properties of zeolites, and in some
cases, the results agree with periodic DFT studies and experi-
mental values.40-42 Both zeolites and MMT pertain to the
aluminosilicate minerals group and have similarities in their
structure; therefore, it is possible to consider using the cluster
methodology in the study of MMT.

The electrostatic potential is well established as an effective
tool for interpreting and predicting molecular reactive behavior
toward electrophiles.43 Therefore, it was computed over the SCF
density isosurface (0.002 au) on three clusters, one without
isomorphic substitution and the other two with octahedral and
tetrahedral isomorphic substitution. Because so much energy
is required to cause a distortion in the silicate sheet of MMT,
its geometric changes during the protonation process and
interaction with the probe molecules are considered to have
negligible effects on our calculations. Therefore, the cluster was
frozen, whereas the proton was allowed to relax in the zone
where the lowest value of electrostatic potential is found,
producing the proton exchange MMT cluster, that is, H-MMT.
The probe molecules, ammonia, pyridine, methylamine, and
acetonitrile, were placed close to the H-MMT cluster, and the
probe molecule and the proton were optimized. The results of
this article describe acid-treated MMTs under mild conditions
in which the delamination of MMT is almost absent.

In the present article, we study the possible proton transfer
from acid MMT to a base molecule, and thus hydrogen bonds

Figure 3. Electrostatic potential map of (a) the cluster without isomorphic substitutions, (b) the cluster with tetrahedral substitution Al3+/Si4+, and
(c) the cluster with octahedral substitution Mg2+/Al3+. Tetrahedral substitution produces a more localized zone of negative charge.

TABLE 1: Interaction Energy (kilocalories per mole) and
O-H Distances (angstroms) of the Protonation Process over
O2 and O12 in Clusters A and Ba

cluster type interaction energy d(O-H)

cluster A (O2-H) -303.67 0.983b

cluster A (O12-H) -303.85 0.983
cluster B (O2-H) -307.56 0.975
cluster B (O12-H) -340.78 0.98

a Cluster A and Cluster B have octahedral and tetrahedral
isomorphic substitution, respectively. b Stackhouse et al.22 obtained
d(O-H) of 0.9802 Å.

TABLE 2: Geometric Parameters of the Acid Sites in the
Montmorillonite Clusters with Different Isomorphic
Substitutions

cluster type <H-O-ab plane <H-O-Si/Al <H-O-Si

cluster A octahedral isomorphic
substitutions Mg2+ × Al3+

74.09 107.73 113.43

cluster B tetrahedral isomorphic
substitutions Al3+ × Si4+

74.73 109.97 111.40

TABLE 3: Proton Affinity (kilocalories per mole) and
Stretching Frequencies (inverse centimeters) of the O12-H
Bond

cluster type proton affinity ν(O-H)

cluster A 294.43 3569
cluster B 330.79 3673

8996 J. Phys. Chem. A, Vol. 113, No. 31, 2009 Briones-Jurado and Agacino-Valdés



are involved in the system. Theoretical descriptions of hydrogen
bonds require ab initio techniques that account for electron
correlation;44-46 however, the use of second-order Møller-Plesset
(MP2), coupled clusters (CC), or configuration interaction (CI)
methods are computationally very demanding. The DFT ap-
proach is an alternative to deal with hydrogen bonds. Although
density functional methods do not take dispersion energy into
account, in this article, the small molecules interact directly with
the Brønsted site of the MMT cluster through strong hydrogen
bonds, and, in this way, dispersion forces are expected to be a
negligible component of the interaction.

All calculations were done with Gaussian0347 using the
B3LYP functional48 and 6-311+G** basis set. The performance
of the B3LYP functional in combination with the 6-311+G**
basis set has been well documented for zeolite systems, where
the functional has demonstrated basically the same results as
those of MP2 level of theory.49 The calculations were performed
using the HP CP 4000 cluster (Kan-Balam) at DGSCA-UNAM.
Gaussian03 computes vibrational frequencies, analytically de-
termining the second derivatives of energy with respect to the
Cartesian nuclear coordinates and then transforming to mass-
weighted coordinates. The calculation of thermodynamic prop-

erties such as the Gibbs free energy (∆G°) and enthalpy (∆H°)
was performed at 298.15 K. Calculations were carried out
according to statistical thermodynamic formalism, which con-
siders a canonical ensemble of particles and Hess’s law of the
thermochemistry. The most important approximation is that all
equations assume noninteracting particles and, therefore, apply
only to an ideal gas. The equations used for computing
thermochemical data in Gaussian03 are equivalent to those given
in standard texts on thermodynamics.50

Results and Discussion

Protonation of Montmorillonite Clusters. The effect of
isomorphic substitutions was observed through the electrostatic
potential map. Figure 3 shows the electrostatic potential map
of the neutral cluster (without isomorphic substitutions) and the
clusters with isomorphic substitution. In both cases, the
electrostatic potential changes significantly; the negative zone
(red zone) is very intense in a localized region at the tetrahedral
surface layer nearest the isomorphic substitutions; cluster a with
tetrahedral isomorphic substitution displays a negative zone
stronger than that of the b clusters with octahedral isomorphic
substitution.

Figure 4. Final geometry of the protonated clusters. (a) Side view of protonated cluster A, dO-H ) 0.983 Å, and (b) top view of the protonated
cluster B, dO-H ) 0.976. All hydrogens saturating the dangling bonds have been removed to make the image clearer.

Figure 5. (a) Side view of optimized ammonia on cluster A and (b) top view on cluster B. The molecule was protonated and formed hydrogen
bonds with the oxygens of the hexagonal cavity.
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The most negative values of electrostatic potential are located
in the oxygen adjacent to the tetrahedral substitution and on
the oxygen atoms of the hexagonal cavity closest to the
octahedral substitution. From these results, we can conclude that
protonation is more likely to occur over oxygen atoms O2 and
O12. (See Figure 1.) This result agrees with the calculations
based on the plane-wave DFT performed by Stackhouse et al.,22

who compared several protonated structures and concluded that
the lowest energy is obtained when the proton is attached to

the closest substitution sites. The proton is thus limited to
approach over oxygen atoms labeled as 2 and 12.

The proton was attached over oxygen atoms O2 and O12 in
cluster A and cluster B with the purpose of finding the most
stable position. The interaction energy of the protonation,
MMT-1 +H+f H-MMT, was calculated to be ∆E ) E(H-MMT)

- E(MMT-1). It is observed in Table 1, that for cluster A and
cluster B the protonation on O12 is slightly more favorable.
The distances obtained for cluster A are very close to the values

Figure 6. (a) Side view of optimized methylamine on cluster A and (b) top view on cluster B. The molecule was protonated and formed hydrogen
bonds with the oxygens of the clusters, similar to ammonia.

Figure 7. Pyridine was also protonated by (a) cluster A and (b) cluster B. The final position of pyridine favors the interaction of the molecule with
the acid site.
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reported by Stackhouse et al. in their plane-wave DFT calcula-
tion because they found an O-H distance of 0.9802 Å for an
Otay-type MMT in the equivalent position.

In contrast, the distance O-H is smaller in cluster B
(possessing tetrahedral substitution). The angle H-(ab) shows
that in all cases the proton is not normal to the ab plane. Instead,
it leans toward the hexagonal cavity (Figure 4). The angles
Al-O-H and H-O-Si indicate that the proton tends to move
away from the aluminum atom in cluster B, and in cluster A,
these angles are almost equal, showing a more symmetrical
position of the proton with respect to the silica atoms.

We also calculated the stretching frequencies and compared
them in Table 3 with the experimental results found in FT-IR
spectroscopy. Tyagi et al.51 reported a band at 3655 cm-1 that
appears after the acid treatment on the MMT and because the
frequencies that we have found are close to this experimental
result, it is possible to assign this band to the O-H groups in
the tetrahedral sheet. However, more precise experimental and

theoretical values would be required to define whether the band
could be due to the Si-OH-Si or Al-OH-Si groups.

In addition, we measured the proton affinity (PA), which is
an important energetic parameter and is calculated as ∆H of
the gas phase protonation process52 MMT-1 + H+f H-MMT,
PA ) ∆H ) H(H-MMT) - H(MMT-1).

The calculated proton affinities for cluster A and cluster B
(Table 3) are in the range of values that have been calculated
for zeolites.53,54 Because materials with high proton affinity are
poor proton donors and hence have a low Brønsted acidity, the
acid sites originated from the octahedral substitution possess a
stronger Brønsted site than the one from the tetrahedral
substitution. This result is in agreement with the experimental
evidence,12 which has shown that MMTs having higher percent-
age of octahedral substitutions are more acidic than those with
a lower amount of this type of isomorphic substitution.

Figure 8. Acetonitrile was not protonated by clusters A and B. Only a hydrogen bond is formed.

TABLE 4: Distances N-H (dN-H) and O-H (dOH) in angstroms, Interaction Energy in kilocalories per mole, and Free Energy
of Interaction (∆Ginteract at 298 K) in kilocalories per mole

tetrahedral substitutions octahedral substitutions

dN-H dOH ∆Einteract ∆Ginteract dN-H dOH ∆Einteract ∆Ginteract

methylamine 1.08 1.59 –95.73 –24.66 1.04 1.81 –102.44 –39.17
ammonia 1.09 1.55 –91.05 –19.67 1.05 1.79 –96.53 –35.60
pyridine 1.09 1.56 –84.99 –14.38 1.07 1.71 –90.61 –26.96
acetonitrile 1.64 1.39 –16.33 –1.42 1.02 1.11 –21.30 –11.09

TABLE 5: Calculated IR-Vibration Frequencies (inverse
centimeters) of O-H and N-H Involved in the Acid Site
After Interaction of Probe Molecules with the Acid Clusters
A and B

ammonia methylamine pyridine acetonitrile

P.A. exp55,56 kcal/mol 202 215 218 187
stretching of

the O-H (cm-1)a
cluster A 1498

cluster B 2949
stretching of

the N-H (cm-1)b
cluster A 2902 2995 2663

cluster B 2390 2524 2288

a After the interaction with the probe molecule. b Corresponding
to the proton caught by the molecule.

TABLE 6: Calculated IR-Vibration Frequencies (inverse
centimeters) in Test Molecules Free and Coordinated to the
Acid MMT Clustersa

ammonium
NH4

+
methylammonium

CH3NH3
+

pyridinium
C5H5NH+

acetonitrile
CH3CNH+

OS OS OS TS

free TS free TS free TS free OS

3328,s 3677 3322,s 3167 1300,b 1304
2935 2981 1307

3329,s 3991 3322,s 3262 1359,b 1375 2244,s 2480
3360 3328 1389 2208

3330,s 4068 1483,s 1592 1509,b 1521
3447 1521 1535

a In each cell, the number at the top corresponds to the
tetrahedral substitutions (TS) and the number at the bottom to the
octahedral one (OS).
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Interaction of Acid Clusters with Probe Molecules. In this
section, the interaction of pyridine, methylamine, ammonia, and
acetonitrile with cluster A and B is considered. These molecules
were chosen because they are commonly used as base probe
molecules by means of the analysis of their interaction with
solid acids using infrared techniques.55 Because all of these
molecules have an available electron pair pertaining to the
nitrogen atom, they were arranged pointing the nitrogen atom
toward the acid site of the clusters A and B. The proton and
the molecule were allowed to relax, whereas the MMT cluster
was kept frozen. The quantitative parameters that will be taken
into account to evaluate the strength of the Brønsted sites are
the N-H and O-H distances, the free energy of the interaction
(∆Ginteract) based on the process

and the vibration frequencies.
Figures 5-8 show the final optimized structures of methy-

lamine, ammonia, pyridine, and acetonitrile. It can be observed
that the molecules have trapped the proton of the acid sites with
the exception of acetonitrile. Table 4 presents the variability
found in the strength of this process for the molecules considered
using the N-H and O-H distances and the interaction free
energy (∆Ginteract) as references.

According to the parameters displayed in Table 4, the
interaction with these base molecules is more feasible on the
sites produced by the octahedral substitution. The order of
preference of interaction is the same in both types of isomorphic
substitution, namely, in descending order, methylamine >
ammonia > pyridine > acetonitrile. Therefore, the interaction is
not directly related to the proton affinity of the free molecules.
(See Table 5.) Instead, the interaction depends on the MMT
nature. It is observed that the basal oxygen atoms are able to
form hydrogen bonds with ammonia and methylamine molecules.

To decide whether the molecules have been protonated, the
frequencies of vibration are taken into consideration. Table 5
shows the stretching mode of O-H of the acid site, which
disappears after the interaction with methylamine, ammonia,
and pyridine. For this reason, we conclude that these molecules
have been protonated, whereas the acetonitrile has not. The
frequency of the N-H bond indicates that the protonation is
more effective on acid cluster A because of the fact that the
protonated molecules present larger frequency values, which
indicate a stronger N-H bond.

The interaction of the cluster with the protonated molecules
produces a frequency shift in the N-H stretching modes of the
ions ammonium and methylammonium (Table 6). In addition,
a slight shift is observed in the bending mode of C-H and N-H
bonds in pyridinium. The latter is attributed to the interaction
of the hydrogen bond type with the MMT cluster and the
protonated molecule.

Conclusions

In the present article, the parameters that have been used to
compare the strength of the Brønsted sites allow us to conclude
that the donation of protons attached to sites generated by
octahedral isomorphic substitutions is energetically more favor-
able than those originating from tetrahedral substitutions.

Furthermore, the possibility of the substrates to form hydrogen
bonds with the oxygen atoms of the hexagonal cavity of
tetrahedral Si/O creates stronger interaction between them and
MMT. For that reason, ammonia and methylamine interact more
strongly with the acid MMT compared with pyridine and
acetonitrile. This result could be useful in the improvement of
acid catalysts because MMTs with a major proportion of
octahedral substitutions would protonate substrates better than
MMTs with fewer octahedral substitutions.
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Schäfer, L. J. Mol. Struct. 1998, 445, 65–88.
(27) Teppen, B. J.; Miller, D. M.; Newton, S. Q.; Schäfer, L. J. Phys.
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