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STABILITY OF THE HYDRONIUM CATION IN THE STRUCTURE OF ILLITE
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Abstract—Some aspects of the crystal structure of illite are not understood properly yet, in spite of its
abundance and significance as a component of soils, sediments, and low-grade metamorphic rocks. The
present study aimed to explore the role of hydronium cations in the interlayer space of illite in a theoretical-
experimental approach in order to clarify previous controversial reports. The infrared spectroscopy of this
mineral has been studied experimentally and by means of atomistic calculations at the quantum mechanical
level. The tetrahedral charge is critical for the stability of the hydronium cations, the presence of which has
probably been underestimated in previous studies. In the present study, computational studies have shown
that the hydronium cations in aqueous solutions are likely to be intercalated in the interlayer space of illite,
exchanging for K cations. During the drying process these cations are stabilized by hydrogen bonds in the

interlayer space of illite.
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INTRODUCTION

Illite is a 2:1 dioctahedral phyllosilicate which could
be classified somewhere between clays and mature mica.
In spite of its abundance in sediments, its crystal
structure is poorly understood due to the high degree
of disorder in stacking of its layers, cation substitutions,
cation arrangements along each sheet, and the small size
of its crystalline domain. The chemical composition of
illite is similar to that of smectite but has different
properties: illite is non-swelling and has a smaller cation
exchange capacity. In general, illite has a certain
tetrahedral charge which is greater than that of smectites
and less than that of more mature micas, with K as the
most common interlayer cation.

According to the International Mineralogical
Association (Rieder er al., 1998), the term illite is
given to interlayer-cation-deficient mica with <0.85
interlayer atoms per formula unit. The mechanism of
charge compensation in these minerals is controversial,
however. The presence of hydronium cations to com-
pensate the charge deficiency was proposed by Brown
and Norrish (1952). On the contrary, Hower and Mowatt
(1966) proposed that no hydronium cation compensation
occurs.

Spectroscopic studies have been used widely to
explore the structure of the phyllosilicates and interlayer
water (Bishop et al., 1994; Fialips et al., 2002). The
supramolecular network of water molecules in a nano-
space, such as the interlayer space of phyllosilicates, is
difficult to understand, however (Kuligiewicz et al.,
2015). Discrepancies related to the detection (by
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infrared, IR, spectroscopy) of the hydronium cation in
phyllosilicates have been reported (White and Burns,
1963). Most of the experimental studies of this target are
based on crystallographic and spectroscopic approaches
that are closely related to the atom positions and atomic
vibrations. Molecular modeling calculations, based on
atoms and molecules, may, therefore, be a useful
complementary tool for helping to understand this
phenomenon. This theoretical approach has been applied
to clay minerals in recent decades with satisfactory
results in terms of crystallographic (Escamilla-Roa et
al., 2013; Sainz-Diaz et al., 2003) and spectroscopic
(Escamilla-Roa et al., 2014) properties.

The behavior of water in nanoconfined spaces is not
well understood, especially in the interlayer space of
phyllosilicates. The role of water in the interlayer space
is critical in the cation exchange process. Several
computational studies on the behavior of water in the
interlayer space of phyllosilicates have been reported
(Michot et al., 2012; Morrow et al., 2013; Wang et al.,
2005). The study of the structure and properties of H;0"
ions in the interlayer sheet is important for exploring
crystallographic and physical-chemical properties of
illite, and contributes to an understanding of the stability
of H;0" ions in the interlayer space. The present work
was based on the hypothesis of the existence of the
hydronium cation in the interlayer space of illite and the
objective was to study the stability of and effect of H;0"
as an interlayer cation (IC) on the illite structure with
and without water molecules.

This paper is published as part of a special issue on the
subject of ‘Computational Molecular Modeling’. Some of
the papers were presented during the 2015 Clay Minerals
Society-Euroclay Conference held in Edinburgh, UK.
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METHODOLOGY

Several theoretical models have been explored in
attempts to understand the stability of hydronium cations
in the interlayer space of illites. Ultimately, theoretical
and experimental studies have merged together to
elucidate spectroscopic properties.

Sample

Illite IMt-2, from the Cambrian shales from Silver
Hill, Jefferson Canyon, Montana, USA, was obtained
from the Source Clays Repository of The Clay Minerals
Society. A full description was reported by Hower and
Mowatt (1966). The <2 mm fraction of this illite was
separated by suspension in water and centrifugation. No
further chemical treatment was applied during the
separation process. The sample was air-dried and
disaggregated gently using an agate pestle and mortar.

Spectroscopic experiments

A Fourier-transform Infrared (FTIR) spectrophot-
ometer (model JASCO 6200A) located at the
University of Granada (Spain) was used with an
Attenuated Total Reflection (ATR) accessory. Spectra
were analyzed by means of the SpectraManager program
(provided by JASCO).

Calculations

First-principles total energy calculations based on
Density Functional Theory (DFT) were performed with
the Generalized Gradient Approximation (GGA) and the
Perdew, Burke, and Ernzerhof (PBE) exchange correla-
tion functional (Perdew et al., 1996). The Dmol3
program was used, implemented in the Materials
Studio (MS) package, including periodical boundary
conditions (Accelrys, 2009). The electronic calculations
were performed with a double-zeta basis set augmented
with polarization functions (DNP) with Semi-core
Pseudopotentials (DSPP). The convergence criterion
for the self-consistent field was 1 x 107> Ha (Hartrees,
1 Ha = 627.51 kcal/mol). The optimization of geometries
of different structures was performed at 0 K. The
harmonic vibration frequencies were calculated diag-
onalizing the mass-weighted second-derivative Hessian
matrix.

Experimental atomic coordinates for the crystal
structure of illites were taken from the models proposed
by Drits ef al. (1984) based on oblique-texture electron
diffraction studies of dioctahedral smectites. The H atom
coordinates were taken from the previous study of Giese
(1979), where they were optimized by means of
interatomic empirical potential calculations (Sainz-Diaz
et al., 2001). The illite model is in the trans-vacant
crystal form, and of 1M polytype. From an experimental
composition of [(Si34Alg.e)(Al; 47Fed19Fed 06Mgo.25)
Ko.690Nag 01(OH),0;9] (Nieto et al., 2010), a model of
[(Si3.25Al0.75)(Al1.75sMgo.25)K(OH),010] was created.
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This model allows the generation of a 2 x 1 x 1 supercell
of 84 atoms without fractional cation substitution with
periodic boundary conditions (Sij3Al3)(Al;Mg;)
K4(OH)gO0y49. To study the stability of the hydronium
ion in the illite interlayer space, one K was substituted
by one H;O" cation in the interlayer space
(Si;3Al3)(Al;Mg)K5(H30)(OH)gOy40. Hydrated systems
were also simulated with varying amounts of water in
the interlayer space surrounding the interlayer cations.

To compare the energy of these cations in the
interlayer space with a dissolution environment, boxes
of mixtures of water and several ions (H;0", HO™, K")
were generated applying periodical boundary conditions
by using the amorphous cell-builder modulus based on
Monte Carlo simulations with geometry optimization for
refinement, using the Compass Force Field at 298 K and
a density of 1 g/cm® implemented in Materials Studio
(Accelrys, 2009). Further optimizations of these models
were performed at the DFT level.

RESULTS AND DISCUSSION
Dry K-illite model

Initially, the dry model of illite, without water or
hydronium molecules, was calculated with the composi-
tion [(Si3 25Alg.75)(Al; 7sMgo 25)K(OH),010], with tetra-
hedral and octahedral charges and only K’ as the
interlayer cation. This model can be considered as ‘a
near muscovitic composition” with some excess Si that is
compensated by a substitution of Al by Mg in the
octahedral sheet, i.e. a Tschermaks/phengitic substitu-
tion, which is common in illite and in micas generally. A
similar structure was optimized in preliminary calcula-
tions (Sainz-Diaz et al., 2005), yielding a crystal lattice
with the cell parameters @ = 5.29, b =9.15, ¢ = 10.07 10\,
o =90.0° B =101.75° and y = 90.0°. These parameters
are consistent with the experimental values of smectites
and only slightly different from the experimental crystal
lattice parameters of illite IMt-2: a = 5.20-5.24, b =
9.01-9.06, ¢ = 10.13—10.17 A, and p = 101.3—101.8°
(Nieto et al., 2010).

A 2 x1x 1 supercell was created that corresponds to
the formula (Sij3Al3)(Al;Mg)K4(OH)gOy9, where the
tetrahedral Al occurs in different sheets of the same
layer, two in one sheet and another in the other
tetrahedral sheet, being maximally dispersed along the
tetrahedral sheet (Sainz-Diaz ef al., 2005) (Figure 1). All
atomic positions were fully optimized at constant
volume maintaining the above theoretical cell para-
meters. The distortion produced by the coupling of the
tetrahedral and octahedral sheets means that the
hexagons formed by Si oxide tetrahedrons change from
hexagonal to ditrigonal symmetry with a certain angular
freedom. In the optimized structure, the K cations
remain in the center of the interlayer space. The K
distances to the basal tetrahedral O atoms are slightly
shorter (2.79—3.03 /0%), however, in the sites with more
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Figure 1. Optimized crystal structure of illite in completely dry
conditions (view from the (010) plane). Some interatomic
distances (;\) areincluded. The H, Al, Mg, Si, O, and K atoms are
represented in white, light-gray, gray, light-gray, black, and
dark-gray, respectively. The H, 'VAl, Mg, and K atoms are
highlighted in spheres. This graphical style is also applied to
figures 2—4.

tetrahedral Al cations than in those with less Al
(3.15-3.57 ;\), due to the greater charge in the layer
with more "VAl cations. The Mg substitution produces an
additional negative charge in the axial O atoms joined to
them, these being the Hirschfeld charges (Accelrys,
2009) of the O atoms (—0.316) which are greater than in
other axial O atoms (—0.286). This Mg substitution has a
similar effect on both tetrahedral sheets in a periodical
crystal lattice, however. The Hirschfeld charges of the
basal tetrahedral O atoms joined to the 'V Al substitutions
(—0.331, —0.340) are greater than in other basal O atoms
(—0.266, —0.271). Hence, the electrostatic interaction of
the K cations is stronger with these basal O atoms with
higher charges.

Hydronium ions in the structure of illite

415

Hydronium K-illite

Previous thermogravimetry (TGA) studies of illite
(Nieto et al., 2010) suggested that after heating up to
138°C, most of the water molecules were released from
the interlayer space and only H;O" remained in the
structure. In such a scheme, the exchange of one K™
cation by one hydronium cation per 2 x 1 x 1 supercell
was simulated, placing the new cation in different
positions of the interlayer space: in the ‘hexagonal’
cavity in the tetrahedral sheet with octahedral Mg>"
substitution and without a tetrahedral substitution
(model K3H30a), in the cavity of the tetrahedral sheet
with octahedral Mg®" substitution and tetrahedral Al
substitutions (model K3H30b), and in the center of the
interlayer space (model K;H;Oc). All atomic positions
were optimized at constant volume with the same cell
parameters as in the former model.

After the optimization of model K3;H3;Oa, the
geometry of the structure changed (Table 1). In spite
of the strong H bonds of the hydronium H atoms and the
basal tetrahedral O atoms of the initial model, the
repulsion between O atoms of hydronium and tetrahedral
cavity triggers, during the optimization, the displace-
ment of the H;0" cation outside of the ditrigonal cavity
toward the center of the interlayer space. In this
structure, the hydronium cation is stabilized by H
bonds and electrostatic interactions with the surrounding
basal tetrahedral O atoms, H,OH...Ob. The strongest
interactions occur with the O atoms with high charge
generated by the AI’* tetrahedral substitution, where the
Hirschfeld net charges of these O atoms (—0.330,
—0.326 before approach by the hydronium cation) are
greater than other O atoms (—0.260). Note that the
charges of the O atoms close to the "YAI*" decrease
(—0.29, —0.25) when strong H bonds are formed with
hydronium cations. The hydronium H atoms then form
the shortest H bonds, d(H,OH"...Ob) = 1.43 A, with the
basal O atom joined to one "YAI>* substitution and to the

Table 1. The main hydrogen bonds (A) of the hydronium ion within illite in dry and hydrated models. Structural formulae on

the basis of O49(OH)g.

Model
Distance K3H3Oa K3H30b K3H3OC K4W3 K3H30W3 K7(H3O)3W6
H;0...0by,* 1.61 1.55 1.70
H;0...0bp,? 1.43 1.42
H;0...0by3” 1.81, 2.72 2.57,2.25 2.19, 2.20 1.62-2.00 1.34-2.79
XOH...OH," 1.34 1.36 1.41
HOH...OH, 2.47 2.85-3.32 2.29, 2.80
K...OH, 2.96-3.5 2.68—-3.18 2.67-3.27
AE© 0.0 5.83 9.02

? Ob; and Obr,: basal O atoms joined to VAPP" cations along the direction of the b and a axes, respectively; Obrs: basal O

atoms not close to an "YAI*" cation.
® X =Si, H, of H;0O".

¢ AE is the relative energy with respect to K3H3;O0a (kcal/mol).

https://doi.org/10.1346/CCMN.2016.0640406 Published online by Cambridge University Press


https://doi.org/10.1346/CCMN.2016.0640406

416

Si cation placed between two "VAI** substitutions along
the crystallographic a axis, AIOSiOAl, and another H
bond at 1.61 A with the basal O atom joined to other
VAI*" substitution. This H bond is slightly longer
because the basal O is joined to a Si cation with only
one vicinal "VAI** substitution along the crystallographic
b axis, sequence AlOSiOSi. A third hydrogen bond is
observed with one basal oxygen atom of the other
tetrahedral sheet, d(H,OH"...Ob) = 1.81 A (Figure 2a).

The optimization of model K;H;0b yielded similar
behavior, the hydronium cation displaced from the
tetrahedral cavity toward the center of interlayer space.
The distance between the hydronium H atom and the
octahedral OH group (H,OH'...O of AIOHMg) is
enlarged from the initial 1.73 A to 3.16 A after
optimization, due to the repulsive interaction of the
strong charge of the tetrahedral O atoms with the O atom
of H30" (Figure 2b). This optimized structure is
stabilized by H bonds and electrostatic interaction with
basal tetrahedral O atoms. The AI*" substitution that
increased the negative O charge (Hirschfeld charges
—0.331, —0.326) and the approach of the hydronium
cation causes the formation of H bonds (H,OH"...Ob,)
with these basal O atoms. The strongest H-bond
interactions are formed between the hydronium H
atoms and the basal O atoms joined to these AI’"
substitutions at 1.42 and 1.55 A (Table 1) as in the
former model. The atomic charges of these O atoms
decreased slightly (Hirschfeld charges —0.274, —0.287,
respectively) due to the effect of the H bonds.

During the optimization of model K3H;0c¢ the H;0"
cation remained in the center of the interlayer space
forming a H bond with one basal tetrahedral O atom
joined to a tetrahedral Al substitution (greater charge
density). This H atom was finally transferred to the basal
O atom joined to the AI** substitution. The result of this
protonation is a new AIOHSIi silanol group with a long
bond length, d(OH) = 1.12 A and a strong hydrogen
bond (1.34 A) with the O atom of the resulting water
molecule (Figure 2c). The disposition of the H atoms in
this complex hydronium-silanol maintains the relative
geometry of the bond angles of hydronium cation. The
behavior of this model can be due to the relative
conformation of the hydronium H atoms in the interlayer
space, where only one H atom is oriented directly toward
a basal O atom with high charge, forming a Bronsted
center.

In spite of this dissociation of the hydronium cation,
this structure is not the most stable, whereas the model
K3H30a has the lowest energy (Table 1). The combina-
tion of several H bonds and electrostatic interactions
probably has more effect than the dissociation of one H
atom.

Hydrated model of illite

In order to understand the role of water molecules
and hydronium cations, as a result of replacement of K*
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by H30" cation in the illite interlayer space, the presence
of water molecules was also considered in these models.
Previous experimental analysis of the illite sample in
question determined an initial interlayer water content of
2.79% (Nieto et al., 2010). Taking into account this
amount of water and the quartz content, 92.21% of the
illite can be considered as ‘hosting’ the interlayer water.
This amount of water can, thus, correspond to the
presence of 2.7 water molecules per supercell and two
wet models were prepared with three water molecules
per (2x1x1) supercell: [(Si;3Al3)(Al;Mg)
K4(OH)3040(H>0)3] (K4ws3) (Figure 3) and (Sij3Als)
(Al;Mg)K;3(H30")(OH)5040(H20)5 (K3H30w3)
(Figure 4). Illite does not expand when placed in
water, nor does it collapse with heating; this amount of
water will, therefore, solvate partially the interlayer
cations without increasing the interlayer spacing and no
additional stress is created.

All atomic positions of both models were optimized
at constant volume with the experimental cell parameters
(¢ =524, b=9.06, ¢c=10.17 A, and B=101.75%
(Nieto et al., 2010). After the optimization process, the
K4ws3 model showed the IC in the center of interlayer
space and the water molecules solvating the IC, the
average distance of the interaction is d(K...OH) =
3.19 A. Only two water molecules show hydrogen
bond interactions at 2.47 A with each other. The major
interactions of water molecules are with several basal O
atoms of the tetrahedral sheet by hydrogen bonds
(HOH...Oy), the range of the distances is between 1.49
and 2.74 A (Figure 3).

When one K is substituted by the hydronium cation,
in the K3H3;0w; model, the hydronium cation does not
remain in the center of the interlayer space during the
optimization process. One proton of the initial H;O" is
transferred to a vicinal tetrahedral basal O atom. A new
AISiOH group and a water molecule are thus formed,
and both are associated, forming a complex with a
d(SiO—H) =1.14 A and a strong hydrogen bond
d(H,0...HOSi) = 1.36 A. Such behavior is similar to
that of the model K3H3Oc¢, where this site is more
reactive due to the high charge generated by the AI**
tetrahedral substitution (Figure 4). The AISiOH group is
very important in the acidity-site concept that is related
to reactivity. This site is known as a Bronsted acid site,
which is produced by Si—O groups, the oxygen atoms of
which are close to Al atoms, increasing the proton
affinities. This behavior was observed in theoretical
adsorption studies on amorphous silica and clays (Benco
and Tunega, 2009; Leydier et al., 2015).

After drying this sample at 7 < 138°C, 1.5% of the
water-hydronium content remained in the interlayer
space (Nieto et al. 2010). Taking into account this
amount of water-hydronium and the quartz content,
93.5% of illite was considered as hosting the water-
hydronium in the interlayer space. This amount of water-
hydronium corresponds, therefore, to the presence of
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Figure 2. Initial (left side) and optimized (right side) structures of illite with hydronium cations (highlighted using balls) in the
interlayer space without water molecules: models K3H;0a (a), K3H;00 (b), and K3 H;0c (¢). Atomic Hirschfeld net charges of some
main O atoms and interatomic distances (A) of H atoms of hydronium cations with basal O atoms are included.
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Figure 3. Optimized structure of hydrated illite (K4w3 model). The water molecules are highlighted as spheres. Some interatomic

distances (A) are included.

1.4 water-hydronium molecules per 2 x 1 x 1 supercell.
Some highly bonded water remains close to the
hydronium cations or the amount of hydronium is
greater. This may indicate that the water/hydronium
ratio would be lower than in the model above (H,O/
H;0" = 3).

A structural formula, closer to the experimental one,
Ko.7(Si3A44A10A56)(A11.53Fe(3).+19 FG%BGMgoas)Olo(OH)z,
can be considered, therefore, with a lower water/
hydronium ratio than above. Hence, a new model closer
to this experimental composition was created in a
5x1x1 supercell with six water molecules distributed
homogeneously between ICs, seven K', and three
hydronium cations per supercell K;(H;0");(Siz;Al,)
(Al17Mg3)0100(OH)29(H20)s, K7(H30)3ws, where the
ratio H,O/H;0" is 2. After the full optimization of this

. -
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Figure 4. Optimized structure of hydrated illite with hydronium
cations in the interlayer space (K3H3;0ws; model). The hydro-
nium cations and water molecules are highlighted as spheres.
Some interatomic distances (A) are included.

https://doi.org/10.1346/CCMN.2016.0640406 Published online by Cambridge University Press

structure, two hydronium cations remained in the
interlayer space and one H;O" was dissociated, transfer-
ring a H atom to the hydrophilic SiOALl site, producing a
Bronsted site SIOHAI as in the previously described
K;3(H30)w; model (Figure 5). The new SiOHAI and
water molecule remain interconnected, forming a com-
plex with a long SiO—H bond, d(SiO—H) = 1.08 A, and
a short H bond d(SiOH...OH,) = 1.41 A. In all models
the Si—OH bond distance is in the range 1.68—1.69 A, a
value which agrees with previous models of hydrated
clays (1.69 A) (Boulet et al., 2006).

Two H;O" remain in the interlayer space with
different interaction types. One is in the center of the
hexagonal cavity with all H atoms oriented toward basal
O atoms of the tetrahedral sheet; the hydrogen bonds
play an important role because of several interactions
observed, the average distance is 2.14 A (H,0H...Op7),
consistent with previous theoretical values reported in
acid montmorillonite, 2.14 A (Liu et al., 2013). As
expected, the strongest hydrogen bond is located in an
AlIOSi site, d(H,OH...Obt,a;) = 1.39 10\; previously this
site was found to be hydrophilic and to have affinity to
protons. This behavior has been observed in several
theoretical studies (Boulet et al., 2006; Leydier et al.,
2015). The other hydronium is in the center of the
interlayer space, interacting with both tetrahedral sheets
through hydrogen bonds (H,OH...Opt), the average d
(H,0H...Opr) distance is 1.63 A with a strong hydrogen
bond (H,OH...Opy) of 1.34 A with a basal AlOSi site.

With respect to water molecules, five have interac-
tions with hydrophobic sites of the tetrahedral sheet, i.e.
electrostatic interactions with SiOSi, the average inter-
action distance (Si...OH,) of 1.97 A; this interaction is
possible when oxygen atoms of water are oriented


https://doi.org/10.1346/CCMN.2016.0640406

Vol. 64, No. 4, 2016 Hydronium ions in the structure of illite 419

‘rr—L /—-L

9‘;*

8
;‘ /H % N.756
!»ﬁ__‘_\;gg, Ligﬁz )ﬁ%%r

«5{/

R
L,

P C‘x

o/-f_‘ ]l,'

ox F

(
L—-\,-FL ML

Figure 5. Optimized structure of the supercell of hydrated illite with hydronium cations, K;(H30)3w4 model (views from the (010)
[upper] and (001) [lower] planes). The H, Al, Mg, Si, O, and K atoms are represented by white, pink, green, yellow, red, and purple
colors, respectively. The tetrahedral Al1*" and K cations and water atoms are shown as spheres. The hydronium atoms are
highlighted as larger spheres. Some interatomic distances (A) are included.

toward the Si*' cation of the tetrahedral sheet. The
opposite occurs when the H atoms of a water molecule
are oriented toward basal O atoms by strong hydrogen
bonds; the average distance is 1.70 A (HOH...ObT).

Seven IC (K") together with solvating water mole-
cules were placed in the center of the interlayer space.
The average (K...OH,) distance was 3.06 A, slightly
shorter than K...OH in the previous hydrated model.
Intermolecular interactions between water—water and
water—hydronium molecules were observed, with an
average distance d(O...H) of 2.01 and 2.54 A, which
corresponds to the electrostatic interactions H,O....H,O
and H;0"...H,O, respectively. These (H;O....H,0)
interaction distances are consistent with previous
calculations on solvated hydronium (2.5 A) (Brorsen et
al., 2014).

Cation exchange process

In order to simulate the cation exchange process
between K' and hydronium cations in the interlayer
space of illite, an additional model was created to trap
the cation placed outside the interlayer space after the
cation exchange. The cation, K* or H;0", was placed in
the center of a sphere of 20 water molecules neutralized
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with one HO™ anion. The stabilization energy, AE;, can
thus be defined as:

AES = (EilKShyd + EKwater) - (Ei1K4 + Ehydwater)

where Ejjksnyq is the energy of illite with potassium and
hydronium cations; Exyater is the energy of K within the
water ball; Ejx4 is the energy of illite with only
potassium cations at the IC position; and Epyqwater 18
the energy of the hydronium cation within the water ball.

In all models with hydronium cations and without
water molecules, the calculated stabilization energy
indicated that the stability of H;O" in the interlayer
space needs intake energy in relation to its presence in
aqueous solution. The stabilization energy AE, of the
model K5;H30a is 11.7 kcal/mol. This means that the
hydration energy is greater than the exchange energy.
This approach can be extended to the above model of a
5 x 1 x 1 supercell with some water molecules surround-
ing the IC, K;(H30")3(Siz3Al7)(Al17Mg3)0100
(OH),0(H,0)s. The AE; of this partially hydrated
model is 10.2 kcal/mol (extrapolated to the 2x1x1
supercell). Taking into account the models with three
water molecules, K4w; and K3H;Ow;, where the amount
of water is close to the experimental one, the stabiliza-


https://doi.org/10.1346/CCMN.2016.0640406

420

tion energy AE; is 1.49 kcal/mol, confirming the
significance of the hydration energy.

Hence, a model with IC in a greater hydration state,
similar to that in the water ball, should be created. Then,
an additional model was generated where the interlayer
space hydronium cation is solvated with four water
molecules in a solvation coordination similar to the
water sphere, (Si;3Al3)(Al;Mg)K;(H;0")
(OH)g040(H20)4. With this model the stabilization
energy AE, was —8.89 kcal/mol. This means that with
a similar hydration energy, the hydronium cation is more
stable in the interlayer space of illite than outside. To
corroborate this result, an additional model was gener-
ated with a 2 x 1 x 1 supercell with 12 water molecules
in the interlayer space distributed homogeneously
between the IC with ¢ = 12.0 A. This model creates a
large degree of hydration of interlayer hydronium for
comparison with the external water medium, but does
not reproduce swelling effects in illites, which do not
occur in nature. In this model, the exchange of one K"
cation by a hydronium cation is exothermic (AE, =
—9.4 kcal/mol) which means that the hydronium cation
is also more likely to be at the center of the interlayer
space than K. This AE, value is more negative than the
former model with four water molecules per hydronium
cation. In this last model, the degree of hydration can be
considered as constant before adsorption, where the
hydronium is coordinated with 20 water molecules; after
adsorption, the hydronium in the interlayer space is
coordinated with 12 water molecules. The last value of
AE, corresponds to the cation exchange of K by a
hydronium ion.

These results support the suggestion that the hydro-
nium is stable in the interlayer space. Any illite can,
therefore, be compensated easily with hydronium cations
coming from the water solution, this process being
energetically favorable. This hydronium will remain in
the interlayer space after the drying process due to the
strong H bonds between the hydronium H atom and the
tetrahedral basal O atoms.

Spectroscopic properties

IR spectra. Experimental IR spectra of the illite IMt-2
sample with different water contents (Figure 6) revealed
in all cases that the main peaks were in the range 1150 to
800 cm ™', corresponding to the structural vibrations of the
Si—0, Al-O bonds. In this complex band, some peaks
can be distinguished around 920 and 800 cm ' which can
be assigned to the bending in-plane §(OH) vibration mode
of OH groups of the octahedral sheet of AIOHAI and
AlOHMg, respectively (Figure 6a). These bands remain
unchanged irrespective of the amount of water. Another
band of low intensity can be observed at 3600 cm™',
assigned to the stretching vibration mode v(OH) of the
OH groups from the octahedral sheet. This band has a
certain width (3700—3550 cm™ ') and can include other
coupled bands of v(OH) from OH groups of the octahedral
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sheet, AIOHAI and AIOHMg groups with different local
environments, as seen below (Ortega-Castro et al., 2008;
2009). A wide, broad band in the range 3500—2800 cm '
is assigned to the v(OH) vibration mode of the water
molecules and hydronium cation. This wide range is the
convolution of several bands of OH groups, the vibrations
of which have different frequencies due to different H
bonds and electrostatic interactions with other molecules
or tetrahedral O atoms, as explained in the calculated
spectroscopic properties given below. This is consistent
with previous studies on hydrated micaceous minerals
with a broad band at 3450—2600 cm ™' (White and Burns,
1963). Another interesting band appears at
1740—1590 cm™", which can be assigned to the bending
vibration mode of OH groups, (OH) (scissors), of water
and hydronium moieties. This band is asymmetric with a
shoulder at 1740—1680 cm ™! that can be assigned to the
8(OH) of the hydronium cation (Figure 6b). The
maximum of this band at 1630 cm™' can be assigned to
the 6(OH) of water molecules. This is consistent with the
bending band of water molecules detected previously in
montmorillonite at 1630 cm™', which showed a comple-
tely symmetric band (Xu et al., 2000), in contrast to this
work. Previous IR spectra of hydrated micaceous minerals
with hydronium cations showed bands at
1750—1700 cm ™' (White and Burns, 1963) in accordance
with the present results. The weak bands observed at
1450—1360 cm™' can be assigned to the bending
vibration of OH groups (umbrella mode) of hydronium
cations (Figure 6b).

After heating for 24 h at 175°C (Figure 6¢), the band
of the octahedral OH groups remained and the intensity
of the broad band in the range 3500—3000 cmfl,
assigned to the v(OH) of water molecules, decreased
drastically due to the loss of water. This broad band can
also include a v(OH) band of the hydronium cation at
3450 cm ™', consistent with previous studies which found
this band at 3472 cm ! for hydronium cation in
muscovite (e.g. White and Burns, 1963). In this broad
band, two overlapped bands can be detected at 2930 and
2850 cm™', which can be assigned to v(OH) vibrations
of silanol groups or water molecules with strong H bonds
and also the OH groups from the edge surfaces. The
8(OH) bands of the hydronium cation and water
molecules can now be distinguished more clearly here
at 1740 and 1640 cmfl, respectively. Nevertheless,
vibrations of water molecules forming H bonds with
hydronium cations can be included in this range
according to previous works on micaceous minerals
(White and Burns, 1963). The umbrella 6(OH) bands at
1450—1360 cm ™' remain as above, though the relative
intensity is greater than before, indicating overlap with a
8(Si0O—H) band of silanol groups and the 6(OH)umprella
of hydronium groups, as found theoretically (see below).

After heating the sample at 220°C for 24 h
(Figure 6d), no further dehydration was detected though
the relative intensity of the band at 1490—1380 cm ™!
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Figure 6. Experimental IR spectra of the illite sample: at 45% moisture (a, b); and heated at 175°C (c) and 220°C (d); and of a

pegmatitic mica (e).

(assigned to 6(SiO—H) and 3(OH)umpreila Of hydronium
from the calculations below) increased in relation to the
1700—1600 ¢cm~' band. This can be explained by a
larger number of silanol groups formed during the
dehydration or the existence of hydronium groups and a
further partial rehydration in the handling process
(Figure 6d).

These results were compared with the spectrum of a
pegmatitic mica heated to 100°C, where no vibration
bands related to water molecules or to a hydronium
cation were found, confirming the above assignments
(Figure 6¢).
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Calculated frequencies

The main spectroscopic properties of phyllosilicates
which are related to cation arrangements are those of the
OH groups of the octahedral sheet. In the present
calculations, the main vibration normal modes can be
distinguished directly because mainly the H and O atoms
of OH groups participate in the atomic displacements of
the normal coordinates for these vibrations, especially
v(OH), distinguishing the stretching vibration mode
v(OH), ranging from 3800 to 3655 cm™', the in-plane
deformation mode 8(OH) at 950—650 cm ™', and the out-
of-plane deformation mode y(OH) (650—450 cm ™).


https://doi.org/10.1346/CCMN.2016.0640406

422

This latter frequency range is difficult to detect
experimentally due to overlap with SiO vibration bands
that are always present in these types of minerals. The
wide frequency range of these bands is due to the types
of cation joined to the OH groups and the different local
environment of each OH. AIOHAI and AIOHMg groups
can be distinguished. The probability of finding a
MgOHMg is very small due to the low relative
concentration of Mg and the high energy of this cation
arrangement found in previous calculations (Sainz-Diaz
et al., 2003). The OH groups can have different local
environments, in any case, due to the relative positions
of tetrahedral Al cations and the octahedral Mg cations,
and the interlayer cations with respect to each OH. This
difference in the relative position produces a gradient of
charge distribution in the tetrahedral O atoms surround-
ing the OH groups, changing the p angle (angle of the
OH bond with the 001 plane) and also the interaction
with the OH bond during the v(OH) vibration mode and,
hence, the frequency according to previous studies
(Ortega-Castro et al., 2008). This phenomenon was
detected experimentally (Tokiwai and Nakashima, 2010)
in muscovite. The effect exists to varying extents for all
vibration modes v(OH), 3(OH), and y(OH).
Considering the average frequencies, the vV(AIOHMg)
vibration appears at greater frequency than the
V(AIOHAI) mode, in agreement with a previous experi-
mental report (Russell and Fraser, 1971). The relation-
ship between experimental and calculated frequencies is
not linear because of the differences between the actual
chemical compositions of the natural samples and the
models. Nevertheless, at room temperature, the OH
groups can oscillate due to the thermal vibration varying
permanently the p angle. Hence, the observed v(OH)
frequency is not related directly to p but rather to the
effects of the whole environment surrounding each OH
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group and no discrete bands will be observed but,
instead, a broad band at 3700—3550 cm™'. In general,
the effect of the isomorphous substitutions of octahedral
cations on calculated v(OH) frequencies is consistent
with experimental spectra and previous works (Table 2)
(Fialips et al., 2002).

The calculated v(OH) bands of the water and
hydronium molecules appear in the range
3756—2833 cm™ ' according to the experimental values
(3500—2800 cm™'). The frequency variation of the
v(OH) modes of the OH groups of these molecules will
depend on the strength of the H-bond interactions around
their local environment. Hence, the V(OH) bands of
those OH groups with stronger H bonds will appear at
lower frequency, especially for the hydronium cations
strongly bound with water molecules that appear at 2828
(in K3H30a) and 2376 (in K3H3Owi,) ecm™'. This
vibration mode of the dissociated hydronium cation
appears at 2052 cm ™.

The bending 3(OH) bands of scissor mode appear at
1713 and 1677 cm™' in the dry model with hydronium
cation. These bands are also observed in the hydrated
models and in the experimental analysis. The other
bending mode, 3(OH)umprella, appears at 1379 em~ ! in
the dry K3H;Oa complex and at 1249 cm™' in the wet
K;3H;0w,, sample (Table 2). This indicates that this
vibration mode has to overcome the external interactions
during the atomic movement, and then stronger inter-
molecular interactions will yield higher frequencies in
8(OH). This is corroborated by the great difference
between this 8(OH) frequency and that calculated for the
free hydronium cation in the gas phase where no external
interaction is present (908 cm~'). In the partially
hydrated K3H3;Ow; model, the 3(OH) bands of the
partially dissociated hydronium-silanol complex appear
at 1466—1386 cm ' in accordance with the experiments

Table 2. Frequencies of the main vibration modes of illite in dry (K;H3O0a) and hydrated (K3H30w;, and K3H3;0ws,

respectively) models compared with experimental data.

Mode (cm™") Exp. K3H;0a K;3H;0w K;3H;0w;
V(OH)oeta 3700—3550 3766—3697 3800—3660 38123655
v(OH)p,0 3500—2800 3330 3756—3104, 3563—2833
3450—2600° 3590—3585" 3300—3100°
V(OH)iwom_ot 3472-3450° 2828, 2052 3034—2630,
2376
8(OH)scissor 1740—1590, 1713, 1677 1620°, 1697—1564,
1750—1700° 1656—1652° 728—1607
S(OH)umbrellas 1450—1360 1379, 908* 1249 1466—1386
H;0"
V(SiOH) 2930, 2850 2808¢ 1564
5(SiOH) 1450—1360 1466—1386,

1311¢

? Calculated value for H;O" in the gas phase (Demontis et al., 2013).

® Calculated value of solvated hydronium (Baer et al., 2011).

¢ From H;0"/micas (White and Burns, 1963).
4 8(SiOH) (Escamilla-Roa and Moreno, 2012, 2013).
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presented above. §(SiOH) or 6(H,OH) could not be
differentiated, because both groups form the complex.
Nevertheless, the 6(SiOH) mode of this model appears at
a greater frequency than in free silanol groups of other
systems reported in previous calculations of forsterite
(Escamilla-Roa and Moreno 2012, 2013), because in this
model the silanol groups form a strong H bond with
hydronium cations.

CONCLUSIONS

Spectroscopic studies show that, compared to water
molecules, the hydronium cation remains in the inter-
layer space of illites at higher temperatures. This is due
to the tetrahedral charge generated by the Al substitu-
tion. The more negatively charged basal O atoms of the
tetrahedral sheet interact strongly with hydronium
cations. This is corroborated by quantum mechanical
calculations which have found that the hydronium cation
is likely to be in the interlayer space.

Calculated vibration spectra frequencies reveal that
in the interlayer space of illite, with tetrahedral charge,
the hydronium cations and water molecules interact
strongly with basal O atoms through H bonds. The
hydronium cation can form a complex with Si—O
forming a quasi-silanol group with a H bridging atom.
This effect was also observed experimentally, when
heating some samples.

All these quantum mechanical calculations and IR
spectroscopic results conclude that the existence of
hydronium cations, or Si-O-H groups, should be
considered in the calculation of formulae of all illite
samples as a possible compensation mechanism for the
deficit of charge linked to interlayer charge.
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