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a b s t r a c t

Mordenite is a type of zeolite used in catalysis processes and in the selective adsorption of gases. The
properties of this material are related to the presence of aluminium atoms and exchangeable cations
in the structure. In this work, we performed DFT periodic calculations of cationic mordenites
X8Al8Si40O96 and X4Al4Si44O96 (X = Li+ or Na+) and the corresponding hydrated species. Calculations of
Li+ and Na+ mordenites indicated preference for the aluminium atoms to occupy T3 and T4 sites. In this
configuration, the alkaline cations have preference for the two channels 8MRz and 12MRz along [001]
crystallographic axis. In the hydrated structures, the alkaline cations have preference for the side pockets
(8MRy along [010] direction). Hydrated structures with high aluminium content have a stability caused
by interaction of the alkaline cations with water molecules and oxygen atoms of the framework.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Zeolites are natural or synthetic microporous materials com-
posed by tetrahedral SiO4 and (AlO4)� sites [1]. They are used in
a broad range of processes, from gas separation and purification
to ion exchange and catalysis [2–5]. The substitution of silicon
Si4+ for aluminium Al3+ introduces a negative charge in the struc-
ture, which has to be compensated by the presence of exchange-
able ions, such as alkaline and transition metal cations [6].

The Si/Al ratio in zeolites can be controlled experimentally,
whereas the exact positions of the aluminium atoms in the frame-
work, and consequently the positions of the exchangeable cations,
are much more difficult to be determined [6]. The type of
exchangeable ions influences the adsorption or catalytic properties
of the zeolites, and their positions are related to the aluminium
distribution in the structure. Macroscopically, the localization of
the aluminium atoms may vary from the centre of the crystal to
the outer edges of the structures. At a microscopic level, it is
accepted that two aluminium atoms can never bind to the same
oxygen atom, in accordance with the Lowenstein’s rule [7].

Mordenite is a type of zeolite used in catalytic processes, such
as alkane and olefin cracking, isomerization of hydrocarbons, and
in the selective adsorption of gases [8–11]. The framework of mor-
denites has a one-dimensional channel system, which consists of
12 and 8-membered ring (MR) channels parallel to [001] crystallo-
graphic axis. The main channel (12MRz) has dimensions of about
6.7 � 7.0 Å, while the smaller one (8MRz), in the elliptical shape,
has dimensions of 2.6 � 5.7 Å (Fig. 1a). These channels are inter-
connected along the [010] direction via 8MRy channel, often
referred to as the ‘‘side-pockets”, formed by a more circular ring
(3.4 � 4.8 Å) (Fig. 1b) [12]. Fig. 1c shows the unit cell of silica mor-
denite that contains 48 silicon and 96 oxygen atoms (Si48O96) and
encloses 16 T1, 16 T2, 8 T3 and 8 T4 sites. Any of these T sites can
be occupied by aluminium atoms, obeying Lowentein‘s rule [7].
Each aluminium atom introduces a negative charge, which is coun-
terbalanced by the presence of exchangeable cations [13,14]. The
type of exchangeable cations and their locations strongly influence
the physical and chemical properties of the zeolites [15]. Fig. 1d
shows the five possible positions for the exchangeable cations in
mordenite, as described in the literature [14,16].

The activity of zeolites arises from substitution of Si4+ for Al3+

ions [17–19]. This substitution generates an imbalance of negative
charge in the structure, which has to be neutralized by a proton or
metal cation. The appearance of the positive and negative charges
originates the acidic or basic characteristics of the zeolite. Catalytic
properties result from cation-framework interactions, allowing the
formation of surface complexes as reactive intermediates. The pro-
ton associated with oxygen atoms maintains charge neutrality and
leads to acidic properties [17,18]. On the other hand, when the
negative charge is compensated by cations with low electronega-
tivity, basic properties predominate [18].

The structure of mordenites has been studied by theoretical
approaches using both periodic boundary conditions [18–23] and
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Fig. 1. (a) Periodic representation of mordenite (2 � 2 � 1) showing the 12MRz and 8MRz channels. The unit cell is delimited by a square; (b) lateral view [010] of mordenite
showing in black the ‘‘side pockets” (8MRy); (c) perspective representation of the unit cell of mordenite simulated in the present work, Si48O96, and the assignments of
tetrahedra and the oxygen atoms in the framework; (d) Five possible positions for the exchangeable cations in the mordenite framework.
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extended clusters [16,20,24]. Brönsted acidity, molecular adsorp-
tion, IR spectroscopy and hydration effect have been studied with
periodic boundary conditions, while the alternative cluster
approach has been employed to study local properties such as
vibrational frequencies and binding energies. For example, the pro-
ton and sodium cation binding energies as well as harmonic vibra-
tional frequencies were computed for a cluster containing 120
tetrahedra enclosing the 12- and 8-membered ring channels [24].
Both periodic and cluster approaches have been shown to yield
results in agreement with experiments.

The presence of water molecules in the zeolites influences the
distribution and the interaction of the exchangeable cations with
the framework [25]. Maurin and co-authors showed that in sodium
mordenite, the cations are dislocated from their original positions
with the increase in the hydration content [26]. It is known that
water molecules coordinate to the cations and increase their
mobility across the structure [25,27].

In this work, alkaline mordenites X8Al8Si40O96 and X4Al4Si44O96

(X = Na+ and Li+) and the corresponding hydrated species with eight
water molecules were optimized using DFT periodic calculations
with the PBE functional and theAhlrichsVDZbasis set. Thepreferen-
tial positions for aluminium atoms and the influence of watermole-
cules in the exchangeable cation positions were explored.
2. Computational methods

Atomic coordinates and unit cell parameters of a sodium
hydrated crystalline mordenite structure were taken from the
International Zeolite Association (IZA) site [28]. The downloaded
sodium hydrated mordenite structure contains 24 water mole-
cules. Some of the hydration water showed no specific interaction
with the modernite framework or the cations, and therefore they
were excluded from our model, which preserved only the eight
water molecules directly coordinated to/or surrounding the
sodium cations. Two Si/Al ratios were explored, 5 and 11. The alu-
minium atoms were placed in the T sites, obeying Lowentein‘s rule
[7]. The Li+ and Na+ cations were conserved in their original posi-
tions in the channels and the structures were then fully optimized.
The optimizations of Si48O96, Si48O96�8H2O, X8Al8Si40O96, X8Al8Si40
O96�8H2O, X4Al4Si44O96 and X4Al4Si44O96�8H2O (X = Li+ and Na+)
structures were performed by means of DFT periodic calculations
using the CP2 K program [29] with the cell parameters
a = 18.256; b = 20.534; c = 7.542 Å and a = b = c = 90�. The calcula-
tions were carried out using the mixed Gaussian and plane-wave
(GPW) method [30–32] and PBE exchange-correlation functional
[33] with VDZ Valence Double Zeta (Ahlrichs VDZ) basis set [34].
The density cutoff of 500 a.u and the dimensional periodic condi-
tion of 1 � 1 � 1 were used.
3. Results and discussion

3.1. Dehydrated X8Al8Si40O96 (Si/Al = 5) and X4Al4Si44O96 (Si/Al = 11)
mordenites (X = Li+or Na+)

In the mordenite framework, the aluminium atoms could
occupy T1, T2, T3 or T4 sites. For Li8Al8Si40O96 (Li-MOR) and



Table 1
Relative energies (kcal mol�1) for the possible positions of the aluminium atoms in
Li8Al8Si40O96 and Na8Al8Si40O96 (Si/Al = 5), computed with the PBE functional and the
Ahlrichs VDZ basis set.

Al sitting in T sites Li-MOR Na-MOR

T3AOASiAOAT4 0 0
T3AOASiAOAT2 59.3 50.1
T4AOA(SiAO)2AT1 93.2 87.4

Fig. 2. DFT periodic optimized structures of alkaline mordenites with high aluminium
(b) Na8Al8Si40O96 with aluminium atoms in the T3 and T4 sites. Computed with the PBE

Fig. 3. DFT periodic optimized structures of alkaline mordenites with low aluminium co
and (b) Na4Al4Si44O96 with aluminium atoms in the T3 or in the T4 site. Bond lengths in
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Na8Al8Si40O96 (Na-MOR) structures, three configurations for alu-
minium atoms in the T sites were tested: T3AOASiAOAT4,
T3AOASiAOAT2 and T4AOA(SiAO)2AT1 (see Fig. 1a). Although
it has been suggested that the aluminium positions are controlled
by experimental conditions [6], our theoretical calculations show a
clear preference for the T3AOASiAOAT4 configuration (Table 1), in
agreement with previous computations using ab initio molecular
content (Si/Al = 5). (a) Li8Al8Si40O96 with aluminium atoms in the T3 and T4 sites;
functional and the Ahlrichs VDZ basis set.

ntent (Si/Al = 11). (a) Li4Al4Si44O96 with aluminium atoms in the T3 or in the T4 site
Å. Computed with the PBE functional and Ahlrichs the VDZ basis set.
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calculations [19,24,35], which reported a higher stability of the T3
and T4 sites.

The distribution of aluminium atoms in the structure of natural
and synthetic mordenite has been determined by crystallographic
experiments [35,36]. For a natural mordenite, aluminium was
found to preferentially occupy the T3 position, followed by the
T4 site [35]. Similarly, a study based on expanded clusters has
found the T3 and T4 sites as the preferential for the aluminium sit-
ting positions [24]. Based on these findings, and assuming the
results shown in Table 1, which also indicate a preference for the
T3 and T4 sites in our periodic model, our further calculations were
performed with aluminium atoms occupying the T3 and T4 sites.
Fig. 4. DFT optimized structures of Li+ and Na+ hydrated mordenites with Si/Al ratio of
with the PBE functional and the Ahlrichs VDZ basis set.

Table 2
Selected optimized geometrical parameters and Mulliken atomic charges of morden-
ites Li8Al8Si40O96, Na8Al8Si40O96, Li4Al4Si44O96 and Na4Al4Si44O96 computed with the
PBE functional and the Ahlrichs VDZ basis set. Distances in Angstroms (Å).

Bond distances Li-MOR
Si/Al = 5

Na-MOR
Si/Al = 5

Li-MORa

Si/Al = 11
Na-MORa

Si/Al = 11

T3AO1 1.64 1.65 1.64 1.64
T3AO2 1.68 1.68 1.68 1.67
T3AO3 1.72 1.72 1.72 1.72
T3AO4 1.65 1.66 1.65 1.65
T4AO1 1.62 1.64
T4AO2 1.63 1.63
T4AO3 1.59 1.59
T4AO4 1.67 1.66

Charges(e)
T3 1.98 2.01 1.98 2.00
O1 �1.27 �1.26 �1.27 �1.26
O2 �1.31 �1.32 �1.31 �1.32
O3 �1.30 �1.30 �1.31 �1.31
O4 �1.22 �1.21 �1.22 �1.22
(T3O4)� �0.57 �0.54 �0.58 �0.55
Xb 0.85 0.83 0.85 0.83
[Xb(T3O4)] 0.28 0.29 0.27 0.28
T4 2.07b 2.06
O1 �1.34 �1.21
O2 �1.26 �1.24
O3 �1.23 �1.24
O4 �1.33 �1.22
(T4O4)� �0.51 �0.40
Xc 0.93 0.87
[Xc(T4O4)] 0.42 0.47

a Al atoms in the T3 site.
b Alkaline cations in the 8MRz channel.
c Alkaline cations in the main channel (12MRz).
Using this configuration, we investigated the positions of the alka-
line cations. In the Li8Al8Si40O96 and Na8Al8Si40O96 optimized
structures, the alkaline cations prefer to be located in the 8MRz
and 12MRz channels (Fig. 2), showing that the exchangeable
cations are preferentially located close to the aluminium atoms, a
result in line with those of Maurin and coauthors, who found that
in dehydrated Na-mordenite the sodium atoms are located in the
two channels [26]. In the Li8Al8Si40O96 structure, the distances
from the Li+ to the oxygen atom (O2) in 8MRz and 12MRz are
2.00 and 2.03 Å, respectively, smaller than the corresponding dis-
tances in Na8Al8Si40O96, which are 2.09 and 2.06 Å (Fig. 3). The
smaller ionic radius of Li+ (90 pm) causes a stronger electrostatic
interaction with the oxygen atoms in the framework, reflected in
the smaller LiAO bond distances. The geometrical parameters
(Table 2) are in a good agreement with experimental data [35]
and theoretical studies using cluster approach for sodium morden-
ite [24].

The structures with lower aluminium content, Si/Al ratio equal
to 11, were explored with the aluminium atoms sitting in the T3 or
in the T4 sites (Fig. 3). The DFT periodic calculations for
Li4Al4Si44O96 (Li-MOR) and Na4Al4Si44O96 (Na-MOR) indicated the
preference of the Al atoms for the T3 site rather than for T4, by
27.1 and 30.9 kcal mol�1, respectively. In general, our results agree
with a reported crystal structure refinement, which indicated that
for mordenites with different Si/Al ratios, the Al site preference fol-
lows the order T3 > T4 > T1 > T2 [35,36], and with results employ-
ing cluster approach for sodium mordenite, which indicated the
preference for the T3 rather than for the T4 site [24].

Table 2 shows the bond lengths and the Mulliken atomic
charges for X8Al8Si40O96 and X4Al4Si44O96 (Al in the T3 site) struc-
tures (X = Li+ or Na+). The charges of the (TO4)� group were
obtained as the sum of the charge of the T atom (aluminium or sil-
icon) plus the charge of the four oxygen atoms divided by two
(considering that each oxygen atom participates in two (TO4)�

groups). For the charge on the [X(TO4)] group, we added the posi-
tive charge of the X atom (X = Li+ or Na+). The total charges of the
(TO4)� and [X(TO4)] groups give an indication of the basic or acidic
properties of the mordenites, respectively [20]. In the Li8Al8Si40O96

and Na8Al8Si40O96 structures, the total negative charges of (T3O4)�

and (T4O4)� are similar (Table 2). However, the positive charges on
the [X(T4O4)] group of +0.42 and +0.47e, respectively, are higher
than those in the [X(T3O4)] group (+0.28 and +0.29e). These results
suggest that in the adsorption process on mordenites with high
aluminium content (Si/Al = 5), the basic centre of an adsorbed
5. (a) Li8Al8Si40O96�8H2O and (b) Na8Al8Si40O96�8H2O. Bond lengths in Å. Computed



Fig. 5. DFT optimized structures of hydrated mordenites with Si/Al ratio of 11. (a) Li4Al4Si44O96�8H2O and (b) Na4Al4Si44O96�8H2O. Bond lengths in Å. Computed with the PBE
functional and the Ahlrichs VDZ basis set.

Table 3
Selected optimized geometrical parameters and Mulliken atomic charges of hydrated
mordenites X8Al8Si40O96�8H2O and X4Al4Si44O96�8H2O (X = Li+ or Na+). Computed
with the PBE functional and the Ahlrichs VDZ basis set.

Bond Li-MOR�8H2O Na-MOR�8H2O Li-MOR�8H2Oa Na-MOR�8H2Oa
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molecule prefer to interact with the 12MRz channel, closer to the
[X(T4O4)] site (with higher positive charge) than with the 8MRz
channel, in which the [X(T3O4)] site has lower positive charge. In
the structures with Si/Al ratios of 5 and 11, the distances from
the alkaline cation to the framework atoms, as well as the Mulliken
atomic charges, are similar, indicating that changing the amount of
aluminium atoms does not affect the interaction of the exchange-
able cations with the framework.

In the Li+ and Na+ mordenite frameworks (Si/Al = 5), the prefer-
ential positions for the aluminium atoms are the T3 and T4 sites, in
the closest distance between each other, obeying the Lowenstein’s
rule [7]. In the T3AOASiAOAT4 configuration, the Li+ and Na+

cations occupy the 12MRz and 8MRz channels, close to the alu-
minium atoms. The acidic X[(T4O4)] group shows a higher positive
charge than the [X(T3O4)] one (X = Li+ or Na+), indicating that the
[X(T4O4)] group has stronger attraction for a basic adsorbate. In
the structures with low aluminium content (Si/Al = 11), the alu-
minium atoms prefer the 8MRz channel rather than the larger
one (12MRz). In these structures, the interactions of exchangeable
cations with oxygen atoms of the framework are similar to those
found in the structures with high aluminium concentration.
distances Si/Al = 5 Si/Al = 5 Si/Al = 11 Si/Al = 11

T3AO1 1.71 1.64 1.70 1.70
T3AO2 1.62 1.71 1.65 1.65
T3AO3 1.67 1.69 1.67 1.67
T3AO4 1.67 1.67 1.68 1.69
T4AO1 1.69 1.69
T4AO2 1.59 1.59
T4AO3 1.61 1.62
T4AO4 1.61 1.61

Charges (e)
T3 1.91 1.93 1.96 1.96
O1 �1.26 �1.27 �1.24 �1.24
O2 �1.32 �1.26 �1.21 �1.22
O3 �1.23 �1.32 �1.22 �1.22
O4 �1.32 �1.32 �1.21 �1.22
(T3O4)� �0.66 �0.66 �0.48 �0.49
T4 2.09 2.10
O1 �1.21 �1.22
O2 �1.26 �1.26
O3 �1.23 �1.23
O4 �1.23 �1.23
(T4O4)� �0.37 �0.37
Xb 0.66 0.68 – –
[Xb(T3O4)] 0.00 0.02 – –
Xc 0.79 0.80 0.72 0.73
[Xc(T3O4)] 0.13 0.14 0.24 0.24

a Al atoms in the T3 site.
b Alkaline cations in the 8MRz channel.
c Alkaline cations in the side pockets (8MRy).
3.2. Hydrated X8Al8Si40O96�8H2O (Si/Al = 5) and X4Al4Si44O96�8H2O
(Si/Al = 11) mordenites (X = Li+ or Na+)

From the crystallographic structure of mordenite, excluding
those water molecules not directly coordinated to the alkaline
cations, and assuming the preferential positions for the aluminium
atoms as discussed above (structure shown in Fig. 2, Si/Al = 5), we
obtained hydrated structures containing eight water molecules
located in the side pockets (8MRy). These hydrated structures were
optimized to identify the preferential positions for the alkaline
cations. Two set of positions for the alkaline cations were tested,
one with the cations located in the 8MRz and in the 12MRz chan-
nels, and another with the cations placed in the 8MRz and in the
side pocket (8MRy) channels. In the Li8Al8Si40O96�8H2O (Li-
MOR�8H2O) and Na8Al8Si40O96�8H2O (Na-MOR�8H2O) structures,
the configuration with the alkaline cations located in the 8MRz
and 8MRy positions (Fig. 4) shows a higher stability, by �36.5
and �27.9 kcal mol�1, respectively, than that in which the cations
occupy the 8MRz and 12MRz positions. Our results indicate that
the alkaline cations, upon optimization in the presence of a few
water molecules, move from their initial positions (12MRz) to
the side pockets (8MRy) [26]. The X-Si, X-O and X-Al (X = Li+ and
Na+) bond distances in the Li-MOR�8H2O and Na-MOR�8H2O
structures (Si/Al = 5) are essentially the same. However, the XAO
distances in the side pockets (8MRy) are greater than that in the
smaller channel (8MRz). In the side pockets (8MRy), the alkaline
cations are surrounded by water molecules, and this interaction
increases the distances to the oxygen atoms (O2) of the framework
(Fig. 4).

The hydrated structures with Si/Al ratio of 11 were optimized
with the alkaline cations located in the 8MRz or in the 8MRy chan-
nels. The Li-MOR�8H2O and Na-MOR�8H2O structures with the
alkaline cations located in the side pockets (8MRy) (Fig. 5) show
higher stability, by �55.8 and �62.3 kcal mol�1, respectively, than
the structures with the alkaline cations placed in the smaller chan-
nel (8MRz). The preference for the side pocket is the same as that
observed in the hydrated structures with the higher aluminium



Fig. 6. Coordination sphere of Li+ and Na+ located in the side pockets (8MRy) in the hydrated mordenites with Si/Al ratios of 5 and 11. (a) Li8Al8Si40O96�8H2O and
Li4Al4Si44O96�8H2O. (b) Na8Al8Si40O96�8H2O and Na4Al4Si44O96�8H2O. Bond lengths in Å. Computed with the PBE functional and the Ahlrichs VDZ basis set.

Table 4
Energy difference (kcal mol�1) between the hydrated Li+ and Na+ mordenites and the
corresponding dehydrated structures with Si/Al ratios of 5 and 11. Computed with the
PBE functional and the Ahlrichs VDZ basis set.

Comparison Energy
difference

Energy contribution
by one water moleculea

Si48O96�8H2O - [Si48O96 + 8H2O] �81.2 �10.1
Li8Al8Si40O96�8H2O -

[Li8Al8Si40O96 + 8H2O]
�359.3 �44.9

Na8Al8Si40O96�8H2O -
[Na8Al8Si40O96 + 8H2O]

�347.5 �43.4

Li4Al4Si44O96�8H2O -
[Li4Al4Si44O96 + 8H2O]

�310.4 �38.8

Na4Al4Si44O96�8H2O -
[Na4Al4Si44O96 + 8H2O]

�307.6 �38.4

a Energy difference divided by eight (kcal mol�1), describing the interaction
energy of each water molecule.
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content (Si/Al = 5). However, in this case (hydrated structures,
Si/Al = 11), the preference for the 8MRy site, as compared to the
8MRz channel, is higher.

Table 3 shows the bond lengths and the Mulliken atomic
charges for the X8Al8Si40O96�8H2O and X4Al4Si44O96�8H2O struc-
tures (X = Li+ or Na+). Fig. 6 presents the metal coordination sphere
of Li+ and Na+ in the side pockets (8MRy) of the hydrated structures
with the two Si/Al ratios studied (5 and 11). The alkaline cations
bind to two oxygen atoms of two water molecules and three oxy-
gen atoms of the framework, presenting a pentacoordinated sphere
(considering coordination for distances below 3.0 Å). The positive
charges on the [Xc(T3O4)] group (X = Li+ or Na+, Xc cations in the
side pockets) are greater in the hydrated structures with Si/Al of
11 (+0.24e) than in the hydrated structures with Si/Al ratio of 5
(+0.13 and +0.14e, respectively) (Table 3).
3.3. Hydration stability

We computed the energy difference between the hydrated
structures and the corresponding dehydrated ones, plus the energy
of the eight adsorbed water molecules to quantify the stability
due to hydration (Table 4). This gives an average value for the
interaction energy of the water molecules with the framework.
As eight water molecules are present in the structures, the
interaction energies due to each water molecule in Si48O96�8H2O,
Li8Al8Si40O96�8H2O and Na8Al8Si40O96�8H2O (Si/Al = 5) are �10.1,
�44.9 and �43.4 kcal mol�1, respectively. For the structures
Li4Al4Si44O96�8H2O and Na4Al4Si44O96�8H2O (Si/Al = 11) the interac-
tion energies are �38.8 and �38.4 kcal mol�1, respectively.

The presence of the metal cations increases the interaction of
the water molecule with the framework, and the interaction is
slightly stronger for Li-MOR�8H2O than for Na-MOR�8H2O.
Regarding the effect of the aluminium content on the interac-
tion with the water molecules, it can be seen that structures with
higher aluminium content results in stronger interaction with the
water molecules.

Only the metal cations in the side pockets (8MRy) are sur-
rounded by water molecules, with each one coordinated to two
water molecules. Therefore, the interaction in each case is of the
same nature. The M+-OH2 distances in the structures with the
higher aluminium content are smaller than the corresponding dis-
tances in the structures with lower aluminium content. Also, the
average M+-O (oxygen atoms of the framework) distance is smaller
in the structures with higher aluminium content. Thus, the higher
stability of the structures with higher aluminium content is due to
the interactions of the alkaline cations with water molecules and
oxygen atoms of the framework.
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4. Conclusions

Our results based on periodic calculations indicate that the
preferential sites for the aluminium atoms in mordenite with a
Si/Al ratio of 5 are the T3 and T4 positions. For the dehydrated mor-
denites with this Si/Al ratio, the alkaline Li+ and Na+ cations prefer
to be located in the 12MRz and 8MRz channels. When reducing the
aluminium content, the T3 site becomes preferential and the
cations are found in the 8MRz channel.

In the presence of water molecules in the structures, the alka-
line cations migrate from the 12MRz channel to the side pockets,
where they become solvated by the water molecules. In the Li+

and Na+ hydrated mordenites, a higher stability of the structures
with higher aluminium content is due to the interactions between
the alkaline cations with the water molecules and oxygen atoms of
the framework.
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