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a b s t r a c t

The structure of zeolite clinoptilolite and the coordination of extraframework cations (Ca2+, Ba2+, Na+ and
K+) by framework oxygen atoms are examined by density functional theory (DFT) using two methods: the
ONIOM two-layer model (DFT/MM) and periodic DFT. Both ONIOM and periodic model calculations pre-
dict correctly the clinoptilolite structure and find configurations with Al ? Si substitution at the T2 site
which interconnects the xz layers via its apical oxygen atom as the most stable ones, in agreement with
experimental data. The configurations with Al ? Si substitution at the T1 sites are favorable for migration
of cations into the large channel A from the eight-member rings which are side rings of channel A and
opened in channel C (c-rings); the process is energetically most favorable for the Na+ cations. K+ and
Ba2+ cations occupy sites in the vicinity of the c-rings: M1, M1a and M3, among which K+ prefers the
M3 site inside the c-rings. The molecular electrostatic potential (MEP) maps reveal areas of increased
nucleophilic properties inside the large channel A, to which cations can migrate upon heating, or incom-
ing cations can be retained. The minimal interatomic distances between two equivalent cations, residing
in channel A are 4.850 Å (Ca2+–Ca2+); 5.025 Å (Na+–Na+) and 4.305 Å (K+–K+). The ONIOM method should
be preferred over periodic models for describing cations in the c-rings: the smaller c-parameter of the
unit cell replicates the cations in adjacent rings along the [001] direction.

� 2013 Elsevier Inc. All rights reserved.

1. Introduction

Clinoptilolite is the best known natural zeolite, explored in
numerous industrial applications as adsorbent, ion-exchanger
and supporting material, as it can be found in large deposits world-
wide [1]. The extraframework cations in zeolites, which compen-
sate the negative framework charge, resulting from Al ? Si
substitutions, do not always have fixed crystallographic positions;
they are located in the zeolite pores and are easily exchangeable,
thus providing the valuable application of zeolites as ion-exchang-
ers. Clinoptilolite is isomorphous with heulandite and the frame-
work bears the HEU three-letter zeolite notation [2]. Heulandite
and clinoptilolite are distinguished based on the Si/Al ratio, clinop-
tilolite being the Si-rich structure with Si/Al > 4. The clinoptilolite
unit cell consists of 108 framework atoms and commonly 4–7
extraframework cations Mn+, which balance the negatively charged
framework, (Mn+)x/nSi36�xAlxO72. Extensive experimental studies
have been performed on the structure stability, Si, Al ordering
and extraframework cation locations [3–13]. The cation mobility
of Na+, K+ and Cs+ cations in clinoptilolite was studied by in situ
X-ray diffraction and molecular dynamics [13]. Zeolite basicity is
related to the presence of alkali and alkaline-earth cations, which

form bonds with the framework oxygen atoms bearing pronounced
ionic character [14]. The extraframework cations act as electro-
philes, while the framework oxygen atoms retain their nucleo-
philic character. Alkali cation exchanged FAU zeolite presented
activity in the reaction of N2O4 disproportionation, which was
examined by density-functional methods with cluster models
and by applying periodic boundary conditions (PBC) [15]. The nat-
ure of the active centers in the faujasite supercage and the role of
cooperative action from extraframework cations and confinement
of the reactant by the zeolite framework were revealed. The neces-
sity to have alkali cations at sites SIII in FAU was emphasized
[15,16]. Natural zeolites, however, are used as adsorbents rather
than catalysts and for clinoptilolite theoretical studies from first
principles have not been applied so far. Earlier theoretical repre-
sentations of clinoptilolite and heulandite were based on atomistic
simulations using empirical static lattice models; they examined
the Si, Al ordering in relation to the cation distribution, thus reveal-
ing the relative stability of different cation coordination [17,18].
While such models are excellent to predict structural properties,
chemical reactivity and physical properties such as dielectric con-
stants are far more accurately determined by electronic structure
methods. The relatively large unit cell of clinoptilolite and the fact
that extraframework cations are not confined in small rings, for
which cluster methods could be used, are the main reasons why
ab initio calculations have not been performed yet.
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The advantages of ab initio methods for studying the structure
and reactivity of zeolites and density functional theory (DFT) in
particular, have been outlined and many zeolite structures have
been successfully described by using either finite or periodic mod-
els [15,16,19–26]. The tetrahedral atoms of the zeolite framework
form covalent bonds with oxygen atoms, but the framework bears
a negative charge and forms ion-pairs with the extraframework
cations. The negative charge is certainly not localized at the T cen-
ters where the Al ? Si substitutions occur; it is delocalized over
the bridging oxygen atoms. The degree of delocalization of the
framework charge strongly depends on the type of building units
[19,23–25]. The DFT studies provide unique insight into the local
environment of an extraframework cation or active center, the
electron density and charge distribution and how the Si, Al order-
ing affects the bonding of different cations to the negatively
charged lattice [19]. Zeolites and microporous materials which
have unit cells of 20–40 atoms, like sodalite, zeolite A, ALPO-34
(CHA topology), allow full structure optimization using DFT meth-
ods [19,20,26]. Zeolite clinoptilolite has a larger unit cell and a ma-
jor application is the retention of heavy metal cations and nuclear
wastes removal, which would render periodic computational stud-
ies as highly expensive. It has been shown, however, that the
embedded cluster model using ONIOM allow accurate calculations
at lower computational costs [23,27–29]. The common cations,
found in natural clinoptilolite and heulandite, are Na+, K+, Ca2+;
[3–9] Ba2+ containing natural heulandite was also reported [11].
In the present study, we present the results of both methods: a
two-layer ONIOM model and periodic boundary conditions (PBC)
in the optimization of clinoptilolite with Na+, K+, Ca2+ and Ba2+ as
extraframework cations. The relative stability of Si, Al orderings
and the cation distributions arising from specific Si, Al substitu-
tions are examined; the binding of cations to lattice oxygen is com-
pared as revealed by ONIOM and PBC. The cation mobility, which
has been a subject of experimental studies, is also assessed.

2. Structure and methods

The structure of clinoptilolite is monoclinic (space group C2/m)
and consists of four- and five-member rings; eight- and ten-member
rings define the channel system. A larger SBU is identified, denoted
as 4–4 = 1 and shown in Fig. 1. Five non-equivalent tetrahedral posi-
tions are distinguished. The T5 tetrahedron interconnects the SBUs
to form a chain parallel to the z-axis and the chains are linked by
oxygen atoms bonded to four-member rings so as to form sheets.
In both clinoptilolite and heulandite these sheets (periodic building
units) are related by rotation of 180� about the y-axis and linked by
T2–O1–T2 bridges. A 2D pore system is formed in the [010] plane,
with three main channels: A (10-member ring), B (symmetric 8-
member ring) and C (8-member-ring), of which A and B run in direc-
tion to the c-axis, while channel C intersects both channels A and B

and is parallel to the a-axis. Three main cation sites are occupied by
alkali and alkaline-earth cations, two of them located in channel A,
coordinated to oxygen atoms from the side 8-member ring, M1
and M3, and one in channel B, M2, Fig. 2. A fourth site M4 with much
lower occupancy was distinguished for small-sized hydrated
cations in the center of channel A. The difference between sites
M1 and M3 is that M3 are more confined within the side eight-
member ring and less exposed to the channel. The sites M1 and
M1a are shifted in direction to the channel center and M1a is weakly
coordinated by atoms from the side-ring, but closer to the T1–O4–T2
and T1–O6–T5 linkages of the 10-member ring in channel A, Fig. 3.

Fig. 1. The 4–4 = 1 SBU in clinoptilolite with T and O atom numbering according to
Refs. [4,10,11]. Oxygen atoms are blue, Si – light brown. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 2. The clinoptilolite structure viewed along the c-vector with the main
channels A and B and the extraframework cation sites. Oxygen atoms are blue, Si –
light brown, extraframework cations are light green. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 3. The clinoptilolite unit cell with cation sites and framework atom numbering
(see also Fig. 1). Oxygen atoms are blue, Si – light brown, extraframework cations
are light green. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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The charge arising from single Al ? Si substitutions was compen-
sated by monovalent cations and double substitutions at different
T-sites were balanced by the Ca2+ cations. The T2–T20 internuclear
distance in the side 8-member rings, as well as the O1–O10 distance
correspond to the length of the c-vector and this should be taken
into account when studying Si, Al orderings with T2 substitutions
by applying periodic models. Any substitution at a T2 site is repli-
cated at the opposite side of the ring, (Fig. 4a).

The periodic calculations were performed with Gaussian 09
using the PBE density functional [30–32]; the Brillouin-zone sam-
pling was restricted to the C point. All electrons were explicitly in-
cluded in the periodic DFT calculations. In studies of polysiloxanes,
the importance of applying polarization functions for T-atoms (Si,
Al), rather than for oxygen, has been stressed [21], therefore we
have used the standard 3–21G⁄ basis set with added polarization
functions for the second row elements (Si, Al); the extraframework
cations were described by the 6–31G(d) basis set [33–37]. The
charge distributions were examined by natural bond orbital
(NBO) analysis, which yields results that are rather insensitive to
basis set enlargement and reveals both covalent and non-covalent
effects in molecules [38,39].

A two-layer model was adopted for the ONIOM calculations,
QM/MM [27–29,40,41]. Geometry optimizations were performed
using the ‘‘quadratic macro coupling’’ method, which couples
forces between the QM and MM layers in a numerically stable
way [29,40]. For the high-layer the B3LYP hybrid density functional
and the 6–31G(d) basis set were applied for all atoms except the
Ba2+ cations for which the split-valence QZVP basis and the corre-
sponding pseudopotential for the core electrons were applied
[42,43]. Hybrid functionals, such as B3LYP [44–46], can better de-
scribe the properties of zeolites and aluminosilicates, which are
large band-gap insulator materials, but they are prohibitively

expensive for PBC calculations. The universal force-field was ap-
plied for describing the low layer and the terminal atoms were
fixed at crystallographic positions [28,47]. Si/Al ratios in the range
4.5–9.0 were examined and ONIOM models of different size were
tested: the largest one consisted of 16T/100T atoms and it was
used to derive the electrostatic potential in the zeolite channels
and the relative stability of configurations, Fig. 5. 8T/76T models
proved sufficient to describe cation sites M1, M2 and M3; the min-
imal model for describing cation migration in the large channel is
10T/100T. Throughout the tables, results from 16T/100T models
are presented. Frequency calculations were performed for the
finite models in order to justify the optimized configurations as
points of energy minima. The electrostatic potential (ESP) of the
clusters was calculated from the B3LYP density and molecular
electrostatic potential (MEP) maps were derived in which areas
of enhanced reactivity in the zeolite structure can be discerned.

3. Extraframework cation locations related to the Si, Al ordering
at tetrahedral sites in clinoptilolite

3.1. Framework properties, determined by ONIOM and PBC
calculations

The symmetry of the clinoptilolite framework is lowered from
C/2m to Cm or even C1, when Al ? Si substitutions are considered.
The flexibility of the angles TOT is very pronounced in this frame-
work and the X-ray diffraction (XRD) studies reported a range of

Fig. 4. The side eight-member ring with the cation sites M1 and M3 exposed in
channel A. (a) viewed along [100], (b) viewed along [001]. (c) Ca2+ at site M1 and Al
? Si substitutions at T3 sites predicted as the most stable configuration by ONIOM.
(d) Ca2+ at site M1 and Al ? Si substitutions at T1-T3 sites, predicted as the most
stable configuration by PBC. Oxygen atoms are blue, Si – light brown, Al – green,
extraframework cation positions are dark blue, Ca2+ cations are light green. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Fig. 5. The 16T/100T ONIOM models with the main cation sites. The low layer,
described by molecular mechanics (MM) is shown as wireframe. (a) Sites in channel
A, (b) Sites in channel B.
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136–160� [4,10]. Based on the experimentally determined elonga-
tion of the T2–O bonds by XRD and neutron diffraction [4,48,49],
high level of Al ? Si substitutions at the T2 site (40%) was sug-
gested and atomistic simulations confirmed the higher stability
of such configurations [17]. In a pure siliceous framework, our
PBC calculations indicate some elongation of the T2–O bonds with-
in the c-rings: 1.649 Å for T2–O4 and 1.639 Å for T2–O2 vs an aver-
age Si–O distance of 1.631 Å. Both the ONIOM and PBC calculations
predict an elongation of the T–O bonds upon Al ? Si substitution
within the range 0.10–0.15 Å, the largest deviations being observed
at T1 sites, Table 1. The monovalent cations Na+ and K+ have pref-
erence to different sites in the large channel A, M1(Na+) and
M3(K+), respectively, the latter site being more confined within
the c-ring, Fig. 4. The angles TOT in proximity to cation sites under-
go strong deformation. Na+ and Ca2+ cations have similar crystal
and ionic radii, while the K+ cation is considerably larger [50]. Thus,
K+ cations can reach optimal coordination within the side eight-
member rings and they were found to occupy predominantly the
M3 sites in hydrated clinoptilolite, while Na+ cations would prefer
the M1 site [4]. According to our calculations, the presence of K+

cations at M3 sites leads to sharpening of the angles T2–O–T1,
while Na+ cations at M1 sites cause moderate deformation of both
the T2–O–T1 and T2–O–T3 angles. An increase of the unit cell
parameters is observed for K-exchanged clinoptilolite, most signif-
icant in the [010] direction. The ONIOM and PBC results differ
regarding the T2–O–T2 angle deformation in presence of Na+ and
K+ cations, the ONIOM results indicating stronger ring deformation
than PBC. Both methods agree that while the monovalent cations
lead to sharpening of the T2–O–T1 angle, Ca2+ cations contribute
to its significant widening. The Na+ cations show less-pronounced
preference towards different Si, Al orderings and they approach the
framework negative charge, forming shorter M-O bonds as com-
pared to the other cations. The T2 position is in proximity to the
M1, M2 and M3 cation sites, Fig. 2, and Al positioned at T2 is the
favored Al location for Na+ cations at either the M1 or M2 sites, Ta-
ble 2. For K+ cations ONIOM and PBC predict different optimal Al
site occupancy: T1 is favored by ONIOM, while T1 and T2 are nearly
isoenergetic at the PBC level. The energy difference between the
configurations involving K+ cations is larger for the ONIOM models,
while the T1, T2 and T3 site occupancies by Al, when compensated
by K+ at site M3, appear with similar energies according to the PBC
results. The periodic models for M3 site occupancy do not describe
accurately the framework, because they imply replications of both
Al ? Si substitution and cation site position in adjacent c-rings,
moreover, any T2 substitution is replicated at the T20 position of
the same ring, Fig. 4. The c-rings of the PBC optimized lattice
undergo deformation of T2–O–T20 angles, when the M3 site is

occupied by a cation and the replicated cations in the adjacent cells
appear at close distances along the [001] direction, which equal in
length the c-parameter. The c-parameter of the clinoptilolite unit
cell is more than twice smaller compared to the a- and b-parame-
ters and it is typically in the range 7.40–7.45 Å, and the cations
would appear as regularly ordered and closely spaced along chan-
nel C, Fig. 6. The same effect should be expected for zeolite mord-
enite, whose unit cell is also narrow in one direction and the ratios
a/c and b/c are even higher than in clinoptilolite [2]. The ONIOM
model represents in a more realistic way K-exchanged clinoptilo-
lite, as it avoids cation crowding in the C-channel rings. The ONI-
OM and PBC results agree however, for a second possible cation
location denoted as M1a, which is considerably shifted towards
the center of channel A and becomes energetically favorable upon
Al ? Si substitutions at the T1 site, Figs. 4b and 5a.

As the most stable framework configuration to host divalent
Ca2+ cations, both ONIOM and PBC predict the M1 site with location
of the negative framework charges at the opposite long sides of the
asymmetric side eight-member ring, but while ONIOM predicts a
T3–T3 occupancy for Al as the one of lowest energy, PBC predicts
T1–T3, Fig. 4b and c. This discrepancy can be again explained by
the narrow size of the cell along [001] and the consideration of
double Al ? Si substitutions in neighboring c-rings. The Si, Al order-
ings with Al substitution at a T2 site have lower stabilization energy
estimated by PBC, than by ONIOM, except for Al ? Si substitutions
at T2, T4 sites, as the T4 site does not belong to the c-rings. Accord-
ing to the ONIOM calculations, Al ? Si substitutions [T2(Al)–O–
(SiO)2–T20(Al)] within the c-ring are energetically unfavorable,
moreover, in a highly siliceous framework this is unlikely to occur,
Table 2S, (Supplementary material). The M2 site occupancy by Ca2+

is also predicted to be energetically more favorable by ONIOM than
by PBC, the latter separating it from all other configurations by a
large energy gap, Table 2. XRD studies of Al-rich heulandite found
Ca2+ predominantly at M1 and M3 sites, while in the Si-rich clinop-
tilolite, most of the Ca2+ cations occupied the M2 sites [4,10]. The
calculated natural charges indicate more significant polarization
for the smaller cations (Ca2+ and Na+), while K+ forms predomi-
nantly ionic bonds, Table 3. This can be explained by the ability of
the small-sized cations to approach the centers of negative frame-
work charge and in this way to reach optimal coordination by the
nearest framework oxygen atoms. The Na+ cations form bonds with
more pronounced ionic character, when residing at the M2 site,
while at all other cation sites, their interactions with the lattice
are stronger. In the proximity to a negative framework charge,
the partial charges at tetrahedral atoms are higher, indicating the
locally increased ionic character of the bonds within the frame-
work. The Al ? Si substitution at T5 sites is the least favorable for

Table 1
Bond lengths (Å) and bond angles (TOT, deg) in proximity to cation sites in clinoptilolite, calculated by using ONIOM and PBC; unit cell Parameters.

Method ONIOM PBC

Cation, Site Ca(M1) Na(M1) K(M3) Ca(M1) Na(M1) K(M3)

Si(T2)–O 1.655 1.638 1.656 1.672 1.675 1.621
Al(T2)–O 1.799 1.751 1.745 1.769 1.763 1.757
Si(T3)–O 1.646 1.657 1.663 1.663 1.653 1.673
Al(T3)–O 1.754 1.787 1.772 1.789 1.772 1.769
Si(T1)–O 1.633 1.643 1.680 1.669 1.656 1.667
Al(T1)–O 1.786 1.799 1.799 1.791 1.773 1.771
T2–O–T2 156.1 135.6 133.6 148.1 147.2 152.1
T2–O–T3 150.6 140.1 141.7 145.2 140.5 147.3
T2–O–T1 160.8 144.2 122.3 161.9 135.2 128.2
Unit cell a = 17.612 Å, b = 17.837 Å, c = 7.416 Å, a = 88.1�, b = 113.5�, c = 90.5� (Ca2+). a = 17.674 Å, b = 17.961 Å, c = 7.417 Å, a = 87.9�, b = 113.9�, c = 89.7� (Na+).

a = 17.783 Å, b = 18.153 Å, c = 7.426 Å, a = 89.7�, b = 114.3�, c = 90.0� (K+).
Expa a = 17.660 Å, b = 17.963 Å, c = 7.400 Å, a = 90�, b = 116.47�, c = 90.0� (Ca2+). a = 17.4030(10) Å, b = 18.0120(10) Å, c = 7.4350(10) Å, a = 90.0�,

b = 113.812(2)�, c = 90.0� (Na+). a = 17.688(16) Å, b = 17. 902(9) Å, c = 7. 409(7) Å, a = 90�, b = 116.50(7)�, c = 90.0� (K+).

a Experimental unit cell parameters are from Refs. [4,13,56].
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stabilizing both small-size and large-size cations (Table 2S, Sup-
porting information) and this agrees with the experimental findings
[4,10,14]. The cations do not find proper coordination at the center
of the Channel A (sites M4), but they are shifted towards the T5 site.

The ONIOM calculations with Ba2+ as extraframework cation
indicate two main positions: M1 and M2, of which the M1 site is
preferred. Ba2+ forms lengthened bonds to framework oxygen
atoms, thus the M1 site with Ba2+ is located more closely to the
inner space of channel A, compared to Ca2+. Al ? Si substitution
at T1 site would result in shifting of the Ba2+ cation to the M1a site;
the energy required is 32 kJ mol�1 thus Ba2+ would more easily
become exposed inside channel A, than K+, but Ba2+ migration is
less likely to occur compared to Ca2+ or Na+, Table 2. The preference
of Ba2+ cations to occupy M1 sites was also experimentally
observed, and a similar trend was found for Sr2+ cations [11,12].

Table 2
Cation-lattice oxygen internuclear distances RMO (Å) for different cation sites and the most favorable nearest Si, Al orderings.a Relative stability estimated by total energy
difference.

Configurations/linkagesb ONIOM PBC

Ca(II) at M1 RMO DEtot, kJ mol�1 RMO DEtot, kJ mol�1

Al at T1, T3 -AlO(SiO)3Al– 2.353, 2.387, 2.411, 2.666 25.2 2.338, 2.377, 2.385, 2.388 0.0
2Al at T3–AlO(SiO)2Al– 2.342, 2 � 2.398 0.0 2.392, 2 �2.398 40.0
Al at T2, T3–AlOSiOAl– 2.334, 2.358, 2.612, 2.673 39.6 2.377, 2.409, 2.524, 2.664 24.4
2Al at T1–AlO(SiO)2Al– 2 � 2.361, 2 � 2.427 44.4
Ca(II) at M1a

2Al at T1–AlO(SiO)2Al– 2.309, 2.328, 2.357, 2.400 55.3 2 � 2.354 2 � 2.460 50.9
Ca(II) at M2

Al at T2, T4–AlOSiOAl– 2.305, 2.338, 2.374 69.9 2.391, 2.414, 2.431, 2.435 97.7
Ba(II) at M1

2Al at T3–AlO(SiO)2Al– 2.562, 2.563, 2.995, 2.998 0.0
Ba(II) at M1a

2Al at T1–AlO(SiO)2Al– 2.556, 2.531, 2.849, 2.944 32.2
Ba(II) at M2

Al at T2, T4–AlOSiOAl– 2.504, 2.591, 2.710 55.1
Na(I) at M1

Al at T2 2.210, 2.417 0.0 2.290, 2.409, 2.687 0.0
Al at T1 2.237, 2.307 8.9 2.266, 2.277, 2.360, 2.454 3.2
Al at T3 2.291, 2.444 29.0 2.254, 2.415, 2.645 27.6
Na(I) at M1a; Al at T1 2.143, 2.325 11.0 2.199, 2.428, 2.511 7.6
Na(I) at M1a; Al at T2 2.193, 2.315, 2.476 18.5
Na(I) at M2; Al at T2 2.206, 2.240 49.2 2.185, 2.331, 2.341 66.8
K(I) at M3

Al at T1 2.691, 2.707 0.0 2.785, 2.855, 2.992 2.0
Al at T2 2.712, 2.971 50.2 2.850, 3.022 0.0
Al at T3 2.656 33.4 2.780, 2.795 13.7
K(I) at M1a Al at T1 2.765, 2.745 66.3 2.641, 2.772, 2.847 27.7
K(I) at M2; Al at T2 2.583, 2.604 129.0 2.697, 2.856, 2.889 56.8

a A full list with all Si, Al orderings stabilizing the different cations, as well as ONIOM calculations using PBE are presented as Table S1 in Supporting information.
b Al ? Si substitutions separated by Si-occupied T-sites. The lowest energy configurations are taken as reference zero.

Fig. 6. The clinoptilolite structure viewed along [001] with the C channel and the
extraframework cation sites. Oxygen atoms are blue, Si – light brown, extraframe-
work cations are light green. The replicated cell is shown as wireframe. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Table 3
Natural charges on tetrahedral atoms and extraframe-
work cations for PBC optimized structures.

Atom Charge

Si 1.84 � 2.12
Al 1.45 � 1.56
O (Al–O) �1.11 � �1.17
O (Si–O) �1.05 � �1.07
Na+ at M2 0.78
Na+ at M1, Al at T2 0.71
Na+ at M1, Al at T1 0.65
Na+ at M1a 0.74
K+ at M2 0.82
K+ at M3, Al at T2 0.80
K+ at M3, Al at T1 0.80
K+ at M1a 0.77
Ca2+ at M2 1.37
Ca2+ at M1 1.37
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3.2. Electrostatic potential inside the channels of clinoptilolite. Cation
migration

In charged frameworks, such as zeolites, it is important to de-
rive the electrostatic potential within the cavities, because all
adsorption, diffusion and catalytic processes pass through the
channels. ESP is a better indicator for zeolite reactivity than charge
distribution or bond population as it is much less dependent on the
choice of basis set [51,52]. The molecular electrostatic potential
(MEP) maps calculated in the presence of cations at M1, M2 and
M3 sites clearly indicate regions of enhanced nucleophilicity inside
channel A, to where cations can migrate from their original posi-
tions, or incoming cations can be retained, Fig. 7. Areas of positive
ESP are concentrated in the vicinity of the cations. Despite the con-
centration of cations inside channel C, permeability for cations is
retained, evidenced by narrow continuous areas of negative ESP.
A broader area of negative ESP is developed in the presence of K+

cations, which penetrates also part of channel B. Though the ex-
change capacity of clinoptilolite towards a number of cations was
subject of experimental studies [5,53–55], the zeolite reactivity
and potential inside the channels were not assessed by theoretical
methods so far. Clinoptilolite is more stable under thermal treat-
ment than the Al-rich framework of heulandite. Nevertheless, cat-
ion migration was observed in Na+ and Cs+ exchanged
clinoptilolites [13]. The Na+ cations tend to leave the c-rings at ele-
vated temperature (300 �C) and occupy the inner space of channel
A, including site M4 in the center of the 10-member ring.

Numerous studies were devoted to K-exchanged heulandites, as
it was found that the presence of K+ cations improves the stability
of heulandite [4,9,56]. A similar tendency of K-cations to migrate
towards the center of channel A was observed upon dehydration
of heulandites and before structure collapse [9]. The positions of
K+ and Na+ cations after their migration inside channel A, as deter-
mined by XRD, correspond to the regions of negative electrostatic
potential denoted on the MEP maps, Fig. 8. Forbidden pairs of near-
est site occupancies were revealed by XRD, the required minimum
distance for the M2–M20 sites in channel B being estimated as
2.76–2.79 Å [4]. Much smaller forbidden distances were estimated
for the channel A cations: 1.91–2.26 Å. The two symmetrical M1a
sites, found by both ONIOM and PBC calculations after migration
of Ca2+, Na+ and K+ to the inner part of Channel A (Fig. 8), are nearly
identical for all cations as they are separated by less than 0.4 Å.
Though the cations at M1a site would be stabilized by an Al atom
present at a T1 site, the M1a sites would host Na+ cations also with
Al at the highly favored T2 site, Table 2. The calculated internuclear
distance which separates two Na+ cations in channel A was esti-
mated to be not smaller than 5.025 Å, and for the K+ cations, not
smaller than 4.305 Å. Larger values can be reached, depending on
the Si, Al ordering. The locations of Na+ and Ca2+ cations are in
proximity to the ten-member ring of channel A and the cations

are coordinated by oxygen atoms from the ring; the Na+–O inter-
nuclear distances to the oxygen atoms are within 2.19–2.33 Å.
The Ca2+ cations migration is strongly favored by Al ? Si substitu-
tions at T1 sites and the two cations are in this case separated by an
internuclear distance of 4.850 Å. The K+ cations are displaced away
from the ten-member ring, as they keep strongly lengthened K+–O
internuclear distances of 2.65–2.70 Å. The K+(M1a)-K+(M1a0)
distance varies within a narrow range, 4.305–4.380 Å, for the dif-
ferent Si, Al orderings. The calculated energies of different configu-
rations do not account for the energy barriers for cations to cross
the eight-member c-rings, but the free aperture of the c-rings of
2.8 Å [2] would allow Ca2+ and Na+ cation permeability. The Ca2+

cations undergo minor displacement when shifting from site M1
to M1a; Na+ cations can migrate from either the M2 sites, or M1
sites. K+ and Ba2+ cations would not be able to diffuse free in chan-
nel C, but they reside preferably in Channel A. K+ cations undergo a
significant displacement upon migration from site M3 in the side
eight-member rings to site M1a and this process requires signifi-
cant energy.

The cation distribution at sites M1, M1a, M2 and M3 is different
in the Al-rich heulandite and in the Si-rich clinoptilolite. Ca2+ are
mostly occupying a site close to M3 in dehydrated heulandite
[10], but their preferred sites in hydrated clinoptilolite were M1
and M2 [4]. According to our results, the small-size cations would
be attracted more easily by the negative ESP in channel A, thus
they would shift from the side rings towards the center of the
channel and their exact position will be in proximity to a negative
framework charge.

Fig. 7. The MEP maps with different cations positioned at the highly populated cation sites. (a) Ca2+ at site M2, (b) Ca2+ at site M1, (c) K+ at site M3. Areas of positive EP
(electrophilic) are yellow, the negative EP (nucleophilic) are displayed in blue. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

Fig. 8. The optimal positions of Ca2+, Na+ and K+ cations after migration from the
side rings into Channel A. K+ cations are blue, Na+ – yellow, Ca2+ – light green.
Oxygen atoms are blue, Si – light brown, Al – green. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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4. Conclusion

The properties of the zeolite clinoptilolite framework are
correctly described by both the ONIOM method and by applying
periodic boundary conditions (PBC) using density functional
theory. The ordering by stability of different configurations with
variable Si, Al and cation site occupancies are subject to minor
discrepancies according to the two methods applied. Higher
stabilization energies are determined by ONIOM for K+ and
Ca2+ cations. The cations can migrate towards the center of the
large channel A, where the nucleophilic properties are stronger
and this is evidenced by both ONIOM and PBC calculations;
the energetics of such transitions is calculated. The much smaller
c-parameter of the unit cell renders the long-range Si, Al substi-
tution and cation site replications along the [001] direction
unrealistic for a Si-rich zeolite such as clinoptilolite. The ONIOM
method allows higher accuracy at much lower computational
cost than PBC and though the effect of periodicity is lacking,
this turns as advantage for studying Si, Al substitutions in the
c-rings.
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