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of Chemistry The common understanding of zeolite acidity is based on Léwenstein's rule, which states that Al-O-Al
aluminium pairs are forbidden in zeolites. This rule is generally accepted to be inviolate in zeolites.
However, recent computational research using a 0 K DFT model has suggested that the rule is violated
for the acid form of several zeolites under anhydrous conditions [Fletcher et al., Chem. Sci., 8, (2017),
7483]. The effect of water loading on the preferred aluminium distribution in zeolites, however, has so
far not been taken into account. In this article, we show by way of ab initio molecular dynamics
simulations that Lowenstein's rule is obeyed under high water solvation for acid chabazite (H-CHA) but
disobeyed under anhydrous conditions. We find that varying the water loading in the pores leads to
dramatic effects on the structure of the active sites and the dynamics of solvation. The solvation of
Brgnsted protons in the surrounding water was found to be the energetic driving force for the preferred
Lowenstein Al distribution and this driving force is absent in non-Léwenstein (Al-O(H)-Al) moieties. The

preference for solvated protons further implies that the catalytically active species in zeolites is
Received 11th February 2019 t ted t lust ther th . KB ted site. H te treat t of th
Accepted 3rd May 2019 a protonated water cluster, rather than a framework Brgnsted site. Hence, an accurate treatment of the
solvation conditions is crucial to capture the behaviour of zeolites and to properly connect simulations

DOI: 10.1039/c95c00725¢ to experiments. This work should lead to a change in modelling paradigm for zeolites, from single
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Introduction

Zeolites are three-dimensional aluminosilicate materials char-
acterized by high stability, porosity and Brensted acidity, which
are among the reasons they are the most widely used class of
industrial catalysts worldwide.* Zeolites are made up of corner-
sharing tetrahedral units of SiO, and AlO, . For each AlO,™
there is a charge-compensating ion, which is often a proton.
According to Lowenstein's rule,”> which is an established axiom
of zeolite science, tetrahedral units containing aluminium may
not be located adjacent to each other.

Experimentally, Lowenstein's rule is found to be generally
obeyed. However, a small number of Lowenstein-disobeying
(NL6w) examples have been proposed for aluminosilicates: in
the aluminate sodalites,® zeolite stilbite,* in bicchulite®” and
gehlenite-type® materials, where Si: Al ratios below 1 can be
achieved, aluminosilicate glasses®*® and metastable, disordered
phases, such as cordierite™ and anorthite.”” Among related
materials that have been shown to disobey Lowenstein's rule are
layered Na-4-micas® and gallobicchulite.'* Most of the analyses
reporting on violations of Lowenstein's rule have been either
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molecules towards high solvation models where appropriate.

indirect, or applied to materials generated under exotic condi-
tions.*>*>'31¢ Often, the synthesis procedures that lead to NLow
Al distributions include very high temperatures,*** for which
the availability of water is low. It has also been shown experi-
mentally that zeolite building units may be found which
disobey Lowenstein's rule,” but these species are not trans-
ferred to the final zeolite upon condensation.

Computationally, the preference of Lowenstein-obeying
(Low) over NLow isomers has been demonstrated in zeolites,
both in zeolite-A' and in hydrated secondary building unit
fragments.'* However, recent theoretical work has suggested
that the global minimum configuration for the acid form of
several zeolites, including chabazite (CHA) may violate the rule
under anhydrous conditions.”® The authors conclude that the
lack of NLow geometries observed in experiment may be due to
kinetic trapping in the Low configurations that are favoured by
the Na* precursor form, rather than an overall thermodynamic
preference for Low configurations.

The unclear literature picture of preferred aluminium
distributions in zeolites is complicated by the general lack of
consideration of solvation effects when applying theoretical
methods. The presence of water affects the stability, acidity and
reactivity of the zeolite.”* Zeolites are synthesized in the pres-
ence of excess water, which resides in the zeolite pores.* Also,
zeolites are frequently found under conditions of high water
loading during operation, either as molecular sieves or as
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microporous catalysts.”®** In the case of hydrolysis reactions,
water is involved directly in structural transformations®?*® and
may be exploited in novel synthetic routes, such as the ADOR
process.””?® Most theoretical treatments that include water
inside the zeolite pore have been limited to low water loading
effects,”> and only a few computational studies have consid-
ered the effects of high water solvation in zeolites.**™*°

To date, there have been no studies which investigate the
effect of water loading on the preferred aluminium distribution.
However, given the widespread acceptance of Lowenstein's rule,
it is important to consider the conditions under which it may be
violated, and to propose an explanation for the conditions
under which it is valid. Here, we show that the level of water
solvation has a profound effect on the preferred aluminium
distribution and the catalytically active site. While we confirm
the violation of the Lowenstein's rule under anhydrous condi-
tions, we observe its recovery under high water loading. This
reversal originates in the ability of water to solvate the acidic
Brgnsted acidic proton. This ability is hindered in the AI-O(H)-
Al moieties of NL6w configurations, leading to NLOw becoming
unfavourable under high water loading conditions. This work
shows that the active site of acid zeolites under solvation is
a homogeneous Brgnsted acidic water cluster, rather than
a heterogeneous framework acid site. These results have
significant implications on how to view and model acid zeolites
under realistic conditions.”

Computational details

For the investigation of Lowenstein's rule in H-CHA, the 36 T
site supercell model of chabazite was adopted, with an Si : Al
ratio of 17, for which both Al atoms are in one of the cages
(Fig. 1). A second model was employed to investigate general
proton solvation effects, with an Si:Al ratio of 11, corre-
sponding to one Al atom per cage. The effect of the water
loading in the zeolite channel system was investigated for three
regimes: a completely anhydrous model, a single water mole-
cule in the low-solvation model, and fifteen water molecules in
the unit cell, corresponding to 1g cm > water density and five
molecules per cage, in the high solvation model. The CHA
accessible volume fraction of 17.4% was taken from the IZA
database.*> Molecules were initially placed in the zeolite pore
structure by overlapping the unit cell with a cubic water box
containing a random packing of spc water molecules with the
gromacs solvate code.®

All calculations were performed using density functional
theory as implemented in the VASP 5.4 code,* with the
generalised gradient exchange correlation functions of Perdew,
Burke and Ernzerhof,*® and an additional dispersion correction,
of the D3 form of Grimme et al.*® with Becke-Johnson damp-
ing.*® While the PBE functional is known to over-structure bulk
water, it is of comparable quality to other GGA functionals for
small water clusters.” The B] damping correction is also found
to improve the description of water structure and is included in
this work.”® Gaussian smearing of the Fermi-Dirac distribution
was implemented, with a smearing width of 0.1 eV. Electronic
states were sampled at the Gamma point only, which is
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Fig.1 Upper panel — the structure of chabazite with Si : Al=11with an
Al configuration which obeys Léwenstein's rule (three silicon atoms
separate each Al atom from its nearest Al neighbour). The four ineq-
uivalent oxygen atoms, O1, O2, O3 and O4 are highlighted in dark blue.
Middle panel — The double six rings of the Low (left) and NL&w (right)
configurations of the Si: Al = 17 model, viewed from above and the
side. Aluminium atoms are pink, silicon are yellow, oxygen are red and
hydrogen are white. Lower panel — the relative internal energies of
Loéw and NLOw isomers as a function of water loading and tempera-
ture. Unfilled circles correspond to the relative energies of the LH1'—
H,O isomer with respect to LH1-H,O. The black point is the static
calculation at 0 H,O from this work and the grey point is the value from
Fletcher et al. with the PBE functional.

sufficient for the supercell model used herein. Wavefunctions
are described by a plane-wave basis expanded to a kinetic energy
cutoff of 400 eV. For geometry optimisation, a force convergence
criterion of 0.01 eV A~ was set. For the calculation of vibra-
tional modes, the finite differences method was employed, with
4 points per degree of freedom, with 0.01 A displacement.
Energetics and dynamic properties were determined by ab initio

This journal is © The Royal Society of Chemistry 2019
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molecular dynamics simulations of 10-15 ps with a timestep of
0.5 fs, employing the Nosé-Hoover thermostat in the NVT
ensemble, with a target temperature of 300 or 370 K, following
an equilibration of between 2-3 ps. Hydrogen atoms were
assigned the mass of deuterium, in order to enhance sampling
efficiency.

Results and discussion

Following a recent work of Fletcher et al.,** we have selected
chabazite as the zeolite to investigate, as it is a well-studied
system both computationally and experimentally and repre-
sents a good model for an aluminosilicate zeolite with a three-
dimensional pore structure and small pores. Furthermore,
CHA has found important roles in industry, as a selective
catalytic reduction (SCR) catalyst in vehicle exhaust after-treat-
ment® and in methane partial oxidation.>*** It is not necessarily
true that the behaviour of H-CHA is generalizable to other
frameworks, such as dense zeolites with one-dimensional
channel systems. However, preliminary calculations on the 1D
channel-containing zeolite H-ABW (see ESIT) suggest that our
findings have reasonable generality. Specifically, the CHA
framework consists of a hexagonal arrangement of double six
rings (D6R), connected together by 4-rings.** The pore structure
consists of 8 ring windows, through which protons and water
may transfer. The silicon/aluminium atoms make up
a symmetry class of one T site, which is surrounded by four
inequivalent oxygen sites (O1-04), as displayed schematically in
Fig. 1. Each oxygen is a constituent part of three rings. O1 makes
up two 4-rings and a 6-ring, O2 makes up a 4-ring and two 8-
rings, O3 makes up a 4-ring a 6-ring and an 8-ring, and O4
makes up two 4-rings and an 8-ring. The D6R of the two Al
configurations, Low and NLow, chosen in order to test
Lowenstein's rule, are displayed in Fig. 1 (centre panel). The
hydrogen atoms are labelled LH1 and LH2 (Léw configuration)
and LH1' and NLH1 (NLow configuration). These two
aluminium configurations are the most stable Low and NLow
isomers under anhydrous conditions according to the recent
work of Fletcher et al? In this work, we aim to find the
underlying role of water in Lowenstein's rule, and it is beyond
the scope of this study to exhaustively search all configurations
under hydrated conditions. Therefore, we use the most stable
LOow/NLOw pair to represent realistic models of H-CHA. Local
geometry optimisation under anhydrous conditions was per-
formed, showing a preference for the NLOw isomer of
17 k] mol™', in good agreement with Fletcher et al
(14.2 kJ mol ™). The bond lengths found for LH1, LH2 and LH1'
were 0.975, 0.975 and 0.978 A, respectively, with vibrational
frequencies of 3729, 3726 and 3683 cm ™', respectively. The O-H
bond of NLH1 is slightly shorter, at 0.973 A, with a higher
vibrational frequency of 3739 cm ™.

To determine what are the effects of the degree of water
solvation in the pore, and of the temperature, we move from the
athermal, ultra-high vacuum model, to an explicit solvation
model at 300 K. Ab initio NVT molecular dynamics simulations
were performed for NL6w and Low isomers under various water
loadings. The lower panel of Fig. 1 shows the relative average
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internal energies, taken directly from the MD simulation, of
both isomers in which anhydrous (0 H,0), low water (1 H,O)
and high water (5 H,O/cage) conditions are applied. Under
anhydrous conditions, there is a preference of 30 k] mol ™" for
the NLow isomer, which represents a qualitative shift from the
athermal situation, stabilising the NLow isomer by a further
13 kJ mol ™. In the low water case, the water molecule adsorbs
through the oxygen atom (O,,) to the proton at the Brgnsted site
(Hp). Throughout the three separate simulations, correspond-
ing to water adsorption to LH1, LH1’ and NLH1, the proton and
the water to which it is adsorbed remain fixed to the site they
begin at. When water is absorbed to the LH1' site, the NLow
isomer is preferred by 27 k] mol ™, which is slightly less than in
the anhydrous case (30 k] mol ™). For the case in which water
adsorbs to the Al-O(H)-Al proton (NLH1), the NLow isomer is
further destabilised, and is only 6 k] mol " more stable than the
Low isomer. This is because the hydrogen in this Al-O(H)-Al
site is unable to form such strong bonds to water as in other
sites. Under high water solvation, there are enough water
molecules to adsorb simultaneously to both protons, so the
LH1/LH2 and LH1//NLH1 pairs no longer need to be treated
separately. We performed two molecular dynamics simulations,
one for high water loading with the NLow configuration, and
one for the Low configuration. A dramatic change in relative
stability occurs. Under high water loading at 300 K, there is
a preference for Low isomers of 26 k] mol~'. This means that
moving from the anhydrous to the high water loading regime
incurs a switch of 56 k] mol ™" and the recovery of Léwenstein's
rule. The recovery of the Lowenstein's rule under high water
loading conditions is consistent with the fact that experimen-
tally, non-Léwenstein isomers are uncommon in zeolites.
Synthesis conditions more closely resemble the high water
loading regime than the anhydrous one.

Temperature effects are considered by performing simula-
tions under the same three water loadings at 370 K. The relative
energies are also plotted in Fig. 1 (red points), and show minor
quantitative changes in relative stabilities, but the same quali-
tative behaviour as at 300 K.

To understand the observed effect of solvating water, we
consider the role of water loading on the location of the
Bronsted acidic proton. It has been suggested in previous
computational studies that four water molecules per cage are
sufficient to cause proton solvation.*” The two limiting cases are
depicted in the scheme in Fig. 2. In one case, the proton
remains bound to the framework through a Hy,-O¢ bond, and
the water in the pore interacts with it through fluctuating
hydrogen bonds. In the second case, H, leaves the framework
and is solvated by the water, which forms a cationic complex of
(H,0),-H;0" that interacts with the anionic AI0,~ moiety. The
real behaviour may be intermediate between the two, or
a dynamic alternation between them. In order to analyse the
dynamics of the acidic hydrogen, the definition of Brgnsted
proton solvation must first be chosen. In this work we adopt
a definition such that a proton is considered to be attached to
the framework if it is closer to any framework oxygen Oy, than to
any of the water oxygen atoms Oy,. If this is not true, the proton
is said to be solvated. To test the extent to which protons are
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Fig. 2 Upper panel — scheme for the equilibrium achieved upon
addition of high water loading in the pore. Brgnsted protons may either
stay covalently bound to the framework and interact through
hydrogen bonds to a neutral water cluster (top centre) or become
solvated in the water cluster, which interacts electrostatically with the
charged framework (top right). Middle panel — traces of the O4-H,
and Hp—-0,, distances for the equilibrated 1 H,O-H-CHA dynamical
simulation at 300 K. Below, traces of the minimal O;—H distances for
each of the four oxygens for the equilibrated high water loading
simulation at 300 K.

solvated in the pore, we move to a system in which there is one
aluminium atom per cage (Si : Al = 11), with a minimum of four
T sites between each pair of Al atoms. This is therefore a stan-
dard, Lowenstein-obeying model of H-CHA without the effects
of closely coupled Al pairs. Fig. 2 shows an O~H distance trace
for both low and high water loading cases. In the low loading
regime, the most stable adsorption site, O4, is displayed,
showing an OH,, distance of average length 1.09 A. This is
longer than that of the anhydrous 04-Hy, bond (1.00 A), owing
to the adsorption of the single water molecule. As observed in
the 1 H,O scenario for the NLéw and Léw isomers, free H;O" is
never observed. A small minority (4%) of configurations exist,
which correspond with our definition of proton solvation, but
these states are transient and rare. The H,-O,, bond is also
plotted and has an average of 1.43 A. For the high water loading
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case the situation is more complex, because the Brgnsted
proton may hop between any of the four sites, or become
solvated. The exchange of protons means no particular atom
should be considered separately. Therefore, we plot the
minimum O¢fH distance for each of the four Of atoms around
an aluminium site, taking into account all hydrogens in the
system. This allows for the exchange of protons between all
Bronsted sites and solvation by water to be monitored. We
observe that the minimum OgHj, distance is never below 1.14 A
for any of the four framework oxygen atoms, suggesting that
even for non-solvated configurations, the bond between Hy, and
the framework is significantly weakened (Fig. 2, bottom panel).
Indeed, only 10% of configurations have a minimum OFH
distance below 1.5 A, while 19% of configurations have
a minimum O¢H distance greater than 1.9 A. For each O; in
turn, the range over which the OHy distance varies is far
greater than in the low water conditions, implying that there is
a significant proportion of configurations in which there lies no
proton near a given O site. The structure of the trace shows that
there are coupled hops between pairs of O sites. For example,
the traces of O1 and O3 are in anti-phase with each other, which
is consistent with a Grotthus-type proton shuttle mechanism
between the pair. A similar relationship is observed between
oxygen atoms O2 and O4. According to the adopted definition of
solvation, the Bronsted proton is solvated >99% of the time.
Hence, we can conclude that the equilibrium lies firmly on the
side of solvated Brgnsted protons, and a charge separation to
cationic protonated water and the anionic framework is
preferred.

To investigate the stability of AI-O(H)-Al sites under high
water loading, we return to the Low and NLO6w isomers of H-
CHA with Si: Al = 17. We performed dynamical simulations
at 300 K with high water loading. The pair distribution func-
tions (PDFs) were calculated between the relevant framework
oxygens and all hydrogen atoms in the system. The results for
LH1 and LH1' are qualitatively similar and are compared in the
ESI.{ In order to directly compare the effect of water on Low and
NLow configurations, we show the PDFs for LH1 and NLH1
(Fig. 3). In LH1 this function has no peak around 1.0 A, which
confirms the loss of the framework Breonsted acid group, and
thus the solvation of the proton. The first peak of any significant
size is at 1.8 A, which is due to the hydrogen bond between the
framework oxygen and the nearest proton of the water mole-
cule. This peak spans a broad region from 1.3 to 2.2 A, owing to
fluctuations in the H-bonding. There is a further peak at 3.2 A,
which corresponds to the distance between the framework
oxygen and a further H,, hydrogen on the nearest protonated
water molecule. Beyond 4 A, there are contributions from water
molecules in further solvation shells. The behaviour of the
NLoOw configuration is remarkably different. A prominent peak
is observed at 1.04 A, corresponding to the survival of the O
NLH1 bond for a significant proportion of the simulation. In
fact, this bond is not lost at all for the duration of the dynamical
simulation. The next peak, which is centred at 3.0 A corre-
sponds to the distance from Of to the nearest H,,. This has
a significant frequency, because there is a water molecule
attached to the NLH1 proton that moves less throughout the

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 The pair distribution function between Ot and all hydrogens for
the LH1 and NLH1 configurations. Each schematic inset shows the
O-H pair which contributes to the peak in red colour.

simulation. Owing to the retention of the O~H; bond, the
distance to the H,, is slightly shorter in the NLH1 case than for
LH1. Further from O, there is a broad region starting at 3.4 A,
which, as in the LH1 case, corresponds to more distant Hy,
atoms in the pore volume.

The proton which is attached to the Al-O-Al moiety in H-
CHA with a non-Lowenstein aluminium distribution is pinned
to the site, and thus does not benefit from the solvation which is
found to be spontaneous in Lowenstein-obeying configurations
at both Si: Al ratios considered in the current work. This
pinning to the framework, it should be noted, is nothing more
than a re-expression of the reduced acidity of the Al-O(H)-Al
proton to such an extent that it remains unsolvated even under
high water loading. To further support the notion that the
deprotonation of AlI-O(H)-Al sites is energetically unfavourable,
we have considered the reverse scenario, in which the initial
state is the deprotonated moiety, with H' solvated in the
micropore. A proton is irreversibly transferred back to the Al-O-
Al site via a Grotthus mechanism within 1 ps. Hence, it appears
there is no stable position on the free energy landscape for the
solvated proton and the lack of deprotonation of the Al-O(H)-Al
site is a thermodynamic effect. To confirm the reduced acidity
of the NLH1 proton, we calculated the relative deprotonation
energies of the NL6w and Low isomers in the anhydrous regime
with a simple model. The structures were geometry optimised
before (H-CHA) and after (CHA ™) the removal of the proton. The
energy of the deprotonation (Ege,) was calculated by the
formula: Eqep, = Encua — Ecua-- Absolute deprotonation

This journal is © The Royal Society of Chemistry 2019
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energies calculated using a homogeneous background charge to
compensate for a charged unit cell may be inaccurate. However,
relative deprotonation energies between isomers provide
a semi-quantitative description of the differences between
isomers with reasonable accuracy.> Therefore, we consider only
the relative value here. LH1' is found to be the most acidic
proton, and NLH1 as the least, by a large margin of 71 k] mol .
The LH1 and LH2 protons are intermediate in acidity, and
equivalent within the error of the method, at 26 and
29 kJ mol ", respectively. These results are perfectly consistent
with the vibrational frequencies of the O-H bonds in the
anhydrous regime. Thus, the picture emerges of a strongly
bonded, less-acidic proton in the Al-O(H)-Al group, which in
the absence of solvating water, stabilises the framework, but in
the presence of water, becomes an energetic hindrance. The
proton is bound to the framework and therefore is unable to
achieve the energetic stabilisation afforded by solvation by the
water in the pore that is achieved by Lowenstein-obeying
configurations.

Zeolites span a wide range of topological types, with pores of
various sizes, and channels in one-, two- or three-directions.
The presence of sufficient water to solvate protons is not
necessarily guaranteed in extreme cases for which H-CHA (Si/Al
= 11, 17) is not a representative model. In these cases, the
results presented here cannot rule out the possibility of NLow
configurations remaining stable upon hydration. One such
possibility is for zeolites with narrow one-dimensional channels
at low Si : Al ratios. The zeolite H-ABW has such a structure and
was shown by Fletcher et al. to have an even stronger preference
for NLow configurations than H-CHA in the athermal, anhy-
drous regime. Our calculations (see ESIt) indicate that at
sufficient water loading (3 H,O molecules/Bronsted site), the
energetic preference switches from NLOw to Low configura-
tions. The solvation of protons from Al-O(H)-Si groups is fast
and irreversible, while the solvation of protons from Al-O(H)-Al
groups is not found to occur. The similarity in behaviour
between H-ABW and H-CHA suggests that topology is not
directly important in affecting solvation-driven stabilisation.
However, it remains possible that the amount of water incor-
porated into such a narrow channel is the limiting factor. It is
beyond the scope of the current work to determine the limiting
water loadings in different zeolite topologies, but we predict
that this may play a role in the change in preference between
NLow and Low configurations in practice.

Conclusions

ADb Initio molecular dynamics simulations of the acid form of
zeolite CHA confirm that Lowenstein's rule is disobeyed under
anhydrous conditions, in accordance with the recent findings of
Fletcher et al. We show that this inherent energetic preference
towards non-Lowenstein configurations is weakened under
partial solvation. Further, Lowenstein's rule is found to be
recovered under high water loading conditions.

The relative instability of the non-Lowenstein aluminium
distribution under high water loading is attributed to the
reduced Brensted acidity of protons in Al-O(H)-Al
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configurations. This is confirmed statistically through O-H pair
distributions and calculations of relative deprotonation ener-
gies. Temperature is found to have a moderate quantitative
effect on the energetics in the range considered.

We may now offer an alternative interpretation for the con-
flicting literature regarding Lowenstein versus non-Lowenstein
preference in zeolites. We show that non-Léwenstein configu-
rations are inherently preferred in the absence of water. The
presence of water changes the energetic preference towards
Lowenstein-obeying aluminium configurations, which may
explain the lack of NLow configurations observed experimen-
tally in zeolites. This dramatic change in Al distribution pref-
erence is concurrent with a change in the structure of the active
site. Under water solvation, the Brensted acid site takes the
form of a protonated water cluster, rather than a static frame-
work cation, suggesting that the catalytic activity under aqueous
conditions is due to highly acidic protonated water clusters.
These findings have significant ramifications in how we view
acid zeolites as catalysts and shows the importance of consid-
ering an accurate description of water solvation.

We have considered H-CHA in this work as a model to
provide a proof of principle. However, these results should be
general for acid zeolites, except possibly in extreme cases of
ultrasmall pore volume and high Al content, where the small
number of water molecules per Brgnsted acid site may not
solvate all protons. It has already been shown by others that
violations of Lowenstein's rule are possible in the anhydrous
regime for several zeolites, and it is reasonable to expect that the
recovery of the rule under high solvation will also be general.
We may extend this proposal even to other porous aluminosil-
icates, as this behaviour only requires the possibility for water to
interact with the framework and solvate a Brgnsted proton. A
further extension of this principle would be to investigate
additional types of proton-solvating species, of which water is
only one example.
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