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Abstract: While the structures of Brønsted acid sites (BAS) in zeolites are well understood, those of Lewis acid sites
(LAS) remain an active area of investigation. Under hydrated conditions, the reversible formation of framework-
associated octahedral aluminum has been observed in zeolites in the acidic form. However, the structure and formation
mechanisms are currently unknown. In this work, combined experimental 27Al NMR spectroscopy and computational
data reveal for the first time the details of the zeolite framework-associated octahedral aluminium. The octahedral LAS
site becomes kinetically allowed and thermodynamically stable under wet conditions in the presence of multiple nearby
BAS sites. The critical condition for the existence of such octahedral LAS appears to be the availability of three protons:
at lower proton concentration, either by increasing the Si/Al or by ion-exchange to non-acidic form, the tetrahedral BAS
becomes thermodynamically more stable. This work resolves the question about the nature and reversibility of
framework-associated octahedral aluminium in zeolites.

Because aluminum in zeolites is responsible for the
generation of both Brønsted-acid and Lewis-acid sites (BAS
and LAS), which are responsible for catalytic activity, the
state of aluminum in zeolites is the subject of many
experimental and theoretical investigations.[1] The structure
and properties of Brønsted acid sites in zeolite are well
understood,[2] while those of Lewis acid sites in zeolites are
not fully established. A zeolite BAS is associated with a
bridging hydroxyl group between framework tetrahedrally
coordinated aluminum and silicon atoms. Several types of
LAS have been proposed,[3] including framework LAS,[4]

extra-framework aluminum (EFAl)[5] and octahedral frame-
work-associated aluminum.[6] The latter type, similar to the
EFAl species, is typically characterized by an octahedral
coordination of aluminum.[7] However, in contrast to EFAl
species, the octahedral framework-associated aluminum can

reversibly change its coordination between Al(Td) and
Al(Oh) (Td: tetrahedral and Oh: octahedral).

[6a] While the
spectroscopic fingerprints of both Al(Td) and Al(Oh) species
are well known, the mechanism of the transition, the
atomistic details of framework-associated Al(Oh), and the
path of its conversion to a LAS site remain unclear. It is the
goal of this investigation to combine biased ab initio
molecular dynamics (AIMD) with 27Al magic-angle spinning
nuclear magnetic resonance (MAS NMR) spectroscopy on
chabazite (CHA) zeolite towards understanding these de-
tails. CHA has been identified as an ideal zeolite for such
investigation because it can be synthesized in wide range of
Si/Al ratios, it has a suitable unit cell (UC) size for
computational investigation, and it has a high symmetry
structure with only a single crystallographically independent
tetrahedral site and four independent framework oxygen
positions. CHA consists of cha cages interconnected via 8R
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window (3.8×3.8 Å).[8] Chabazite receives much interest,
because Cu-CHA aluminosilicate and CHA-type SAPO-34
are the state-of-the-art catalysts for the selective catalytic
reduction (SCR) of nitric oxides in vehicle applications and
for the high performance in methanol-to-olefins conversion,
respectively.[9]

Four samples of CHA have been considered in this
work; their characteristics are shown in Table 1. Representa-
tive electron microscopy images are shown in Figure S1 in
Supporting Information, accompanied by the energy-disper-
sive X-ray spectra (Figures S3, S4), which confirm that the
vast majority (>90%) of potassium cations have been ion-
exchanged for ammonia cations. Thermogravimetric analysis
of the H-CHA-450 (CHA in acidic form upon calcination at
450 °C) sample exposed to ambient conditions revealed 12
wt % of water, corresponding to an average concentration
of 6 water molecules per CHA cavity (see Figure S2 in
Supporting Information).

The 27Al MAS NMR spectra presented in Figure 1 show
that neither K-CHA nor NH4-CHA showed any signal
around 0 ppm corresponding to Al(Oh). On the contrary,
calcination of NH4-CHA leading to H-CHA-450 resulted in
conversion of 22% of Al(Td) to Al(Oh), in addition to the
formation of a broad shoulder, which monotonically de-
creases in amplitude from 50 to 10 ppm. Re-conversion of
the sample back to NH4-(H-CHA-450) by ion exchange with
ammonium nitrate led to a significant reduction of the
Al(Oh) signal around 0 ppm, while the broad shoulder
remained mostly unaffected. We expect that the remaining
Al(Oh) signal around 0 ppm after ion exchange is related to
the EFAl species.[5] A constant Si/Al ratio (Table 1)
indicates that no aluminum has been removed from the
sample. Experimental data shows that that a significant
fraction of Al(Td) can reversibly transform to octahedral
Al(Oh) and back, which is typical of acid zeolites.

[6a,f]

The computational investigation was performed for a
CHA model that mimicked the experimental conditions as
closely as possible: unit cell with Si/Al=3 (the framework
composition of Si9Al3O12H3) and six water molecules in the
cavity (see above for experimental characteristics). Note
that for topology reasons, there must be on average three Al
atoms per double 6-membered ring (d6r) for CHA with Si/
Al=3 and at least one Al� O� Si� O� Al pair. The particular
configuration of Al atoms within the UC, and within d6r, is
apparent from Figure S4 in Supporting Information; two Al
atoms formed an Al� O� Si� O� Al pair while the third one
was at least two SiO4/2 units apart from other Al atoms. The
computational protocol is based on recent studies of
reversible hydrolysis of zeolite frameworks under aqueous

conditions:[10] Biased ab initio molecular dynamics and
thermodynamic integration were used for the calculations of
the free-energy reaction paths connecting individual inter-
mediates (see Section S2 in Supporting Information for
details).

The goal of our study was to identify and determine the
structure and formation mechanism of the experimentally
observed framework-associated Al(Oh). Starting from three
BAS sites solvated by six water molecules, there is path
towards a thermodynamically stable and kinetically allowed
octahedral aluminum (Figure 2 and Table S2): Al is coordi-
nated to three framework oxygens (Of) and to three oxygens
of water molecules (Ow) in the fac-Al(Of)3(H2O)3 arrange-
ment (see Figure S4 for details). Thus, the octahedral
aluminum is formally a coordinatively saturated Lewis acid
site—it coordinates three water molecules—and it is de-
noted as LAS(6). Such framework-associated Al(Oh) is
formed from one of the aluminum atoms constituting the
Al� O� Si� O� Al pair: one of the Al� O� Si bonds in the six-
ring is hydrolyzed, thus forming a silanol (Figure S4). None
of the three original Brønsted protons in the CHA cavity
are solvated upon the formation of Al(Oh): two of them are
firmly attached to Of atoms of Al(Oh) and the third one is
consumed in the silanol formation (see below). Thus, the
Al(Td)!Al(Oh) conversion is associated with the loss of
Brønsted acidity (three Brønsted protons are consumed).
Analysis of the charge distribution shows +1.4 and � 0.7e
charges on octahedral AlO6/2 and tetrahedral AlO4/2 species,
respectively (see Section S3 in Supporting Information for
details).

Table 1: Experimental characteristics of CHA samples.

Sample Synthesis description Bulk Si/Al % Al(Oh)

K-CHA Hydrothermal synthesis starting from zeolite Y 3.0 0
NH4-CHA NH4

+ ion exchange of K-CHA n.d. 0
H-CHA-450 Calcination in air at 450 °C

Exposed to ambient conditions
3.0 22

NH4-(H-CHA-450) NH4
+ ion exchange of calcined H-form 3.0 8

Figure 1. 27Al NMR spectra of K-CHA, NH4-CHA, H-CHA-450, and NH4-
(H-CHA-450). The arrow indicates the broadening of the peak
associated with tetrahedral aluminum stretching towards lower chem-
ical shifts.
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While these structural characteristics are in line with the
experimental insight, it is essential to understand both
thermodynamics and kinetics of the Al(Td)!Al(Oh) trans-
formation. The transformation proceeds in three steps with
each of four minima on the free-energy surface having a
distinct aluminum environment (Figures 2a and S3, as well
as cif files provided in Supporting Information). The initial
CHA structure is taken as a reference state of the zeolite, in
which all aluminum atoms are four-coordinated to frame-
work oxygen atoms in Td environment and six water
molecules are in the cage. This reference is denoted BAS(4)
in Figure 2a. The transformation towards octahedral LAS(6)
starts with the formation of the Lewis acid site LAS(4) that
is almost isoenergetic with BAS(4) and the transition is
characterized by a moderate barrier of ΔA�40 kJmol� 1.
The Al atom remains in a Td environment and is coordi-
nated to three Of atoms and one water molecule. In the next
step, two of the three framework oxygen atoms of the Al
tetrahedron become protonated (accepting previously sol-
vated protons, Figure 2a) and the second water molecule is
bound to Al, forming a penta-coordinated LAS(5) structure;
the free energy barrier is again around 40 kJmol� 1 and the
LAS(5) structure is slightly less stable than LAS(4). Trans-
formation to octahedral aluminum is completed by accepting
an additional water molecule to the first coordination shell
of the Al atom. This is an exergonic process (by around
� 30 kJmol� 1) with a barrier as low as 15 kJmol� 1. Under the
simulation conditions (closely corresponding to the exper-
imental situation) there are four stable local minima (Fig-
ure 2a), separated by modest free-energy barriers not
exceeding 40 kJmol� 1 that allow fast transitions between
them, even at room temperature (RT).

Thermodynamically the most stable configuration is the
octahedral LAS(6), which has a slightly lower free energy
than the other intermediates. It is thus the most likely

structure of one of the three Al atoms in the CHA unit cell
(the other two Al atoms are not affected by the trans-
formation and remain in Td environments). We expect that
the minor discrepancy between experimentally observed
percentage of Al(Oh) in the H-CHA-450 sample (22%) and
the theoretical prediction (33%) is mostly due to mildly
inhomogeneous distribution of the aluminum and water in
the experimental sample.

NMR chemical shifts for all these structures were
calculated from time-averaged chemical shielding tensors
and they are compared with experimental 27Al NMR spectra
in Figure 2b (see Section S2 in Supporting Information for
details). A good agreement between experimental and
calculated chemical shifts confirms the correspondence
between experimentally observed and computationally
found framework-associated Al(Oh). One possible explan-
ation for the shoulder between 50 and 10 ppm is the
presence of a significant proportion of LAS(5), which while
thermodynamically unstable with respect to LAS(6), may
persist for long timescales when there is a local deficit of
water (one requires 3 available molecules to complete the
transformation to LAS(6)). Another explanation is the
previously reported asymmetric tetrahedrally coordinated
aluminum species formed as a consequence of the irrever-
sible thermal damage to the mordenite (MOR) framework
(see section S4 in Supporting Information for more
details).[6g] A third possibility, described in the Supporting
Information (Figure S5) is broadening due to the incomplete
solvation of protons on BAS(4) sites.

Both experimental evidence (investigation of samples
with different Si/Al)[6d,e,11] and computational studies suggest
that a critical local concentration of framework aluminum
(and Brønsted sites) is required in order to form octahedral
LAS(6). The roles of Si/Al, BAS site concentration, distance
between framework Al atoms (all somewhat correlated) and
the role of degree of hydration was therefore investigated
next.

Experimental results show that the framework-associ-
ated Al(Oh) can be only detected for samples with
sufficiently low Si/Al ratio and that this critical Si/Al ratio
depends on the zeolite topology.[6d,12] The peak around
0 ppm, apparent only for the H-form of the zeolite and
corresponding to framework-associated Al(Oh), is observed
for CHA with Si/Al=3 (Figure 1) while such a peak is not
visible for H-CHA with higher Si/Al.[11] All attempts to
localize a stable LAS(6), or any other octahedral Al
structure, have failed for a CHA(Si/Al=11) model contain-
ing just one Al atom in the d6r. Such structures sponta-
neously transform first to LAS(5) during the first few ps of
an AIMD simulation and then further to LAS(4) after
approximately 20 ps (Figure S11). Thus, LAS(4) and BAS-
(4) were the only kinetically stable structures found for
CHA(Si/Al=11) herein. In a previous study[10a] by some of
us, we showed that BAS(4) and LAS(4) in CHA(11) are
separated by a moderate barrier of ΔA‡<40 kJmol� 1, with
both states characterized by similar free energies (ΔArxn

�20 kJmol� 1 favoring BAS(4)).
Three protons are involved in the BAS(4)!LAS(6)

transformation: two of them are firmly bound to Al-

Figure 2. Structural, thermodynamic and NMR characteristics of tetra-
hedral and octahedral aluminum in zeolites. a) Schematic free energy
profile connecting Brønsted acid site (BAS) with Lewis acid LAS(n)
sites, n denotes the number of oxygen atoms in the first coordination
shell of aluminium. b) Calculated chemical shifts for individual frame-
work Al atoms compared with experimental data obtained for the same
composition of the system (Si/Al=3 and 6 water molecules per CHA
cage). Colour code is for identification of BAS(4) and LAS(n) structures
in the 27Al NMR spectra.
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(Oh)� O� Si bonds (Figure S6) while the third one forms a
silanol group. This third proton contributes to the LAS(6)
stabilization via H-bonding between the hydroxyl hydrogen
and an Al(Oh)� O� Si oxygen atom that is not binding to a
proton. We have attempted to determine how critical the
presence of protons is on Al(Oh)� O� Si bridges (Figure 3a):
Moving one of the protons from LAS(6) to one of the
BAS(4) oxygens within the same CHA cage does not lead to
the destruction of LAS(6). However, AIMD shows that the
process is connected with an increase of system energy (+
56 kJmol� 1, Figure S8b). Moving both protons from LAS(6)
to BAS(4) sites also leads to an increase of the system
energy (�20 kJmol� 1, as is already seen from Figure 2a).
However, this process involves a spontaneous transforma-
tion of LAS(6) back to LAS(4) and solvation of one of the
protons, as shown in Figures 3b and S4c. Hence, the
presence of at least one proton on an Al(Oh)� O� Si oxygen
atom appears to be necessary for the localization of the
octahedral Al moiety, and two are required to achieve
stability.

One of the Al atoms of an Al� O� Si� O� Al pair trans-
forms into LAS(6). A rather similar fac-Al(Of)3(H2O)3
complex was also found for the Al atom which is separated
by at least two framework silicon from another framework
aluminum and again, three protons were involved in the
LAS(6) formation. However, this LAS(6) structure is less
stable than the reference BAS(4) structure. The energy
difference depends on the particular oxygen atom of the
AlO4 tetrahedron that is hydrolyzed in the first step of the
reaction: energetic differences of +43, +29 and

+91 kJmol� 1 were found for O4, O1 and O3 oxygens,
respectively (Figure S9). This process cannot take place on
O2 due to steric restrictions. Thus, the transformation from
BAS(4) to LAS(6) is kinetically allowed even for Al atoms
that are not involved in Al� O� Si� O� Al pairs. However,
such a species is thermodynamically less stable and unlikely
to be observed experimentally.

Individual water molecules are firmly bound to Al(Oh)
as is shown in Figure 3c. Interaction energies for water
molecules in the first (denoted 1, 2 and 3 in Figure 3c) and
second (denoted 4–6) coordination shell are larger and
smaller than � 118 kJmol� 1, respectively. The role of water
quantity on the relative stability of LAS(6) and BAS(4)
structures was investigated, by decreasing the number of
water molecules in the CHA cage from six to three
(removing all water from the second coordination shell).
Very similar relative energies were obtained for LAS(6) and
BAS(4) structures for both water concentrations. Thus, the
stability of LAS(6) structure is not compromised even when
the water loading is reduced to half (Figure S10).

To assess the generality of our findings, we also
considered the formation of framework-associated Al(Oh)
species in MOR models with Si/Al=15 (containing one
Al� O� Si� O� Al pair) and Si/Al=47, with six water mole-
cules in the unit cell (see section S2.1 for details). Similarly
to the CHA case, our AIMD trajectories show that LAS(6)
is kinetically stable only in the low-silica MOR model (Si/
Al=15) and that at least one proton bound to Al(Oh)� O� Si
bonds appear to be necessary for the stabilization of the
octahedral Al moiety (Figures S10, S11), while two protons

Figure 3. a) Structures and relative internal energies (at 300 K) of framework Al with different number of protons on the framework oxygen atoms
of the first coordination shell of Al; Al(Oh) with two protons is thermodynamically the most stable (middle). The structure with one proton remains
octahedral but is the least stable (right).The structure with no protons collapses to tetrahedral LAS(4) with a single water molecule attached to an
Al atom (left). b) AIMD trajectory for octahedral LAS(6) with no protons evolving towards tetrahedral LAS(4) structure. c) Detachment energies of
individual water molecules from the LAS(6) octahedral structure; 1st and 2nd coordination shell water molecules are numbered 1–3 and 4–6,
respectively. Silicon atoms are in blue, aluminum in cyan, oxygen in red, and hydrogen in white.
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stabilize the system further. These findings are in accord
with previous experimental studies on MOR by some of
us.[6e,g]

The results presented above show that thermodynami-
cally stable and kinetically connected (to Brønsted acid sites
at RT) framework-associated octahedral aluminum can be
formed in CHA under the following conditions: (i) Three
BAS sites must exist in close proximity to each other, to
allow transfer and fixation of protons around the to-be-
formed octahedral aluminum. (ii) Octahedral Al is formed
from one of the Al atoms of the Al-pair, where Al atoms are
separated by a single framework silicon atom. The former
condition is, based on our calculations using MOR models
(vide ante), likely to be general for zeolites and can be
understood as arising from the large energetic penalty for
the charge separation (Section S3 in Supporting Informa-
tion), which increases with the increasing distance between
three framework Al atoms involved in the LAS(6) forma-
tion. The latter condition, found to be valid both for CHA
and MOR topologies, also appears to be generalizable,
however, we expect that the effect of zeolite topology can be
more pronounced than in the former case. This is high-
lighted by the recent observation that framework-associated
octahedral aluminum species have a preferred location in
the pore structure of MOR zeolite.[6g]

Our study brings additional evidence that the framework
of acidic zeolites becomes labile under wet conditions[13] and
the hydrolysis of zeolite Si� O� Al and Si� O� Si bonds is
kinetically allowed at RT. This framework lability leads to a
feasible, reversible transition between BAS and octahedral
LAS(6), that is thermodynamically and kinetically feasible
at RT and is governed primarily by proton concentration
and aluminum density. Lastly, increased framework lability
at low Si/Al ratios, at which Al-pairs are formed in CHA,
may be one of the reasons for the quicker deactivation times
in methanol-to-olefins conversion observed
experimentally.[14]
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