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Zeolites, microporous aluminosilicates, are amongst the most widely used catalysts in the petrochemical
industry. Zeolite catalytic functionality is influenced by the location of tetrahedral alumina and associated
counter-cations in the aluminosilicate framework, yet little is definitively known about the factors that
govern the framework aluminium arrangement. It is generally accepted that all zeolites obey
Lowenstein's rule of “aluminium avoidance”, and that —Al-O-Al- bond formation is forbidden. Here, we
describe an unprecedented screening of aluminium distribution in catalytically active zeolite SSZ-13

(CHA) in both its protonated and sodium-containing forms, H-SSZ-13 and Na-SSZ-13, using density
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Accepted 5th September 2017 functional theory (DFT). We predict violations of Lowenstein's rule in high and low silica H-SSZ-13 and

other protonated frameworks considered in this investigation: H-LTA, H-RHO, H-ABW and H-MOR. The

DOI: 10.1035/c7sc02531a synthetic realisation of these zeolites could spur the development of new catalytic routes and materials,
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Introduction

The use of zeolite catalysts in petrochemistry entirely revolu-
tionised the industry over half a century ago. Since then, zeolites
have become the workhorses of petrochemical processing, and
are used extensively throughout the petrochemical industry.*
Now, at a time of fast depleting traditional fuel sources and
increasing toxic gas emission, zeolite catalysts are at the fore-
front of the development of ‘green’ alternatives to long-
established petrochemical processes.> Green processes must
operate at optimum efficiency® and for catalytic processes this
requires the structural elucidation of existing catalytic mate-
rials. Unequivocally resolving a material's structure can expe-
dite the identification of structure-activity relationships, which
in turn, can accelerate the development of material specific
design rules that are necessary for the rational design of new,
more sustainable and efficient catalysts.

It is well understood that zeolite catalytic functionality origi-
nates from negatively charged tetrahedral units of AlO, distrib-
uted throughout the aluminosilicate framework, and their
associated charge-compensating cations located in nearby pores.
Yet, despite major recent advances in experimental techniques,*
at present it is not possible to determine the absolute position of
framework aluminium or accompanying counter-cations exactly.
Furthermore, there are currently no established design rules that
can be applied to infer framework aluminium's preferred and
precise position. However, Lowenstein's rule® of “aluminium
avoidance” is commonly assumed; this states that on forming
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and the optimisation of existing zeolite catalysts.

the aluminosilicate zeolite framework there is a disinclination
for tetrahedral units of alumina to exist adjacent to one another,
forbidding formation of -Al-O-Al- linkages, and restricting the
minimum Si/Al ratio of any zeolite to unity.

Lowenstein's rule was conceptualised in 1954 and since then
there have been few suggestions that violations of the rule are
possible.®™* Indeed, the scientific literature reports that
“aluminium avoidance” is observed in zeolites almost without
exception.>**" Lowenstein's rule has hence become a funda-
mental law of zeolite science, and the possibility of non-
Lowensteinian ordered zeolites is often not considered. This is
true of most theoretical studies where the omission of non-
Lowensteinian frameworks is considered a simple way to reduce
unnecessary computational expense by shrinking the number
of potential configurations.'®** However, recent advances in
supercomputing services and the development of increasingly
efficient codes, mean it is now tractable to evaluate both
Lowensteinian and non-Loéwensteinian frameworks accurately
through quantum mechanical approaches.

Characterisation techniques, such as X-ray diffraction, are
currently unable to distinguish between framework silicon and
catalytically important aluminium distributed throughout the
zeolite, except in rare cases where there is strict ordering, such
as in Goosecreekite.>* On the other hand, atomistic modelling
techniques can be used as a tool to provide insight into the most
probable location of framework aluminium in real zeolites.
Using framework crystallographic data for a particular zeolite,
quantum mechanical methods can unambiguously resolve the
most energetically favourable distribution of both Si and Al
However, there is a further complication. It is well documented
that the framework aluminium distribution of a given zeolite is
highly dependent on the synthesis details.”® The Si/Al ratio of
the initial synthesis gel, synthesis temperature, reaction times,
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Fig. 1 Silicon backbone of the CHA framework contained within
a single hexagonal unit cell, displaying two D6R units and adjoining
tilted 4-rings.

counter-cation identity and kinetic factors may all cause
differences in the final structural chemistry, and hence catalytic
activity of the resultant framework. Furthermore, Perea et al. and
Schmidt et al. recently showed that for a zeolite sample at a given
Si/Al ratio, aluminium is inhomogenously distributed
throughout the framework,**® supporting earlier work by von
Ballmoos and Meier, that reported the presence of Al zoning in
single crystals.”” Commercial zeolites are typically synthesised
using alkali metal cations as the charge compensating species,
and facile ion-exchange techniques may be used post-synthesis to
replace the metal cation with a proton, hence generating Brensted
acid O-H sites proximal to the location of aluminium. A key open
question, which we partially address here, is whether the nature of
the counter-cation affects the positioning of aluminium. However,
the broader question is whether there is a clear thermodynamic
incentive to form ordered or partially ordered frameworks and
whether the position of aluminium can be predicted. Here, we
present results obtained for the active small-pore zeolite catalyst
SSz-13, which displays a CHA-type framework topology.”® The
CHA framework (Fig. 1) is made up of layers of hexagonally
arranged double 6-ring (D6R) units connected by tilted 4-rings,
giving rise to a characteristic ‘cha’ cavity accessible through an 8-
ring pore system.?® Using periodic density functional theory (DFT)
implemented in the program CP2K****' we investigate all possible
arrangements of framework aluminium, including non-
Lowensteinian distributions, surveying the aluminium distribu-
tion of SSZ-13 at Si/Al ratios of 17, 11 and 8, in both Brensted
acidic H-SSZ-13 and the as-synthesised Na-SSZ-13. To our knowl-
edge this is the only exhaustive study of zeolite framework
aluminium distribution with different Si/Al ratios at this fully
periodic quantum mechanical level of theory.

Results

A decisive variable in optimising catalytic activity is the Si/Al
ratio as this dictates the density of charge compensating
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species, such as acidic sites. We compare three quite distinct
Si/Al ratios to probe how the Si/Al ratio affects aluminium
ordering.

High silica SSZ-13 Si/Al = 17

A single hexagonal CHA unit cell contains 36 symmetry equiv-
alent T-sites; in order to methodically explore all of the possible
configurations of 2 Al per unit cell, corresponding to a Si/Al ratio
of 17, a single aluminium atom, Al1, was substituted into an
arbitrary T-site. Maintaining All's position, a second
aluminium, Al2, was sequentially introduced into the remain-
ing 35 T-sites. To maintain charge-neutrality, each individual
aluminium substitution requires charge compensation by
a cationic moiety. For H-SSZ-13, each cationic proton may reside
at one of four oxygen sites at the apices of the alumina
tetrahedra, yielding four potential topologically inequivalent
Bronsted acid O-H sites per Al substitution, and hence a total of
560 unique combinations of 2 Al per unit cell. We used the
periodic DFT method (at the PBE level)* to fully optimize each
individual framework model to equilibrium density; the
resulting data is shown in Fig. 2, where the relative energy per
unit cell (U.C.) (with respect to the average total energy) is given
as a function of framework aluminium separation.

Assuming Lowenstein's rule® is valid, and the principle of
aluminium avoidance is adhered to, we would expect the
highest energy SSZ-13 structures to be those containing
aluminium atoms at separations equivalent to that of
a “forbidden” -Al-O-Al- linkage, and structures with larger
aluminium separations to become increasingly more stable, in
accordance with Dempsey's rule®* (a less sophisticated rule
which states, on the basis of electrostatics, that negatively
charged alumina units are inclined to be positioned as far away
from one another as possible).

As predicted from Lowenstein's rule, the highest energy
configurations for both H-SSZ-13 and Na-SSZ-13 are those
containing adjacent aluminium atoms, with a separation of
approximately 3 A (Fig. 2). However, beyond this distance the
relative energy landscapes for the two forms of the zeolite
become dramatically different.

In accordance with Lowenstein's rule, and what has already
been widely observed in sodium-containing zeolites, the Na-
SSZ-13 global minimum (Fig. 3a) contains aluminium pairs as
next-next-nearest neighbours (NNNN),* and there is
a +44.3 k] mol " per U.C. energy penalty for forming the most
favourable non-Lowensteinian (NL) structure. Ignoring barriers,
the penalty to form a NL structure is at least 10kT, where k is the
Boltzmann constant (assuming a typical synthesis temperature
of ~450 K), which suggests -Al-O-Al- linkages are very unfav-
ourable in Na-SSZ-13. In the global minimum structure, the
aluminium ions are separated by a distance of 6.18 A, and their
associated Na' cations reside at the parameters of the 8-ring
apertures of the ‘cha’ cavity. However, the H-SSZ-13 global
minimum structure (Fig. 3c) is remarkably different, containing
adjacent aluminium ions along the edge of the 6-ring at
a separation of 3.28 A, violating Léwenstein's rule. In this
structure the two associated protons, H1 and H2, are separated

This journal is © The Royal Society of Chemistry 2017
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Fig.2 Relative energy distribution (kJ mol™ per U.C.) against framework aluminium separation for (a) Na-SSZ-13 and (b) H-SSZ-13. Frameworks
possessing non-Loéwensteinian (NL) ordered aluminium atoms (-Al-O-Al-) are shown in blue.

Fig. 3 Global minima L and NL 2 Al per U.C. SSZ-13 structures predicted by DFT. (a) Global minimum Na-SSZ-13 structure, with Lowensteinian
ordered aluminium atoms at the NNNN position, (b) lowest energy NL Na-SSZ-13 structure, (c) Global minimum NL H-SSZ-13 structure, with
protons oriented trans to one another (d) lowest energy Lowensteinian ordered structure with Alat NNN position. Where; silicon (yellow), oxygen

(red), aluminium (blue), sodium (green), hydrogen (grey).

by 4.36 A and arranged trans to one another; H1, which mediates
the aluminium ions, is directed into the plane of the 6-ring, and
H2, positioned at the connecting edge of the D6R, is oriented
away from H1, and directed into the 8-ring window of the ‘cha’
cavity. The most stable Lowensteinian (L) structure (Fig. 3d)
contains aluminium ions as next-nearest neighbours (NNN), at
a ‘non-Dempsey’ separation of 4.60 A, with both protons directed
into different 8-ring windows of the ‘cha’ cavity. The energy
penalty for forming the L structure rather than the NL structure is
+14.2 k] mol ™" per U.C., approximately one third of the energy
difference between the global minimum NL/L structures for
Na-SSZ-13. AE(NLglobal for

Lglobal minimum)

minimum

This journal is © The Royal Society of Chemistry 2017

Na-SSZ-13 is +44.3 k] mol " per U.C., whilst AE(NLgiobal minimum —
Lgiobal minimum) for H-SSZ-13 is —14.2 kJ mol ' per U.C., indi-
cating a strong enthalpic incentive for Lowensteinian configura-
tions when Na' is the charge compensating cation and a modest
enthalpic incentive to adopt non-Lowensteinian linkages when
the charge compensator is a proton. Free energy calculations that
include the vibrational entropy contributions to the energy show
that the relative stability of the L and NL H-SSZ-13 configurations
is maintained beyond typical synthesis temperatures (see ESI}),
demonstrating a clear thermodynamic preference for adopting
non-Lowensteinian structures for the proton compensated
structure, a result that clearly conflicts with accepted wisdom.

Chem. Sci,, 2017, 8, 7483-7491 | 7485
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Furthermore, the NL H-SSZ-13 global minimum is not unique
and seven other NL ordered frameworks (excluding the global
minimum structure), all of which contain proton arrangements
similar to those displayed in the NL global minimum structure
(Fig. 3c), are more stable than the global minimum L H-SSZ-13
structure.

To test our unexpected H-SSZ-13 result we further investi-
gated the lowest energy structures using the higher level hybrid
functional PBE0,**** and van der Waals corrected functionals,
vDW-DF2 and PBE + D3. The relative energies calculated using
these methods show good correlation with those calculated
using the standard PBE functional, confirming the robustness
of our predictions. The results for these calculations, presented
as energy correlation plots, are included in the ESI} (S2 and S3).

Low silica SSZ-13 Si/Al < 17

Exploring SSZ-13 with lower Si/Al ratios becomes increasingly
complicated with each introduction of additional aluminium.
To avoid calculating the prohibitively large number of combi-
nations of 3 Al per unit cell SSZ-13 (Si/Al = 11), we employed
a method of stepwise aluminium incorporation. In this
approach, the NL and L ordered 2 Al per unit cell global minima
according to the prior DFT (Fig. 3c and d) were used as the
initial structures. A single Al, Al3, was sequentially introduced
into each of the remaining silica T-sites of both structures, and
the appropriate counter-cation positioned at one of the four
apical oxygen sites. For each NL and L initial global minimum
structure, a total of 136 distinct framework arrangements were
created for Na-SSZ-13 and H-SSZ-13, respectively (544 calcula-
tions in total).

Each structure was optimised and the NL and L H-SSZ-13
initial configurations gave the same 3 Al per unit cell global
minimum structure. The structure, Fig. 4a, contains a chain of
three oxygen linked aluminium atoms, [O-Al-O];, with each
charge-compensating proton located at a bridging oxygen and
arranged trans to its neighbour(s). Once again, Na-SSZ-13 did
not follow the same trend as H-SSZ-13, where each initial
structure yielded different global minimum structures; the
Lowensteinian structure favouring the third aluminium at the
NNN position,* and the non-Léwensteinian structure favouring

Fig. 4
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Al at the NNNN position. The corresponding figures for these
structures can be found in the ESI (S6%).

Using the H-SSZ-13 (Si/Al = 11) global minimum as the new
initial structure, we then proceeded to investigate 4 Al per unit
cell, equivalent to a Si/Al ratio of 8. The global minimum
structure, shown in Fig. 4b, contains a chain of four oxygen
linked aluminium atoms arranged in a 4-ring, with protons
arranged trans to one another. In the sodium form of this
structure (S67), the fourth Al resides in the NNN position, again
in accordance with Lowenstein's rule, and what has already
been documented for similar zeolites.” All four sodium
cations position themselves proximal to the aluminium ions,
at the centre of both faces of the aluminium doped D6R unit
and at the parameters of the proximal 8-rings. It appears that
as the aluminium content of the zeolite is increased, the
aluminium clusters into zones of concentrated —Al-O-Al-, this
is contrary to the general belief that aluminium is reasonably
well dispersed throughout the frameworks of real samples.***
It should be noted that these results cannot imply whether
the minimum Si/Al ratio is 1.

Other zeolite framework types

To ascertain whether our unexpected findings manifest in other
proton compensated zeolite frameworks, or are unique to CHA,
we investigated a selection of framework-types by the same
methods previously discussed. The selected frameworks, LTA,
RHO and ABW, are shown in Fig. 5, and their corresponding
densities are included in the ESIT (57).%

Each of the frameworks contain a single symmetry equiva-
lent T-site, and exhibit contrasting densities and topologies to
that of CHA. The least dense of the frameworks, LTA, has
a highly controversial history regarding aluminium distribution
at Si/Al ratios tending to 1, where previous work has suggested
the existence of non-Léwensteinian (NL) linkages.*” Investiga-
tion of each framework (2 Al per unit cell) using DFT revealed
that all three framework types possess NL global minimum
structures in their protonated forms, and that the protons adopt
the same ‘trans’-like orientation as seen for CHA. The data for
each structure is shown in Fig. 6, and the corresponding global
minimum framework structures for each framework type can be
found in the ESIf (S8). The energy penalty for forming the L

(a) H-SSZ-13 3 Al per unit cell (Si/Al = 11) global minimum structure, containing a chain of —~Al-O-Al-O-Al-. (b) H-SSZ-13 4 Al per unit

cell (Si/Al = 8) global minimum structure, containing a chain of —Al-O-Al-O-Al-O-Al-.
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Fig. 5 Silicon backbones for the unit cells of additional zeolite frameworks considered in this work: (a) LTA viewed along [100] (b) RHO viewed

along [100] (c) ABW viewed along [010].2®
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Al-Al separation / A

Al-Al separation/ A

Relative energy dispersion (kJ mol™! per U.C.) against framework aluminium separation for (a) LTA (1:1:1) (b) RHO (1:1:1) (c) ABW

(2 :2:2). Frameworks possessing non-Léwensteinian (NL) ordered aluminium atoms (-Al-O-Al-) are shown in blue.

structure (AE(NLglobal minimum T Lglobal minimum)) for hlgh
density H-ABW is +55.7 k] mol " per U.C., +14.2 k] mol " per
U.C. for H-CHA, +9.2 kJ mol™' per U.C. for H-RHO and
+8.3 k] mol™ " per U.C. for H-LTA, which correlates with their
respective densities. These results suggest that NL linkages are
more strongly preferred in denser zeolites, but even in LTA,
which is one of the lowest density zeolites, the energy penalty
for forming L structures is ~2KkT at typical synthesis tempera-
tures (~450 K).

This journal is © The Royal Society of Chemistry 2017

To discern whether the preference for NL ordering over L
ordering can be extended to other ring systems we examined the
protonated MOR framework. Due to the large number of
symmetry inequivalent tetrahedral framework sites of the MOR
framework, we augmented our approach to focus only on the
thermodynamic stability of aluminium pairs as nearest neigh-
bours compared to next-nearest neighbours for each of the four
symmetry equivalent T-site present within the framework. Once
again, the DFT data showed the NL ordering to be preferred over

Chem. Sci,, 2017, 8, 7483-7491 | 7487
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the ‘traditional’ Lowensteinian ordering. For these structures
AE(NLglobal minimum — Lglobal minimum) = —16.1 k.] 1’1’101_1, this
value is consistent with the trend observed between density and
preference for the formation of Al-O-Al. Further information
about these calculations, results and the NL MOR global
minimum structure are included in the ESI} (S9).

Discussion

This work provides evidence for non-Lowensteinian ordering in
protonated zeolite frameworks, where there is a thermodynamic
preference for AI** ions to exist adjacent to one another linked
by a bridging hydroxyl moiety oriented ‘trans’ to its nearest
neighbour proton. This prediction holds true across a range of
different frameworks, and we have shown that in low silica
frameworks there is a preference for the formation of discrete
aluminium clusters. However, this is not the case for sodium-
containing zeolites, where the global minimum structures are
Lowensteinian ordered frameworks. In low silica sodium
frameworks, next-nearest neighbour aluminium distribution is
favoured, but next-next-nearest neighbour distributions are
preferred with increasing aluminium content. Marked differ-
ences between the most thermodynamically stable aluminium
distributions of protonated and sodium-containing zeolites
have been discerned demonstrating the influence of counter-
cation identity on framework aluminium location. In addi-
tion, Dempsey's rule’*® is violated in the global minimum
structures of all investigated frameworks.

The literature contains several reports of violations of
Dempsey's rule in zeolites,'****” and it has been established that
non-covalent interactions, present between framework oxygen
and extra-framework cations, may distort aluminium distribu-
tions away from true Dempsey ordering.*” On close inspection,
violations of Dempsey's rule in Na-SSZ-13 can be rationalised by
simple electrostatics. As shown in the global minimum struc-
ture for 2 Al per unit cell (Fig. 3a), there is a preference for Na*
cations to maximise their coordination with framework oxygen
whilst minimising unfavourable cation-cation interactions - as
illustrated by the collection of unusually high energy structures
(with aluminium separations of 5.80-8.20 A) in Fig. 2a, all of
which contain Na' cations at relatively unfavourable short
separations, causing these structures to be destabilised
compared with what would be expected from Dempsey's rule.
The importance of Na' cations in determining the distribution
of framework aluminium throughout a zeolite is also reflected
in the variation in the position of the third aluminium for the
two Na-SSZ-13 structures with 3 Al per unit cell. In the
Lowensteinian structure, the NNN Al position is favoured, and
the associated Na' cations occupy two 8-rings and one 6-ring,
with minimal repulsions between the counter-cations. However,
the NNNN Al position is favoured for the non-Léwensteinian
structure, in which the Na* cations occupy only one 8-ring, and
the two 6-rings of the D6R. In this structure, a single 6-ring and
8-ring occupancy are filled by virtue of the initial non-
Lowensteinian arrangement of the aluminium ions. NNN
substitution would result in Na* occupancy of a six-ring that is
already filled. Despite the NNNN position traditionally being
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thought of as more unfavourable, in the NL case, it is the only
aluminium position which can satisfy the Na* coordination
requirements whilst minimising unfavourable Na-Na
interactions.

Rationalising the non-Dempsey aluminium distribution in
sodium-containing frameworks is straightforward, whilst
untangling the thermodynamic preference for NL ordering in
protonated frameworks is more complex. As demonstrated by
sodium-containing frameworks, non-covalent interactions play
a significant role in determining aluminium distribution, we
hence speculated that hydrogen-bonding interactions could be
the cause of the unanticipated stability of the NL ordering in
protonated zeolite frameworks. Fujita et al. demonstrated that
hydrogen bonding interactions cause aluminium atoms to
reside in close proximity to one another in zeolite Beta.*” The
separation between framework oxygen and H1 and H2 in 2 Al
per unit cell H-SSZ-13 indicates the existence of two hydrogen
bonds (0O-H:--O < 2.5 A) per aluminium in both the global
minimum structure and the lowest energy Lowensteinian
structure. We hence examined the robustness of the order of
stability predicted in this work by using other density func-
tionals. A representative subset of structures were selected and
re-optimised with the revPBE*® and BLYP functionals,***° which
have been shown to underbind hydrogen bonding interactions
in water and ice structures (whilst PBE overbinds).** The results
(S1t) show that decreasing the hydrogen bonding strength in
this way has no qualitative effect on the results and little
quantitative effect, indicating that whilst hydrogen bonding
must play a part in stabilising the H-SSZ-13 structures, it is not
the decisive factor that controls whether NL is favoured over L.

Next we considered the charge distributions in the struc-
tures. On comparison of the Bader charges for 2 Al per unit cell
Na and H-SSZ-13 we found the charge on the Na" cation is +0.92,
far greater than that of the proton in corresponding H-SSZ-13
NL structure, H" = +0.66. Consequently, the charge on the
framework oxygen atoms covalently bound to the protons is
reduced in comparison to the corresponding oxygen atoms in
the Na-SSZ-13 structure, O = —1.47 versus —1.60 (Mulliken =
—0.71 and —1.08) in the H-SSZ-13 and Na-SSZ-13 structures,
respectively. The reduced charge on the oxygen in the proton-
ated case, results in the formation of long T-O(H) bonds (where
T is Si or Al). According to the DFT data, the Al-O bond is more
deformable than Si-O, in line with expectation as the absolute
charge on Al is smaller than on Si and the radius of AI** is
greater than Si**. Hence, Si** forms shorter, stronger more ionic
bonds in comparison to Al**. For the H-SSZ-13 structure with 2
Al per U.C. AI-O(H) bonds are 11% longer compared to Al-O,
stretched to a maximum of 1.90 A, compared to an average Al-O
bond length of approximately 1.71 A. Si-O(H) bonds are only 7%
longer than Si-O, stretched to a maximum bond length of 1.74
A, compared to a framework average of approximately 1.63 A.
Each of the stable NL H-SSZ-13 structures contain a hydroxyl
species mediating two aluminium ions, these structures there-
fore contain a total of three long Al-O(H) bonds, and a single
long silanol Si-O(H) bond. In the high-energy NL structures and
all L structures, there are two Al-O(H) bonds, and two
comparatively unfavourable long Si-O(H) bonds. Adopting the

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7sc02531a

Open Access Article. Published on 05 September 2017. Downloaded on 12/6/2025 5:20:38 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

NL configuration minimises the number of long Si-O(H) bonds
and maximises the number of the short, strong, more ionic Si-O
bonds. In the sodium loaded zeolites, the interaction between
Na* and framework oxygen is primarily electrostatic and there is
essentially complete charge transfer between Na“ and frame-
work oxygen, as reflected by the computed Na* charge and so
the difference in ionicity/charge between a framework oxygen
coordinated to Na" and those not coordinated to Na' is rather
small. In H-SSZ-13, the electrons are smeared across the cova-
lent O-H bond and the effective charge on the bridging oxygen
is reduced and the alumina units favour adopting next-next-
nearest neighbour structures. The clustering or islanding of
aluminium has been noted in silicon-aluminium phosphate
zeolites' but not in aluminosilicate zeolites.

To check whether the qualitative result is sensitive to the
extra-framework cation, we performed further calculations,
substituting Na" and H' cations in the 2 Al per unit cell SSZ-13
model for intermediate sized Li" cations and optimising all
configurations to equilibrium density. The DFT results are
included in the ESIT (S4 and S5), and are remarkably similar to
that of Na-SSZ-13, showing a thermodynamic preference for
‘traditional’ Lowensteinian ordering over non-Lowensteinian
with a AE (NLgiobal minimum — Lglobal minimum) = +51.2 kJ mol ™"
per U.C. However, for Li-SSZ-13, the global minimum structure
shows marked differences in alkali cation position, with Li* ions
capping the faces of individual D6R units, rather than located at
the parameter of the 8-rings, as was the case for Na-SSZ-13 at
this Si/Al ratio. Because Li" cations are considerably smaller
than Na" cations, the Li" ions are able to get closer to the D6R
due to their higher charge density.

SSZ-13 is typically synthesised from a sodium solution with
a nitrogenous structure-directing agent, yielding Na-SSZ-13,
which is subsequently ion-exchanged post synthesis to give
the protonated, Bronsted acid active form of the zeolite catalyst,
H-SSZ-13.* 1t is this form of the zeolite that is used to catalyse
methanol-to-olefin conversion, a proposed lucrative, non-
petroleum route for the production of short-chain organic
compounds. At present, there is no viable way to synthesise H-
SSZ-13 directly, most probably due to the role of counter-cations
in directing the progress of zeolite formation during synthesis.
As shown by our results, the location of framework aluminium
is directly affected by counter-cation identity, and we can
therefore assume that the distribution of aluminium in the
global minimum Na-SSZ-13 framework is most representative of
what would likely be seen in typical samples of SSZ-13, as it is
this cation which determines the position of Al. However, our
predictions suggest that a direct synthesis of H-SSZ-13 (H-CHA),
H-LTA, H-RHO, H-ABW and H-MOR should favour NL
aluminium ion ordering. Interestingly, high resolution mass
spectrometry data concerning the incorporation of aluminium
in prenucleating silicate species by Schaack et al,* indicates
that Lowenstein's rule is not obeyed for all silicate species. The
work provides evidence of 4-ring units containing -Al-O-Al-,
but concludes that whilst these species may occur in solution,
species that obey Lowenstein's rule are preferentially formed.
Nevertheless, the observation of pre-nucleating building units
with -Al-O-Al- linkages hints that this motif may not be as
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elusive as is generally believed, and these sequences may be
found in crystals.

Because direct synthesis of proton compensated zeolites has
not yet been achieved, direct validation of NL ordered frame-
works in protonated zeolites cannot be assessed immediately.
However, with regard to the synthesis of H-zeolite frameworks,
we propose that the formation of ~Al-O-Al- might be facilitated
via two post-synthetic methods. The first is to use water, which
has been shown to facilitate the making and breaking of -Si-O-
Si- and -Al-O-Si-.** Long-term steeping of H-SSZ-13 in water
could be expected to lead to the redistribution of Al in the
framework, yielding -Al-O-Al- as the thermodynamically
preferred arrangement. Potentially, very slightly acidic or basic
water might enhance the rate of rearrangement without deal-
umination or desilication of the zeolite framework. A second
potential approach is, in essence, reverse-dealumination; placing
a zeolite crystal in a solution containing an excess of alumina
units with the assumption that for high alumina zeolites, the
aluminium content will rise, increasing the likelihood of alumina
units situated adjacent to one another. Previously, this has been
achieved in high-silica ZSM-5 via AICl; vapour treatment, and in
very low-silica zeolite Y using non-crystallisation inducing alka-
line solutions (e.g. KOH) in the presence of large concentrations
of extra-framework aluminium.*>*

An intriguing question is whether the NL linkages that we
have predicted are present in existing samples, and if so, what
signatures could be used to unambiguously identify these —-Al-
O-Al- sequences. Recent atom tomography work**® has vividly
demonstrated that the distribution of aluminium in a typical
ZSM-5 zeolite sample is very heterogeneous. At present there is
no available method that can accurately distinguish framework
aluminium from framework silicon with Angstrém resolution.*
A 2010 work by Shin et al® concerning possible non-
Lowensteinian structures observed in gallosilicates, discusses
the possibility of using of '”O magic angle spinning (MAS) NMR
to detect non-Lowensteinian ordering, a method which has been
successful in identifying —~Al-O-Al- linkages in aluminosilicate
glasses.”” We have examined the global minimum H-SSZ-13
structures (Si/Al = 17) and predicted >°Si, >’Al solid-state, MAS
NMR shifts and vibrational frequencies, in an attempt to discern
whether spectroscopic signatures exist that would be indicative
of the presence of non-Lowensteinian ordering (see ESI).
However, at a Si/Al ratio of 17, typical for SSZ-13, the predicted
*%Si NMR data shows that there is a slight decrease in the
negativity of the chemical shift values for ~Al-O-Al- containing
frameworks. However, these shifts are well within the antici-
pated range for a zeolite at this Si/Al ratio, and far too similar to
the chemical shifts of the surrounding Si atoms to be used
practically as a characterisation method. Similarly, predicted
vibrational frequencies indicate that characteristic stretches
would not be detectable due to overlap of AI-O(H)-Al stretches
with that of Si-O(H)-Si and Si-O(H)-Al, and -Al-O-Al- stretches
with Si-O-Al. This data is included and discussed in the ESIf
(S10 and S11).

If the proposed post-synthetic techniques or alternative
synthetic strategies are successful in realising zeolites with NL
framework aluminium distributions, as predicted by this work,
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these materials would be potentially invaluable for the develop-
ment of new zeolite catalysts. Despite the advantages of using
zeolites in catalysis, for example, specificity and size exclusion
properties, it is well documented that the catalytic efficiency of
microporous materials is often limited by restricted access to
active sites. Introducing ordered, controllable meso- and macro-
porosity to the framework provides a solution to mass transport
limited diffusion through the porous zeolite network. The intro-
duction of hierarchy has also been shown not only enhance
catalytic activity, but also stability in a range of zeolite frame-
works. A variety of both bottom-up and top-down strategies have
proved successful for hierarchically ordered zeolite synthesis. The
post-synthetic introduction of mesoporosity by the extraction of
framework atoms is a particularly popular method, and can be
achieved by acid, base or steam treatment of the zeolite mate-
rial.**** One can imagine how techniques such as these could be
used to dealuminate low-silica aluminium cluster-containing
materials, similar to those predicted in this work. For example,
removing all four alumina units in the 4 Al per unit cell H-SSZ-13
global minimum structure predicted by DFT would increase the 7
A, 8-ring aperture cavity system, with a void-space of approxi-
mately 10 A in diameter, to up to 17 A, approaching meso-
porosity. Crucially, the calculations indicate that not only is
aluminium clustered, but it is also located in predictable, ordered
positions, which suggests that introduced porosity via selective
dealumination could be controllable in H-zeolites.

The reaction mechanisms and deactivation pathways of real
catalytic zeolite materials is relatively a poorly understood area
of zeolite science, not withstanding remarkable recent
advances.’”** In part this is due to a lack of molecular-level
information concerning the location of framework alumina
and associated counter-cations, which are thought to be inte-
gral to the -catalytic reaction mechanism. Clustering of
aluminium and the associated clustered acid sites, as predicted
by the DFT results, is suggestive of new, potentially more reac-
tive sites (due to the density of acid sites) and new reaction
pathways which have not yet been considered. Perea et al. have
shown that the Si/Al distribution can be inhomogeneously
distributed throughout the zeolite framework,* furthermore,
silicon islanding (formation of silicon rich regions that must
also give rise to aluminium rich areas) has been shown to be
present in SSZ-13's silicoaluminophosphate counterpart SAPO-
34.> Hence, it is conceivable that aluminium cluster motifs,
including non-Lowensteinian linkages already exist in real
zeolite materials, and may impact reaction and deactivation
pathways operating in current catalysts.

The realisation of zeolite materials with contradistinct
aluminium distributions to those synthesised by traditional
routes holds enormous potential for the future of zeolite catal-
ysis. We hope this work stimulates experimental investigation
into the direct or post-synthesis of non-Léwensteinian ordered
zeolites and further characterisation of existing materials.

Methods

The majority of the periodic DFT calculations were performed
using the CP2K code,”?" and additional benchmark
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calculations for energetics and solid-state NMR were performed
using the CASTEP code.”® Results were calculated using the
PBE* functional, although further calculations using revPBE®®
and BLYP**** were included to verify our initial 2 Al per unit cell
SSZ-13 findings. These calculations, and methods, are dis-
cussed in detail in the ESI,{ along with a full description of the
single-point energy PBEO (ref. 34 and 35) calculations
mentioned in our Results and Discussion. All framework
structures were obtained in their all-silica form from the data-
base of zeolite structures,”® and permutations of 2, 3 and 4 Al
per unit cell models created by the methodology discussed in
the main body of the text. Individual models were fully geometry
optimized to equilibrium density, with variable lattice param-
etersin CP2Kas 1 : 1 : 1 cells using the high quality TZV2P basis
set and an energy cutoff of 650 Ry. Only the ABW framework was
optimized as a 2 : 2 : 2 supercell, due to its small unit cell size.
We also tested a selection of larger 2 : 2 : 2 supercells for each of
the frameworks, although we saw no meaningful change in the
relative energies using the larger cells. Additional computa-
tional details are included in the ESLf
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