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Determining the structure of zeolite frameworks
at high pressuresy
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The study of porous materials under high-pressure conditions is crucial for the understanding and
development of structure-property relationships. Zeolites are a diverse class of microporous materials with
an extensive range of properties and applications, which can be attributed to their unique pore systems,
channel dimensions and mechanical stability. Due to their complex frameworks and compositions,
determining the structures of zeolite materials at high pressures is particularly challenging. Here, we
present our method which involves geometric modelling, implemented in GASP (Geometric Analysis of
Structural Polyhedra) software, to obtain crystal structures at high-pressures when Rietveld refinements
alone fall short. We show that GASP can be used to simulate theoretical compression mechanisms of
zeolite frameworks at the atomic level, providing optimised structural models as reasonable starting points
for full crystal structure analysis. Finally, we discuss the potential of geometric modelling to predict high-
pressure behaviour of other known and hypothetical structures, which may find use in future applications.
We anticipate that GASP software will be a powerful tool that can assist in determining the crystal

rsc.li/crystengcomm

1 Introduction

Zeolites are a remarkably versatile class of crystalline,
microporous materials, that are now well-established in the
fields of catalysis, ion-exchange, and adsorption-separation.
Their success in such a wide range of industrial sectors is a
direct consequence of their flexible, open framework
structures that are built up of corner sharing [SiO4]* and
[AlO4]"" tetrahedra. Studying how different zeolite frameworks
respond to high pressure conditions is of great importance for
their practical applications. For example, compression can
drastically alter pore geometries, increase the selective uptake
of guest materials, improve accessibility and diffusion to
catalytic sites, and even induce chemical reactions and
polymerization of small molecules in the channel systems." In
some cases, pressure-induced amorphization (PIA), pressure
induced hydration (PIH) or reconstructive phase transitions
can occur, making it possible to access new, high-pressure
structures with enhanced properties.>*
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structures of zeolite frameworks at high pressures.

In this study, we explore compression mechanisms of
synthetic, large pore, Linde type L zeolites (K-L) with the LTL
framework type. The unit-cell is hexagonal, with space group
P6/mmm, and ideal chemical formula |K's|[Aly Siy; O,,]. The
framework is comprised of uniform, one dimensional (1D)
channel systems that run parallel to the crystallographic
c-axis [001], Fig. 1a. The largest of these are formed from 12-
membered rings (12MR) of Al/SiO, tetrahedra that are
interconnected by smaller, elliptical 8-membered ring
channels (8MR). In terms of CBU's, the 12MR channels can
be described as stacks of It/ cages surrounded by columns of
alternating cancrinite cages (can) and double-six-ring (d6r)
units, Fig. 1b.* With their freely accessible pores (12MR
diameters 7 A), LTL-type zeolites are considered ideal host
systems for dye molecules, chromophores, organic materials
and metals. In fact, their channel systems can direct the
assembly of guest molecules, and this has led to the
discovery of new, composite materials with catalytic,
photochemical and optical properties.® 1t follows that
channel deformations at high pressures may also lead to the
irreversible incorporation and reorganisation of guest
species. Understanding the impact of extra-framework
content on the pressure stability and flexibility of LTL-type
zeolites is crucial if we are to discover new phenomena,
which may be inaccessible under ambient conditions.

Neutron diffraction techniques under extreme conditions
have become increasingly sophisticated.””®> However, analysis
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Fig. 1 Crystal structure of the dehydrated Linde type L zeolite (LTL
framework type), viewed (a) down [001] axis in polyhedral form and (b)
down [100] axis showing the arrangement of composite building units
(CBU's), [tl cages, can cages and d6r units. Si/AlO, tetrahedra are
shown in blue and one unit cell is outlined in grey. Extra-framework
potassium sites are labelled as K1, K2 and K3. K1 sites (pink) are located
in the can cages, K2 sites (green) are in the 8 membered rings (8MR)
and K3 sites (purple) are located in the [tl cages that form the 12-ring
channel systems.

of data at high-pressures is often challenging and it is
difficult to extract information from Rietveld refinements
alone, particularly for porous zeolites materials which have
weakly scattering compositions, complex structures that are
often low symmetry and have disordered arrangements of
extra-framework cations. Data quality is also compromised
due to the requirement of small sample volumes and large
pressure cells, which can cause high attenuation, restrict
access to reciprocal space and contribute to background
signals that produce overlapping peaks and cause significant
peak broadening. At higher pressures, unit-cell indexing and
refinement  becomes  increasingly  difficult.  Here,
computational techniques become valuable accompaniments
to experimental data. Geometric modelling, in particular, has
an advantage over the more classical methods, such as
molecular dynamics, as it is a convenient and straightforward
way of quickly simulating compression mechanisms of
zeolite frameworks at the atomic level, whilst still providing a
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close fit to experimental data. By only considering the most
local interactions, such as TO, bonding (where T = Si/Al) and
steric effects, a frameworks response to pressure can
effectively be described in terms of polyhedral rotations,
whilst avoiding long-range interactions. Our previous studies
using geometric simulations have proven to be successful in
rationalising the framework flexibility of ANA, EDI, LEV, SOD,
FAU, EMT, RHO and KFI zeolite framework types under high
pressure conditions.'®” We have also applied geometric
simulations to define a theoretical property called the
flexibility window.*® This is an intrinsic feature common to all
known zeolite frameworks. It is the range of unit-cell
densities within which the TO, framework tetrahedra can be
made geometrically regular, with minimal variations from
the ideal O-T-O angle of 109.5° and average T-O bond
length, ranging from 1.61 A for Si-O bonds to 1.75 A for Al-O
bonds. Experimentally observed pressure-induced
phenomena, such as phase transitions and PIA have been
associated with a framework reaching the high-density limit
of its flexibility window."*>"

Here, we present our GASP-Rietveld method for
determining the crystal structures of zeolite frameworks at
high pressures, when Rietveld refinements alone are not
possible, Fig. 2. Our approach involves geometric modelling,
implemented in GASP software (Geometric Analysis of
Structural Polyhedra).”* Experimental lattice parameters are
used to simulate geometrically optimised, high-pressure
structures which can then be refined using diffraction data.
In this work, we apply our method to investigate the effect of
channel content on compression mechanisms of the LTL
framework. Experiments were conducted at ISIS Neutron and
Muon Source, UK. We used time-of-flight (ToF) neutron
diffraction to measure changes in the structure of zeolite K-L
up to pressures of 4 GPa, using Fluorinert and a 4:1 mixture
of perdeuterated methanol and ethanol (m.e.) as non-
penetrating and penetrating pressure transmitting media

(PTM), respectively. Finally, we discuss the flexibility
window®>** as a foundation supporting this approach.
2 Results

2.1 Crystal structure of K-L at ambient pressure

Fig. 3a-c show ToF powder neutron diffraction data and
associated Rietveld refinement profiles for dehydrated K-L at
ambient pressure. Analysis by energy dispersive X-ray

Prediction:
GASP
simulations

Analysis:
Flexibility
Window

Extraction
of unit cell
parameters

Structure
refinement

.
Fig. 2 GASP-Rietveld method: schematic illustrating how GASP
software can be used to overcome some of the challenges associated
with structure refinement at high-pressures. The traditional approach
is shown in blue and our new steps of structure prediction and analysis
are highlighted in green.

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Diffraction data for K-L samples collected at ambient pressure. (a-c) ToF neutron diffraction data and associated Rietveld refinement
profiles for dehydrated K-L. (a) Shows data collected on the POLARIS neutron diffractometer (data shown is from backscattering detector). (b & c)
Show data collected on the PEARL neutron diffractometer with and without m.e., respectively. Observed and calculated profiles are shown as blue
crosses and red lines, respectively. Backgrounds are plotted with orange dotted lines. The residual (observed minus calculated intensity) plot is
shown below as a cyan line and Bragg reflections for K-L are marked with vertical green bars. (d) Shows indexed powder X-ray diffraction (PXRD)

data for characterisation of as-synthesised, hydrated K-L samples.

spectroscopy (EDX) yielded the following chemical composition,
|K's.4|[Alg4 Sizs6 Os). K ions in the unit cell are located at
three crystallographic sites, coordinated to six framework
oxygen atoms. K1 sites are located at the centres of the can
cages, K2 sites are found in the centre of the 8MR channels at z
=1/2 and K3 sites reside in the /t/ cages. These sites are labelled
in Fig. 1a. Our refined crystal structure is in close agreement
with that of dehydrated K-L reported by Newsam.>*

Refinement of K-L with penetrating media shows that
guest molecules occupy extra-framework sites in the 12 MR
channels. Some of these sites are 2.5-3.1 A from framework
oxygen atoms and K3 cations, suggesting possible hydrogen
bonding and electrostatic interactions. The g-axial length
becomes slightly shorter, and the c-axial length slightly
longer upon penetration, seemingly due to an increase in
these guest-host interactions. Full Rietveld refinement
statistics and crystal structures for K-L at ambient pressure
are given in the ESLt CSD deposition numbers 2083646-
2083655 also contain crystallographic data for all refined K-L
structures.

2.2 Compression data

In both penetrating and non-penetrating media, zeolite K-L
retains P6/mmm symmetry and does not undergo complete

This journal is © The Royal Society of Chemistry 2021

amorphisation up to the highest investigated pressure of 4.24
GPa. Despite the small number of pressure points, bulk
moduli and compressibilities have been calculated using the
web-based tool PASCal.”® Experimental data are shown in the
ESL} Fig. S1(a) and (b).

2.3 Non-penetrating media

From Py}, to 4.15(4) GPa, the unit-cell volume of empty K-L
decreases by 12.9%, with Aa = -4.3% and Ac = -5.1%, Fig. 4a.
Volume-pressure data was fitted from P, to 1.71(2) GPa, to
account for the hydrostatic pressure range for Fluorinert,
which is limited to pressures below 2.3 GPa.*® In this
pressure range, the unit-cell volume decreases by 4.2%, with
Aa = -1.3% and Ac = -1.7%. A second-order Birch-
Murnaghan equation-of-state (II-BM-EoS),”” with an implied
B' = 4, provided the best fit to experimental data, giving a
refined bulk modulus, B,, of 37(1) GPa with V, = 2203(2) A®.
Since the bulk modulus values determined for zeolites with
non-penetrating PTM range from 15 to 70 GPa, the empty
K-L framework can be classified as one of the most
compressible zeolites.”® The calculated principal axes of
compression (K) coincide with the hexagonal unit-cell axes,
which decrease linearly with increasing pressure. A II-BMEoS
yields the following axial elastic parameters for empty K-L: K,

CrystEngComm, 2021, 23, 5615-5623 | 5617
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Fig. 4 Pressure dependence of K-L lattice parameters using non-
penetrating (red squares) and penetrating (green triangles) pressure
media. (a) Shows unit-cell volume-pressure data fitted with [I-BM-EoS
and (b) shows changes in unit-cell parameters. Solid and dotted lines
are drawn as a guide to the eye, distinguishing the a and c-lattice
parameters, respectively. Compression data for K-L in penetrating
media are calculated with respect to the filled structure at 0.29(2) GPa.

= 10.8(8) TPa™" and K, = 7.3(8) TPa'. These K values
indicate slight anisotropic compression of the lattice
parameters, with the c-axial length decreasing at a slightly
faster rate with respect to pressure, Fig. 4b.

2.4 Penetrating media

From Py, to 3.32(4) GPa, the unit-cell volume reduction with
respect to the empty K-L framework is 4.2%. Upon closer
inspection, however, we see that from P, to 0.29(2) GPa,
the c-axial length initially increases, Ac = +0.2%. Penetration
of guest molecules from the PTM into the zeolite channels
causes a significant change in the observed compressibility.
From 0.29(2) to 3.32(4) GPa, the unit-cell volume contraction
is 3.8% and the unit-cell axes display strong anisotropic
compression behaviour, with Ac = -2.7% and Aa = -0.6%,
highlighted in Fig. 4b. Volume-pressure data, shown in
Fig. 4a, were fitted from 0.29(2) to 3.32(4) GPa using II-BM-
EoS, to account for the different compressibility observed
once the framework channels are filled. The refined bulk
modulus was calculated to be B, = 70(1), with V, = 2204(1) A%,
A linearized II-BMEoOS yields the following axial elastic
parameters: K, = 8.9(1) TPa" and K, = 1.7(4) TPa™". Here, K,
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coincides with the unit-cell c-axis, but K, are parallel with
the [110] crystal axis.

2.5 GASP simulations and the flexibility window

The LTL framework contains two crystallographically distinct
T sites, labelled as T1 and T2 in Fig. 5. T1 sites form the 12-
rings and T2 sites form the smaller dé6r and can units. Six
distinct T-O-T angles are also identifiable in the framework.
T1-01-T1 and T1-O2-T1 are angles in the 12-rings, T2-O3-
T2 and T2-O5-T2 are angles in the 6-rings, and T2-06-T2
and T2-04-T1 are angles in the 4-rings. Full structural
parameters at each pressure point are reported in the ESL}
Here, pore ellipticity, (¢), has been calculated by longest/
shortest O-O distances of the ring.

(a)
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Fig. 5 Simulated compression mechanisms of K-L in (a) non-
penetrating media and (b) penetrating media. Solid arrows show
pressure-induced anti-rotations of adjacent T1 and T2 sites in equal
and opposite directions. Dotted arrows indicate a decrease in size
across channel apertures. (a) Shows the empty framework
compressing via its 12MR channels, along the crystallographic a-axis
and (b) shows the filled framework compressing via its d6r and can
units, along the crystallographic c-axis.
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Fig. 6 Theoretical flexibility window of K-L (area shaded in light grey),
with experimental lattice parameters plotted. The flexibility window
contains all possible unit-cell sizes where the framework can be
geometrically optimised. The limits of geometric relaxation, also called
the flexibility window edges, are shown as dark grey points at the
boundary. All data are calculated with respect to the empty structure
at Pymp, shown at the origin, 0. Labels 1-7 (red squares) show the
change in experimental lattice parameters for the empty framework at
pressure points of 0.19, 0.46, 0.91, 1.31, 1.71, 2.74 and 4.15 GPa,
respectively. Labels a-f (green triangles) show the change in lattice
parameters for the filled framework at pressure points of 0.29, 0.58,
1.13, 1.93, 2.89 and 3.32 GPa, respectively.

The theoretical flexibility window of K-L is shown in Fig. 6,
defined in the two-dimensional space of a hexagonal unit-
cell, with the ambient structure located at the origin. Here,
the a and ¢ axial lengths are the variable parameters. The
flexibility window of a framework is found by systematically
varying the lattice parameters in all directions and
optimising the geometry of the structure. This is done using
GASP's window search function. An example window-search
script is given in the ESL.{ Within the flexibility window region
(shaded light grey), there is minimal strain on the framework
and all tetrahedral bond lengths and angles are fully relaxed
at 1.642(1) A and 109.5(1)°, respectively. This particular T-O
bond length represents a random distribution of silicon and
aluminium in the K-L framework, assuming bond lengths
for Si-O and Al-O to be 1.61 and 1.75 A, respectively and
accounting for a Si/Al ratio of 3.3. The window edges (dark
grey points) define the limits of geometric optimisation for
this framework type. The unit-cell cannot be compressed or
expanded beyond these edges without steric clashes
occurring between oxygen atoms or distortion of TO, units
and bond lengths. There is a geometric incentive for a
framework to remain within the confines of its flexibility
window upon compression. Outside of the flexibility window
region, the framework is already geometrically ‘stressed’ and
compression here would come with a higher energetic cost.
We can use this theory to rationalise the high-pressure
behaviour of zeolite materials in terms of the rigid-unit
model."®*° This has previously been successful in studying
EDI and LEV-type zeolites.'® Within the flexibility window, it
is predicted that the zeolite framework will accommodate
pressures by varying flexible, inter-tetrahedral (T-O-T) bond
angles first, whilst individual tetrahedra behave as rigid-
units. This forms the basis of our GASP-Rietveld approach.

This journal is © The Royal Society of Chemistry 2021
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Starting from the refined K-L structure at P,,,, geometrically
relaxed models were simulated at each pressure point plotted
in Fig. 6. An example of a GASP input file used for a single-
point geometric relaxation is given in the ESI.f Compression
mechanisms were then quantified in terms of rigid TO,
rotations with respect to the ambient framework, illustrated
in Fig. 5.

3 Discussion

Our simulations show that two different compression
mechanisms take effect within the flexibility window, Fig. 6.
The LTL framework is almost twice as compressible in non-
penetrating media, with B, = 37(1) GPa compared to B, =
70(1) in penetrating media. This difference can be attributed
to the stabilising effect of channel content. Fluorinert fluids
consist of large, branched fluorocarbon compounds, for
example, perfluorotributylamine, which has a molecular
diameter of 9.4 A.*® These molecules are much larger than
the channel apertures of the zeolite (12MR diameters 7 A)
and cannot penetrate into the pores. In contrast, water,
methanol and ethanol molecules, with diameters of 2.75, 3.6
and 4.3 A, respectively, are of the correct dimensions to
penetrate the 12MR channels. This initially causes rapid
contraction of the a-lattice parameter and expansion of the
c-lattice parameter at the lowest investigated pressure of
0.29(2) GPa. However, once the channels are filled, the LTL
framework becomes considerably more stable to increasing
pressures.

For a more direct comparison, we compare structures at
similar pressures of 1.71(2) and 1.93(2) GPa, with empty and
filled channels, respectively. With empty channels, our
geometric simulations predict that contraction in the a-plane
occurs via the softer 12MR, before any deformation to the
more rigid 6MR occurs. This is apparent when looking at
individual TO, rotations. T1 units are most affected by
pressure and anti-rotate by 9.7° around an axis parallel to the
crystallographic c-axis, Fig. 5a. The 12MR channel ellipticity
increases by 10.7%. Compression of the unit-cell along the
c-direction occurs via contraction of the larger /¢t/ and can
cages. Here, T2 units anti-rotate by 8.6°, around an axis
perpendicular to the [111] plane. Fig. 5(a). With filled
channels, contraction in the a-plane is now hindered. From
Fig. 4b, we can see that, whilst the a-lattice parameter
decreases considerably for the empty framework, it remains
comparatively stable to increasing pressures for the filled
Consequently, compression of the filled
framework occurs predominantly along the c-direction and
there is little change to bond angles and channel apertures
along the a-direction. T1 sites still anti-rotate about the same
axis, but with a much smaller rotation angle of 1.6°. With the
12MR channels stabilised by extra-framework content, it is
the T2 units that are now most affected by pressure,
displaying rotations of 2.8° around an axis that lies
perpendicular to the [110] plane. This results in more
noticeable flattening of the dér units, Fig. 5b. These results

framework.
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are in agreement with Gigli et al., who also report anisotropic
behaviour of lattice parameters for hydrated aluminosilicate
and gallosilicate LTL-type zeolites compressed in methanol:
ethanol : water mixtures (m.e.w).>?" The stiffening of zeolite
channels due to extra-framework content has also been
reported in several other high-pressure studies on isotypic
frameworks.>**?

From our geometric simulations, we can also see that the
empty K-L structure is pushed outside of its flexibility window
boundaries at pressures greater than 2.5 GPa, Fig. 6. Here,
our models predict that a different compressibility is
adopted. T1-O1-T1 angles in the 12MR channels become
significantly low, <110°, whilst T2-O6-T2 angles of the
4-rings approach 180° (refer to ESIf). This leads to
unfavourable steric clashes between oxygen atoms. The
framework becomes inherently strained and can no longer
accommodate pressures by varying T-O-T angles. Distortion
of TO, units is inevitable. By subsequently decreasing
tetrahedral bond lengths to 1.63 A and 1.60 A, geometric
relaxation of structures at 2.74(3) and 4.15(4) GPa could be
achieved, without any steric clashes, Fig. S5.f At pressures
greater than 2.5 GPa, a discontinuity is also observed in
volume-pressure and unit-cell parameter data, Fig. 4a and b,
coincident with the framework leaving the flexibility window.
From experimental data (refer to ESIT), we can also see that
diffraction peak profiles become significantly broad and
intensities decrease at higher pressures. It is evident that
there is a greater increase in the long-range structural
disorder. However, it is important here to consider the
hydrostatic pressure range for Fluorinert, which is limited to
pressures below approximately 2.3 GPa.>® As such, these
discontinuities could also be explained by entering the non-
hydrostatic regime of the pressure transmitting medium.

When its channels are filled, our geometric simulations
show that the LTL framework adopts a different compression
mechanism and can withstand pressures up to at least
3.32(4) GPa without leaving the flexibility window. Although
additional data with m.e. were collected at a higher pressure
point of 4.24 GPa, the quality of experimental data meant
that unit-cell parameters could not be extracted and we are
unable to determine whether, at pressures greater than
3.32(4) GPa, the filled structure may be pushed outside of the
window.

3.1 Refinements at high pressure

To facilitate Rietveld refinements at high pressures, our
geometrically optimised structures were used as starting
models. At first, atomic positions were not refined so that the
number of variables in each cycle could be kept to a
minimum and to establish the strength of our method. Using
these models significantly improved the wR values. Atomic
positions were then refined using soft restraints on T-O bond
lengths and O-T-O angles, with target values of 1.642(1) A
and 109.5°, respectively. Although data quality at high
pressures does prevent unambiguous refinements, using our

5620 | CrystEngComm, 2021, 23, 5615-5623
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simulated models led to convergence up to pressures of 2
GPa. Without these models, any attempt at varying atomic
positions at pressures greater than 0.3 GPa lead to unstable
refinements. In accordance to our theoretical findings, the
refined structures show that flexibility of the LTL framework
is driven by co-operative anti-rotation of rigid TO, units
around more flexible T-O-T angles, as illustrated in Fig. 5.>
Adjacent tetrahedra rotate in equal and opposite directions,
causing expansion of one T-O-T angle which is compensated
by contraction of another. As expected, the empty framework
does show more variations away from the ideal geometry,
with average T-O bond lengths steadily decreasing with
pressure, whereas no significant changes to TO, units are
observed for the filled framework up to at least 1.91 GPa.

4 Conclusions

Here, we have shown that geometric modelling, implemented
in GASP software, is a fast and straightforward tool that can
facilitate structural analyses of zeolite frameworks at high
pressures, when Rietveld refinements alone fall short. GASP
software can be used to predict high-pressure behaviour at
the atomic level, where flexibility is based on collective
movements of rigid TO, units. Furthermore, the theoretical
flexibility window may provide valuable insight into the
structural integrity of a zeolite framework upon compression.
We anticipate that GASP and the flexibility window theory
will be effective in predicting and rationalising compression
mechanisms of other existing and hypothetical frameworks,
which may have potential for new applications under non-
ambient conditions.

5 Methods

5.1 Synthesis of the potassium Linde type L zeolite (K-L)

|K"|[AlSi,;05,]-LTL was synthesised following a verified
method by J. P. Verduijn.*®> An aqueous magnesium nitrate
solution was made by dissolving 1.3 g Mg(NO3),6 H,O in 500
g H,0. 1.6 g Al(OH); (Acros, =63.5% Al,0;) was added to a
solution of 3.0 g KOH (=85% pellets, Sigma) in 5.0 g H,O.
The solution was stirred, heated to boiling until clear, cooled
to room temperature and the water loss due to evaporation
was corrected. 15 g of SiO, (Ludox HS-40, Sigma) was added
to 10 g H,0 and 1.5 g magnesium nitrate solution and stirred
at 350 rpm for 3 minutes until homogeneous. The aluminate
solution was added slowly to the silica solution whilst
stirring, along with 2.7 g H,O. This was left to stir at 350 rpm
for approximately 3 minutes until the gel thickened. The
approximate batch composition of the final synthesis mixture
was 2.3 K,0:10 SiO, : Al,03:160 H,O: trace MgO. The gel was
transferred to a Teflon lined, stainless steel autoclave and
placed in a pre-heated oven at 175 °C for 48 hours under
static conditions. The solid product was then cooled to room
temperature (1 hour), recovered by filtration, washed
repeatedly with water until the pH of the filtrate was 10, and
dried overnight in an oven at 100 °C.
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Fig. 7 Field emission scanning electron micrograph (FESEM) of K-L
showing the hexagonal rod morphology.

5.2 Field emission scanning electron microscopy (FESEM)

FESEM micrographs were obtained using a JEOL
FESEM6301F field-emission scanning electron microscope,
Fig. 7. Powder samples were placed on an aluminium stub
using a carbon sticker and coated with 20 nm of chromium
to reduce charging on the zeolite surface. Images were taken
at x20k magnification with a 1 um scale and using an
accelerating voltage of 5.0 kV under vacuum.

5.3 Data collection

5.3.1 PXRD. The as-synthesised zeolite powders were
lightly ground using a pestle and mortar. In house PXRD data
were collected at ambient pressure on a STOE STADI P
powder diffractometer using Cu Kol (1.54060 A) radiation in
transmission = geometry, with a curved Ge (111)
monochromator and a multi-MYHTEN detector. Data were
collected for 10 minutes over a 26 scan range from 2.00° to
75.365° with a step size of 0.015°.

5.3.2 High-pressure, ToF, powder neutron diffraction.
High pressure, ToF, powder neutron diffraction data were
collected using the PEARL instrument at the ISIS facility,
Rutherford Appleton Labs, Didcot, UK.** Samples were
dehydrated for a total of 24 hours, following a ramping rate
of 1° min™" and dwelling at the maximum temperature of
350 °C for 10 hours. Dehydrated K-L samples were loaded
into a null-scattering TiZr gasket with a pellet of lead as a
pressure marker in a dry, argon glovebox. In the first
experiment, Fluorinert was chosen as a non-penetrating
(PTM) and, in the second, a 4:1 mixture of perdeuterated m.
e. was chosen as a penetrating PTM. Samples were
compressed using the Paris-Edinburgh cell equipped with
single-toroidal, zirconia-toughened alumina (ZTA) anvils.
Pressure measurements were collected at applied cell loads
from 7 to 50 tonnes in 5 tonnes intervals across a d-spacing
range from 0.5 to 4.1 A. Pressures in GPa were obtained from
the equation of state (EoS) for lead.>® For ambient pressure
measurements, dehydrated zeolite powders were placed in
sealed, null-scattering vanadium canisters, with and without
m.e. present. Measurements were collected on both the
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PEARL and POLARIS diffractometers at ISIS.** Data from
POLARIS were collected across the entire d-spacing range
from 0.2 to 20 A using all 5 available detector banks.

5.4 GASP simulations and structural refinements

All refinements were performed using the GSAS 2 package,®”
in the space group P6/mmm, and starting from the atomic
coordinates of dehydrated K-L at 298 K, reported by
Newsam.”*

The complete structure of dehydrated K-L at ambient
pressure was determined from full Rietveld refinement using
data collected from the low angle, 90° and back-scattering
banks of the POLARIS instrument, over the d-spacing range
0.6 to 13 A. A small contribution to the diffraction pattern
from the stainless steel caps was accounted for by an iron
phase (Fe metal) in space group Im3m. The sum of phase
fractions was constrained to equal 1 and was initially refined.
It was then kept fixed throughout further refinements.
Backgrounds were fitted with 6 Chebyshev coefficients. The
scale factor, peak width profiles (sig-1 and sig-2), atomic co-
ordinates and cell parameters were all refined. In the final
cycles, thermal displacement parameters were also included
as variables, but were constrained to be equal for each atom
type. The diffractometer constants, DIFA, DIFC and zero,
remained fixed during refinement. A composite T site was
used for Si and Al atoms. Site occupancies were determined
from the chemical formula, |K'g4|[Alss Siyze O] In
accordance to the structure of dehydrated K-L reported by
Newsam,* K1 and K2 sites are fully occupied. The
remaining K3 site in our model was given an occupancy of
0.57 to make wup the amount required for charge
compensation. Site occupancies for all atoms were kept fixed
throughout refinement cycles. Refinement of K-L with m.e.
at ambient pressure was carried out using data collected
from the PEARL instrument. Here, backgrounds were fitted
with 12 Chebyshev coefficients. Generating Fourier difference
maps showed some residual electron density in the 12MR
channels but the diffuse nature of the maps, likely due to
mobility of guest molecules and partial occupancies of these
sites, made it difficult to assign atoms. We found that
multiple water/methanol site distributions were able to
produce a reasonable fit to the powder diffraction patterns,
without any significant improvements to the wR values. We
referred to extra-framework sites for hydrated aluminosilicate
and gallosilicate K-L, previously reported.®*’ As we are
unable to distinguish between methanol or water molecules
in the refinements, extra-framework sites were modelled with
oxygen atoms and labelled in accordance with the water sites
reported by Gigli et al. for direct comparison.*" All atomic
coordinates were refined, along with thermal parameters for
the framework atoms, which were constrained to be equal for
each atom type, site occupancies for the extra-framework
species and instrument parameters. Thermal parameters
were kept fixed for the guest molecules due to the high
correlation with site occupancies.
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For structural analyses at high-pressures, experimental
unit-cell parameters were initially extracted using the Le Bail
whole-pattern fitting method.

Geometric simulations were then performed using GASP
software.”* The refined crystal structure at P,p,,, determined
from POLARIS data, was used as the input cell. A
geometrically regular, tetrahedral template, with a T-O bond
length of 1.642 A, was fitted to each T atom of the framework.
A composite T site was used to represent a random
distribution of silicon and aluminium in the framework,
assuming bond lengths for Si-O and Al-O to be 1.61 and 1.75
A, respectively and accounting for a framework Si/Al ratio of
3.3. Extra-framework potassium cations were sterically
included, but not involved in the bonding. The a and c-lattice
parameters were systematically varied in accordance to the
hexagonal crystal system and geometric relaxations were
carried out at each pressure point. During a geometric
relaxation, the atoms are incrementally moved towards the
template vertices to minimise the mismatch. In this case, a
geometrically relaxed structure was defined as being inside
the boundaries of the flexibility window, with all T-O bond
lengths being 1.642(1) A and all O-T-O angles being
109.5(1)°. A cost function was used to avoid steric clashes of
framework oxygen atoms and extra-framework K’ cations,
with Pauling hard-sphere ionic radii of 1.35 and 1.33 A,
respectively.*® These geometrically optimised, high-pressure
structures were then used as starting models for Rietveld
refinements using compression data. Backgrounds were
fitted using Chebyshev polynomials with 6-15 variable
coefficients. In addition to the K-L samples, lead, zirconia
and alumina were included as additional phases, with the
sum of phase fractions constrained to equal 1. Geometric
restraints were again used on framework T-O bond lengths
and O-T-O angles, with target values of 1.642(1) A and
109.5°, respectively, to keep the geometry of the structural
model sensible throughout. All atomic coordinates were
refined, along with thermal parameters for the framework
atoms, which were constrained to be equal for each atom
type, fractional occupancies for the extra-framework content,
instrument parameters, background, and scale factor.
Thermal parameters for the guest molecules were kept at a
fixed value as simultaneously varying fractional occupancies,
atomic coordinates, and thermal parameters led to an
unstable refinement. Refined distances, given in the ESLf
show some extra-framework site locations as being 1.6-1.8 A
apart, with occupancies close to one. At such proximities, it
is very unlikely that these adjacent sites are simultaneously
occupied by water molecules. Attempts were made to model
these sites with carbon and oxygen atoms using soft
restraints on the interatomic C-O distance, with a target
value of 1.43 A. However, this arrangement gave extremely
large esd values for these atoms or caused refinements to
diverge. From these distances, we cannot say with certainty
whether they can be considered C-O bonds from methanol
but it is plausible that in some instances water and/or
methanol molecules are found here and that the guest
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molecules are more mobile than the fixed crystallographic
positions account for. At pressures >1GPa, generating Fourier
difference maps also showed a peak in the 8MR channel, at z
= 0. This site has previously been reported as a K site (K4)
that appears upon compression in penetrating media.®*' K3
and K4 site occupancies were then refined to follow this
cation migration, but constraining the sum of K cations to
keep the composition fixed.

5.5 GASP analysis of polyhedral rotations

Compression mechanisms within the flexibility window were
analysed using the polycomp utility in GASP. Data output are
given in the ESL.f TO, geometries at each pressure point were
compared to the starting structures and atomic differences
were quantified in terms of tetrahedral rotations around an
axis, described by a vector with x, y, and z components. The
magnitude of each TO, rotation around the axis is given in
degrees.

6 Data availability

The datasets generated during the current study are available
in the University of Bath Research Data Archive at https://doi.
0rg/10.15125/BATH-00861 and STFC ISIS Facility, https://
doi.org/10.5286/ISIS.E.RB1820321, https://doi.org/10.5286/
ISIS.E.RB2000030,  https://doi.org/10.5286/ISIS.E.RB2010352
CSD  deposition numbers 2083646-2083655 contain
crystallographic data for all refined K-L structures.

7 Code availability

GASP is freely available from a Github repository at https://
github.com/EssayWells/GASP_6 from which users can obtain
the code and manual.
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