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Abstract

The high-pressure behaviour and the crystal-fluid interaction of a natural offretite have been
investigated by in situ single-crystal synchrotron X-ray diffraction, using a diamond anvil cell.
Five different P-transmitting fluids have been employed: the non penetrating daphne oil 7575 and
the potentially penetrating methanol:ethanol:H20 = 16:3:1 mixture, ethanol:water = 1:1 mixture,
distilled H20 and liquid Ne. The daphne oil 7575 experiment allowed to describe the intrinsic
compressional behavior of offretite, without any pressure-induced crystal-fluid interaction, with
an isothermal bulk modulus Kvo = 59(2) GPa (fvo = 0.0170(9) GPa) for the range Pamp-1.83(5)
GPa. All the experiments in potentially penetrating P-transmitting fluids showed the P-induced
sorption of extra molecules within the large 12mRs channel of offretite, obtained on the basis of
X-ray structure refinements. For the aqueous mixtures, the magnitude of the adsorption appears to
be governed by the H20 content of the P-transmitting fluid. Ne atoms are also able to penetrate
into the 12mR channel in response to the applied pressure, interacting with the extraframework
population via weak Van der Waals attraction. A comparative analysis of the P-mediated crystal-

fluid interaction phenomena between offretite and the structurally similar erionite is provided.

Keywords: offretite, high-pressure, synchrotron X-ray diffraction, crystal-fluid interaction, noble gas
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1) Introduction

In the last decade, a series of studies have been performed on natural or synthetic zeolites at
pressure of the order of kilobar, showing a series of interesting phenomena when compressed in
fluids composed of molecules with diameters shorter than the structure cavities (e.g., [1-6]).
However, the high-pressure behaviour of zeolites with frameworks containing channels were much
more investigated than those with cages. Offretite, ideally presented by the chemical formula
(KCaMg)[AlsSi130s36]-16H20, is a zeolite that can be found as alteration product in hydrothermal

vugs of volcanic rocks (e.g., basalts, andesites) or under diagenetic and very low-grade

metamorphic conditions [7,8]. The crystal structure of offretite, space group P6m2, was firstly
refined by Gard and Tait in 1972 [9], and re-examinated by Alberti etal., in 1996 [7]. Its framework
(OFF topology [10]) is characterized by a column made by 14-hedron cages (gmelinite-type),
superposed along the c crystallographic axis, which run parallel to columns composed by an
alternation of double six-membered rings (D6R) and cancrinite cages (Fig. 1a). Between these two
columns, a large 12-membered ring (hereafter 12mRs) channel, with a diameter ~ 7.7 A, runs along
the same direction (Fig. 1b).

Offretite belongs to the ABC-6 zeolite’s family, according to the classification of Gottardi
and Galli 1985 [11]. Indeed, in terms of repetition of 6mRs, the structure can be viewed as a
stacking sequence AAB, with D6R and cancrinite cages column at AA positions and gmelinite-
cages column in B positions (Fig. 1, S1). Due to large similarities in the framework (Fig. S1),
several cases of intergrowths between erionite (ERI framework, a more common zeolite with
stacking sequence AABAAC) and offretite have been described [7,12-15], and can be commonly
found in natural samples, due to the presence of stacking faults in B positions. Both offretite and
erionite have been reported as potential catalysts in MTO (methanol-to-olefins) process, or as
selective catalytic dewaxing and molecular sieving of n-butane [16-18]. A hybrid ERI-OFF
structure, with the name of Linde T, was synthetized, and its potential for industrial dehydration
and gas separation processes was tested [19-21]. Other synthetic counterparts of the natural
offretite account for a series of industrially relevant zeolites (e.g., TMA-O, LZ-217, RMA-4,
www.iza-structure.org/).

This work provides a detailed description of the high-P compressional behaviour, P-
mediated adsorption phenomena and the consequent deformation mechanisms at the atomic scale

of a natural offretite, taking into account the previous findings on the P-behaviour of the
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structurally similar erionite [15]. Zeolites such as offretite, erionite, laumontite and clinoptilolite
have been found in a number of geological environments, even including oceanic sedimentary
deposits or volcanoclastic sequences interested by burial diagenesis/metamorphism [22—24]. The
combined effect of pressure, temperature and fluids can control the sorption capacity of these
zeolites and, therefore, their stability fields in Nature (e.g., [25]). In this light, the experiments
described in this study use different hydrous pressure-transmitting fluids (PTFs) mixtures and a
nominally anhydrous PTFs as a benchmark (daphne oil 7575), in order to evaluate the potential P-
induced adsorption in offretite.

Additional experiments have been performed using liquid neon as PTF, because the
interaction between noble gases and natural microporous compounds is a field still poorly
investigated. Noble gases, such as He, Ar, Ne, Kr and Xe, are a class of inert elements that are
currently thought to originate from accreting planetesimals, the Earth’s primordial building rocks
[26]. However, the mechanisms of mantle/atmosphere migration of noble gases, and their possible
recycling into the mantle, related to the decay of subducted parent-radionuclides, are still not fully
understood [27,28]. The theory that contemplates their dissolution in silicate melts ascending the
surface and, subsequently, their release in atmosphere, presents some inconsistencies. An example
IS the so-called “missing Xe paradox”, namely the low-level of Xe in Earth and Mars atmospheres
(by about a factor of 20) relatively to the other noble gases [26,29]. It has been proven that Xe may
be fixed in carbides, clathrates or in microporous cavities of certain zeolites frameworks [26].
However, host/guest interaction between noble gases and natural zeolites is still largely unknown.

This study is part of a long-term project aimed at characterizing pressure-mediated crystal-
fluid interactions in microporous compounds [5,30-34], and, coupled with our previous work on

erionite [15], to unveil how cage-frameworks can control the P-mediated crystal-fluid interactions.

2) Materials and Methods
2.1) Sample description and chemical characterization

Two different natural offretite crystals (~350 x 100 x 100 um?), from basaltic cavity samples
from Arzignano (Vicenza, Veneto Region, Italy) and Vinarice (Kladno, Central Bohemian Region,
Czech Republic), were investigated in this study.

The chemical compositions of the selected crystals have been determined by electron-

microprobe analysis in wavelength dispersive mode (EPMA-WDS), using a Jeol JXA-8200
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microprobe at the Earth Science Dept. of the University of Milan (ESD-MI). The system was
operated with an accelerating voltage of 15 kV, a beam current of 5 nA, a counting time of 30 s on
the peaks and 10 s on the backgrounds and a defocused beam with a 15 um diameter. Correction
for the matrix effect on raw data was applied using the PhiRhoZ method, as implemented in the
JEOL suite of programs. Natural samples were used as standards (Ca, Al, Si — grossular; K — K-
feldspar; Na — omphacite; Mg — forsterite; Sr — celestine; Ba — sanbornite). The two offretite
samples under investigation were characterized to be chemically homogenous. The chemical
formula, averaged over a ~ 25-point analysis, was found to be similar for both the samples. The
results, calculated on the basis of 36 O apfu (and assuming the H20 content by difference to 100
wt%), are reported in Tab. 1.

Single crystals from both the samples, with size ~ 80 x 20 x 20 um?®, were then selected for X-
ray diffraction data collection at ambient conditions. Crystals were firstly screened with an
Xcalibur Oxford Diffraction diffractometer, equipped with a CCD detector, graphite
monochromatized Mo-Ka. radiation (A = 0.71073 A), at the ESD-MI. No twinning was observed
for both the crystals. Full data were then collected at the ESD-MI with a Rigaku XtaLAB Synergy-
S diffractometer, equipped with a HyPix-6000HE detector and a PhotonJet-S Mo-Ka microsource,
operating at 50 kV and 1 mA. The omega step size of both the collections was 0.5°, with an
exposure time of 70 s per step. Indexing of the diffraction peaks, along with the unit-cell
parameters refinement and intensity reduction, were performed using the CrysAlisPro software
[35].

2.2) High-pressure experiments

In-situ high-pressure single crystal X-ray diffraction experiments were conducted at the 1D15b
beamline of the European Synchrotron Radiation Facility (ESRF) in Grenoble (France) and at the
P02.2 beamline at PETRA-III, Deutsches Elektronen-Synchrotron (DESY) in Hamburg
(Germany).

Transparent crystals with a prismatic habit (~ 50 x 25 x 25 um®in size) and a negligible erionite
stacking faults content (< 5 %) were selected for the experiments. High-pressure conditions were
reached via a membrane-driven diamond anvil cell (DAC), mounting Boehler-Almax designed
diamonds (culet diameter of 600 um at the ESRF and 400 um at PETRA-I111). In each experiment,
a stainless-steel gasket with 250 pum thickness was pre-indented to ~ 70 wm and then a P-chamber
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drilled by spark erosion (diameter of the hole ~ 300 um at ESRF; ~ 200 um at PETRA-III).
Offretite crystals were loaded in the P-chamber, along with few ruby microspheres as P-calibrants,
[36,37]. Five HP experiments with different PTFs were performed: 1) daphne oil 7575 (d.o.), up
to 5.05(5) GPa; 2) 16:3:1 methanol:ethanol:water mixture (m.e.w.), up to 6.49(5) GPa (kinetic
diameters: H20 ~ 2.65 A, methanol ~ 3.76 A, ethanol ~ 4.46 A); 3) distilled H20 up to 0.99(5)
GPa; 4) 1:1 ethanol:water mixture (e.w.), up to 1.69(5) GPa; 5) Ne (kinetic diameters: ~ 2.75 A)
up to 12.84(5) GPa. Distilled H20, d.o. and e.w. experiments were conducted at ID15b beamline,
while those with m.e.w. and Ne at the P02.2. Daphne oil 7575, due to its molecular composition,
was not considered to be able to penetrate the structural voids of offretite, while all the other PTFs
were considered to act as penetrating fluids (see [2] for further details). The selection of fluids with
different H20 content (i.e.: m.e.w., e.w., and distilled H20) aims to enhance differences in the
magnitude of adsorbed molecules in response to the different H20 fraction. Indeed, as observed in
natural erionite [15], these differences may arise from a variable wt% of potentially penetrating
molecules within the PTF. The data collection strategy always consisted of a + 32° stepwise ®-
rotation, with 0.5° step width, and 0.2 s of exposition time per step at the ESRF and 1 s at PETRA-
I11. The experimental setup provided an incident monochromatic beam for all the experiments (E
=30 KeV, A=0.4107 A at ID15b; E = 42.8 KeV, A = 0.2898 A at P02.2). The diffraction patterns
at ID15b were collected by means of an Eiger2 9M CdTe (340x370 mm) flat-panel detector
positioned at a distance of 180.68 mm from the sample, while at P02.2 employed a PerkinElmer
1621 XRD flat-panel detector, set at a distance of 395.38 mm from the sample. Indexing of
diffraction patterns, unit-cell parameters refinement and intensity integration were performed
using the CrysAlisPro software, which also permitted the absorption (due to DAC components)
and background correction (further details in [35]). More details on the experimental setups of the
P02.2 and ID15b beamlines are reported in [38;39].

3) Crystal structure refinement and elastic behaviour
3.1) Structure refinements

A first structural model of offretite, based on the diffraction data collected at room conditions, was

refined using the software JANA2006 [40], in the space group P6m2. Framework sites were
assigned according to Gualtieri et al., [14]. The location of the extraframework sites (cations and

H20 molecules) has been determined after a careful analysis of the difference-Fourier maps of the
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electron density function. As was observed in erionite [15], a K site, labelled K1, has been found
within the cancrinite cage bonded to O2 and O3 in a trigonal prismatic coordination (CN=6). The
structure refinement suggested a full occupancy of the K1 site, whereas in the D6R cage,
contiguous to the cancrinite cage along the c¢ axis direction, no significant positive residual was
found. The Mg atomic site, labelled as Mg1, was located on the trigonal axis of the gmelinite cage.
Mg coordinates 3 independent H20 molecules: Ow1, positioned above and below Mg1, Ow2, and
the mutually exclusive Ow3 and Ow3b (Fig. S2) lying on the (0001) plane at the same z coordinate
of Mg1. Only two configurations are possible (reported in Fig. S2), as Ow3 and Ow3b are mutually
exclusive. Two independent Ca sites, labelled as Cal and Ca2, were located at different heights
along the triad, at the centre of the large 12mRs channel. Ca atoms also coordinate H20 molecules
(Ow4, Ow4b, Ow5 and Ow5sb) in a strongly disordered configuration (Fig. S2). The Ow4b site
was refined exclusively in the structural model based on the full-sphere data collected at ambient
conditions. Anisotropic displacement parameters (D.P.) were refined for all the framework sites,
K1 and Mgl sites, while H20-oxygens bonded to Mg1l, due to their positional disorder, were
refined as isotropic, along with all the atomic sites located in the highly disordered 12mRs channel
(Cal, Ca2, Ow4, Ow4b, Ow5 and Owbb). For the same reason, the H20-oxygen sites within the
channel were constrained to share the same D.P., which was fixed to the value providing the best
figure of merit for the refinement, i.e. 0.06 A2

The protocol applied to the structure refinements based on the high-P data included further
restrictions in order to reduce the number of refined variables, given the limited accessible
reciprocal space (see [41] for further details): 1) for any pressure ramp, the s.o.f. of Mgl and K1
sites were refined only in the structure refinements based on the first collected dataset, then kept
fixed to the refined value with the increase of pressure; 2) the sum of the occupancies of Cal and
Caz2 sites was constrained to the value obtained from the refinement of the first dataset, and their
D.P. was fixed to 0.07 A?; 3) the D.P. of all the H20-oxygen sites was fixed to 0.07 A2, with the
exception of Ow1, which was refined at each pressure step; 4) the D.P. of the remaining atomic
sites was refined as isotropic. No restraint to bond distances or angles was applied.

For the structure refinements based on Ne experimental data, a different approach was adopted.
Since liquid Ne is nominally anhydrous, occupancies of the H20-oxygen sites were only refined
for the first dataset and then fixed to the refined values in the high-P refinements, in order to avoid

any bias on the identification of new Ne sites.
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Atomic site coordinates, D.P.’s and site occupancy factors of the structure model based on the full-
sphere ambient conditions dataset are reported in Tab. S1. Selected statistical parameters for all
the structure refinements are reported in Tab. S2, whereas in Tab. S3 are listed all the refined
occupancies of the H20-oxygen sites. The refined structural models (CIF files) are deposited as

supplementary materials.
3.2) Compressional behaviour: the P-V equation of state

An isothermal Birch-Murnaghan equation of state (BM-EoS) was used to model the experimental
P-V data, weighted by their uncertainties, using the EoSFit 7.0 GUI software [42]. This equation
of state is derived from the assumption that the strain energy of a solid, under compression, can be
expressed as a Taylor series in the Eulerian finite strain, fe = [(Vo/V) “—1]/2 [42], with the following

formulation:
P(fe) = 3K po, o fe (1+2fe)>? {1+ 3/2 (K '—4) fe + 3/2[Kpo,10 K” + (K '—4) (K'—3) + 35/9] fe2 + ... }

where Kpo,To represents the isothermal bulk modulus, expressed as Kro,to = -V( 6P/6V)1o = f1po,T0
(where fro,To is the volume compressibility coefficient at room conditions) and K’ = 0Kpo,1o/0P

and K” = 9°Kpo,10/0P? [43].
4) Results
4.1) High-pressure compressional behaviour

The evolution of the unit-cell parameters of the natural offretite, compressed in the aforementioned
PTFs, is reported in Tab. S4 and Fig. 2. A few data points have been collected during
decompression at the end of each experiment, suggesting a full reversibility of the observed high-
pressure phenomena. The results clearly show a higher bulk compressibility of natural offretite
when the compression is performed with the non-penetrating daphne oil 7575, with respect to the
other potentially penetrating fluids (Fig. 2a). The P-induced adsorption of molecules and Ne
atoms, in the structural nanocavities, drastically reduces the compressibility of offretite. P-V
evolution in d.o. shows that offretite undergoes an almost monotonic compression up to 1.83(5)
GPa. Above this pressure, a further increase in compressibility is observed. A similar behaviour is
observed also in m.e.w. and Ne, but at higher pressure values, i.e. above ~3 GPa (Fig. 2).
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While the compressional behaviour along the crystallographic c-axis appears to be monotonic (Fig.
2¢), significant differences are observed along the a-axis direction (which reflects the behaviour
of the (0001) plane, perpendicular to the 12mRs channel), according to the nature of the PTFs (Fig.
2b). It is worth to mention that, above ~ 2 GPa, a higher compressibility of the structure along the
a-axis direction is clearly observable in m.e.w. with respect to that in Ne. On the other hand, in
e.w. and distilled H20, the offretite structure is substantially uncompressible on the (0001) plane
in the investigated pressure range.

The isothermal bulk modulus (Kvo) of natural offretite, obtained by a 11-BM EoS fit based on d.o.
data, was refined to be equal to Kvo = 59(2) GPa (and Vo = 1159.7(6) A®), in the pressure range
Pamb-1.83(5) GPa, and to Kvo = 28(2) GPa (Vo = 1196(6) A3) for the pressure range 1.83(5)-5.08(5)
GPa. Linearized 11-BM EoS [43] have been used to model the a-P and c-P compressional patterns
pertaining to the d.o. experiment. I1-BM EoS’s have also been used to model the P-V data from the

experiments with penetrating PTFs: the refined parameters are reported in Tab. 2.
4.2) P-induced structure deformation mechanisms

The structural model described in the Section 3.1 was used as starting model for the high-
pressure structure refinements, with the previously listed restrictions (selected statistical
parameters reported in Tab. S2). For each refinement, a careful analysis of the residual peaks in
the difference-Fourier maps of the electron density function was conducted, in order to identify
new possible atomic sites due to the penetration of extra molecules from the pressure-fluids. A
maximum of four new atomic sites (Fig. 3) were identified in the structure models based on m.e.w.,
e.w. and distilled H20 ramps, labelled as Ow6 and Ow?7 (within the 12mRs channel), Ow8 (only
from distilled H20 and e.w. data, within the D6R cage adjacent to the 12mRs channel) and Ow8b
(which reflects the Ow8 positional disorder in distilled H20 experiment). None of these atomic
sites was detected in the structure refinement based on the full-sphere ambient-conditions data. A
rearrangement of the extraframework H20 oxygen sites (likely a migration from the Ow4 to the
Owe position) was observed in the m.e.w experiment between 0.62(5) and 0.95(5) GPa. In Tab.
S3 and Fig. 4a, the evolution of the occupancies of the H20-oxygen atomic sites, in response to
applied pressure, is depicted.

Concerning the d.o. experiment, the analysis of the difference-Fourier maps showed a positive

residue compatible with the position of Owe6, occurring at a pressure of 1.83(5) GPa. Due to the
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hydrophobic nature of daphne oil 7575, it is reasonable to assume that it is the consequence of a
P-induced rearrangement of the positions of the extra-framework H20 molecules. As a matter of
fact, the overall sum of the occupancies of the H20-oxygen sites in d.o. is substantially constant
as a function pressure (Fig. 4a).

To fully describe the crystal-fluid interaction in natural offretite, the P-induced evolution of
the volume of the 12mRs channel was calculated, modelling it as a cylinder with Ven = n-[(D/2)?]-c,
with D = O1-0O1: the independent diameter of the 12mRs. The results, reported in Tab. S5 and Fig.
5, show a significantly lower compressibility of this structural unit in the potentially penetrating
PTFs experiments if compared to d.o., as direct consequence of the channel filling by new
molecules from the fluids, in agreement with the new H20-oxygen positions Ow6 and Ow?7.

The P-induced evolution of further structural parameters, e.g., the 03-06 and 01-O1
diameters of the 12mRs channel (Fig. 1b), the 02-0O1-05 angle (Fig. 1b, S2) of the 4mRs (acting
as a joint-unit between the cancrinite cage/D6R channel and the gmelinite cage) and the O1-0O4-
O1 angle of the 8mRs of the gmelinite cage (Fig S3a) were investigated to understand the
deformation mechanisms at the atomic scale. The results, discussed in the Section 5.2, are reported
in Tab. S5 and Fig. S4.

4.3) The case of Ne

As reported in the Section 4.1, the P-V pattern of the Ne experiment suggests a P-induced
adsorption of Ne within the structural voids. Furthermore, the compressional pattern is closer to
those in e.w. and distilled H20, which are characterized by a pronounced adsorption of new
molecules (discussion in 5.2), with respect to the m.e.w. ramp. Due to a marked increase of the
structural disorder at high pressure, structure refinements were only conducted up to P = 4.52(5)
GPa. According to the structure refinements, two new Ne sites were implemented into the model,
at the same positions occupied by Ow6 and Ow?7 in m.e.w., e.w. and distilled H20 experiments.
The two new sites, labelled as Nel and Ne2, were included in the refinements based on the data
collected at 0.65(5) GPa and 1.23(5) GPa, and their s.o.f., as already observed from the other
potentially penetrating PTFs, increased up to ~ 2 GPa, (Fig. 4b), suggesting a saturation of
adsorption capacity of the cavities at such a pressure. The distances between Ne sites and other
framework and extraframework sites are listed in Tab. 3, suggesting weak Van der Waals type

interaction with the extraframework population [26].
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The P-induced evolution of the 12mRs channel volume was calculated as previously described
and provided values in good agreement with the pattern observed for the other potentially
penetrating PTFs; the results, along with the main structural deformation mechanisms are reported
in Tab. S5, Fig. 5 and Fig. S4.

5) Discussion
5.1) Elastic compressional behavior

The high-pressure experiment in the non-penetrating d.o. allowed the description of the
intrinsic compressibility of the natural offretite. The refined bulk modulus, reported in Tab. 2, is
higher than that observed in the structurally similar erionite (i.e., Kvo = 47(2) GPa [15]), and lies
in the range of those previously described for zeolites (~ 10 < Kpo,to < ~ 90 GPa, [1]). In offretite,
Al/Si-tetrahedra behave as quasi-rigid units, constraining the effects of pressure on the framework
and leading to the tilting of the tetrahedra around the O atoms that behaves as hinges [1,2,4]. In
this light, the presence of erionite-cages in the ERI framework of erionite, linked by 6mRs and by
the joint-units among them (Fig. S1, S3) [15], might provide more flexibility for the tilting of the
tetrahedra [15] with respect to the straight 12mRs channel of offretite. In the d.o. compressional
ramp, as can be observed from the P-V data (Fig. 2a, Fig. 2b and Tab. S4), a sudden change of
compressibility is observed at around 1.85(5) GPa. This change in the compressional behavior is
due to an increase in compressibility along the a-axis direction (or (0001) plane). This is likely
related to the rearrangement of the extraframework H20 configuration within the 12mR channel,
as discussed in Section 4.2, resulting in an increase of compressibility on (0001) as shown by the
evolution of the diameters O3-06 and O1-01 of the 12mRs channel (Fig. S4a,b). In addition, the
sum of the s.o.f. in the H20-oxygen is kept with P (Fig. 4a, Tab. S3), except for the data at 4.09(5)
GPa, where the s.o.f. value is clearly affected by the low quality of the refinement. Along the c-
axis direction, parallel to the cages and channels system, the crystal structure of offretite is
significantly more compressible (Fig. 2 and Tab. 2) with respect to the (0001) plane, which has
also been described in erionite [15]. Indeed, the deformation appears to be almost monotonic in
the pressure range investigated, accommodated by the continuous tilting of the tetrahedra, as can
be deduced by the evolution of the inter-tetrahedral angles 02-01-O5 and 01-04-0O1 (Fig. S4c-d
and Tab S5).

5.2) P-induced crystal-fluids interactions
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The key role of the extraframework population on the bulk compressibility of a
microporous structure, with channels or cavities, has already been widely described (e.g.: [1,2,44]).
As direct consequence, a further filling of the cavities, due to the P-mediated adsorption of new
molecules from the PTFs, usually results in a stiffening of the structure. A further consideration
can be made concerning the increase of the bulk compressibility (discussed in sec. 5.1) shown by
non-penetrating d.o. data above 1.81(5) GPa: a similar behaviour is observable in m.e.w. and in
Ne experiments, but in these cases at pressures exceeding ~ 2.5 GPa. The higher pressure is not
surprising, considering that the P-adsorbed molecules and atoms increase the framework
indeformability (i.e., “pillar effect” of the extraframework content), preventing or delaying the
collapse of the crystalline framework. Data collected in decompression suggested that the intrusion
is completely reversible (Fig. 2).

The marked increase in Kvo observed in potentially penetrating PTFs experiments (Tab. 2)
IS ascribable to the adsorption of new molecules, in agreement with the bulk volumes’ evolutions.
It is interesting to note that, as already observed in erionite [15], the compressibility appears to
decrease as a function of the H20 content of the hydrated PTFs (i.e., fv d.0. > v m.e.w. > fv e.w.
~ pv distilled H20) (Fig. 2, Tab. 2). This is also proven by the evolution of the overall sum of s.o.f.
of H20-oxygen sites (Fig. 4a, Tab. S3): both distilled H20 and e.w. datasets share almost the same
trends, while m.e.w. shows an intermediate trend between those of e.w. (or distilled H20) and d.o.
In addition, the pressure at which the adsorption takes place is a function of the H20 content of the
PTFs (Fig. 2, 4a and 4). This can be deduced by the P value at which the first new positive residues
were detected in the difference-Fourier maps of the electron density: P = 0.95(5) GPa in m.e.w.
(Ow6 and Ow7), while in e.w. and distilled H20 show residues at 0.31(5) (Ow8) and 0.34(5) (Ow6
and Ow8) GPa (Tab. S3), respectively. Moreover, in m.e.w., the P-induced intrusion reaches a
saturation at ~ 2.00(5) GPa, which is a value close to that observed in natural erionite (~2.5 GPa,
[15]).

The new H20-oxygen sites Ow6 and Ow7 were located inside the large 12mRs channel, in
e.w., m.e.w. and distilled H20 experiments. Indeed, the gmelinite cage, which is already filled by
Mg with full occupancy and some H20 molecules with different possible configurations (see
Section 3 and Fig. S2), is likely not capable to accommodate new molecules. The new molecules
adsorption in the 12mRs channel is further evident by its P-induced volume evolution: while in

d.o. this structural unit compresses steadily with pressure, in e.w., m.e.w. and distilled H20 ramps
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the channel seems to be almost uncompressible up to ~ 1.50 GPa, providing strong evidence on
the role of the new H20-oxygen sites (Ow6 and Ow7) with respect to its compressibility (Tab. S5,
Fig. 5). The P-evolution of its diameters, O1-O1 and O3-06 (Fig 1b, S4a-b), provides further
support for this phenomenon. On the other hand, Ow8 (and Ow8b in distilled H20) are located
within the D6R, which can only be accessed through the 12mRs channel, since along the c-axis
direction any intrusion is prevented by the presence of the K1 sites.

The P-induced evolution of 02-01-05 angle of the 4mRs (Tab. S5, Fig. S4c), which
behave as joint-units between cancrinite cage/D6R channel, the gmelinite cages and the 12mRs
channel, shows a decreasing trend only in d.o.. This is one of the deformation mechanisms
responsible of the compression along the c-axis in a non-penetrating fluid, while in the other
potentially penetrating fluids this structural parameter remains constant with pressure. This
behaviour can be explained by the P-mediated adsorption of fluid molecules, which constrains the
deformation mechanisms of the adjacent 4mRs.

Although it might argue that between the two natural zeolites with similar topologies (ERI
and OFF), the one more susceptible to P-induced adsorption would be offretite, due to the presence
of the large 12mRs channel, the experimental results of this study indicate the opposite (Fig. 6).
Indeed, comparing the bulk moduli between non-penetrating and potentially penetrating PTFs in
natural erionite, a surprising increase by 132% is observed [15], while in natural offretite (in the
range between 0.0001 and 2.00(5) GPa) such an increase is only ~ 27%, a value closer to that
observed in other natural zeolites with cavities already filled by extraframework ions and
molecules (e.g., ~ 32% in natural stilbite and ~ 22% in natural heulandite [45,46]). In natural
offretite, the adsorption of new molecules in the gmelinite cage (whose volume, along with
cancrinite cages and D6Rs, represents ~ 55% of the unit cell volume) is prevented by the
extraframewok population (Mg1, Ow1, Ow2, Ow3 or Ow3b). This restricts the accessible voids
mainly to the 12mRs channel and, to a lesser extent, to the D6R. Conversely, natural erionite, with
a framework made by the erionite-cages and the cancrinite-cage/D6R columns, likely offers a
larger volume of voids available for the adsorption of new molecules, not hindered by its
extraframework population. In order to prove this assumption, it will be interesting to perform
investigations on the synthetic counterparts of erionite and offretite with controlled

extraframework population. This will provide the possibility to observe and describe the P-induced
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intrusion phenomena in ERI and OFF framework topologies, without or with a controlled influence

of the extraframework population.
5.3) Ne-adsorption

The behaviour of the noble gases, which are nominally inert, within the Earth crust and
mantle is still a topic of debate in the field of Earth Sciences. Although noble gasses are commonly
assumed to be dissolved within silicate melts and to migrate to the surface [27, 28], they can also
be hosted in the cavities of framework minerals, under given pressure and temperature conditions
[26, 29, 47, 48]. The P-V evolution of offretite compressed in Ne, and the detection of the two
positive residues in the electron density difference-Fourier maps, suggested the P-induced
adsorption of the Ne atoms within the 12mRs channel (Fig. 2). There are two main points which
is worth underlining: i) the two new Ne atomic positions, Nel and Ne2, share almost the same
atomic coordinates as the Ow6 and Ow?7 sites observed in the experiments with aqueous fluids; ii)
the s.o.f. of the Ne sites, reported in Tab. S3 and Fig. 4b, appears to achieve a saturation at P ~ 2.5
GPa, similar to observations in H20-oxygen sites in the m.e.w. pressure ramp. This suggests that
the adsorption phenomenon, mediated by pressure, occurs through a similar mechanism,
apparently independent on the nature of the adsorbed molecules or atoms. Lee et al. [26] described
similar mechanisms in the crystal-fluid interactions in natrolite (NAT topology [10]) using Ar
among PTFs. In natural offretite, no significant change in the extraframework configuration was
observed, but the presence of Ne2 likely implies a mutually exclusive configuration with Ow3,
Ow3b and Ow5b (Tab. 3). Since no further H20 molecules were present in the PTF, no increases
of the s.o.f. were expected in those sites. Nevertheless, it is reasonable to assume that, as observed
in d.o. and likely in the other experiments, rearrangements between the positions of the H20
molecules have occurred also in the Ne ramp, providing a possible explanation to the increase in

compressibility observed above 3.5 GPa (Fig. 2).
6) Conclusions

In this study, the high-pressure behaviour of a natural offretite was investigated, by means
of in situ single-crystal X-ray diffraction, using different P-transmitting fluids: non penetrating
daphne oil 7575 and potentially penetrating 16:3:1 methanol:ethanol:water mixture, 1:1 ethanol

water mixture, distilled H20 and liquid Ne.
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P-V data obtained in daphne oil 7575 described the actual compressibility of this zeolite,
unaffected by crystal-fluid interaction phenomena. Interestingly, offretite experienced a change of
the compressional behaviour (but without any P-induced phase transition) at ca. 1.83 GPa, with a
significant decrease of the bulk compressibility (i.e., Kvo = 59(2) GPa and Pvo = 0.0170(9) GPa'
at P<1.83 GPa, Kvo = 28(2) GPa and Pvo = 0.0357(9) GPa® at P>1.83 GPa), likely due to a
rearrangement of the extraframework configuration (through a migration of the H.O molecule)
that fosters the bulk compressibility.

Experiments with potentially penetrating P-transmitting fluids proved the P-induced
adsorption of new molecules within the large 12mRs channel of offretite, generating an overall
decrease of its bulk compressibility. Comparing the experimental findings on natural offretite from
this study with those of the structurally similar erionite, we observed that the latter is more efficient
in terms of P-induced adsorption capacity of H2O molecules, despite the absence of a continuous
large channel along the c-axis direction.

In offretite, the intruded molecules were detected in the crystal structure at lower pressure
values in e.w. and distilled H20, with respect to m.e.w., and the magnitude of sorption appears to
be governed by the H20 content of the P-transmitting fluid, achieving the maximum values in both
distilled H20 and e.w. mix.

Ne atoms are able to penetrate into the offretite 12mR channel in response to the applied
pressure, occupying the same atomic sites of the extra H2O molecules adsorbed in the experiments
with potentially penetrating aqueous mixes. This finding might open interesting new scenarios on
the Ne cycle in Nature, through the modeling of the noble gases’ migrations in the upper Earth
crust and the potential capacity of open-framework silicates to trap Ne under the combined effect
of pressure and temperature. Zeolites could efficiently act as a possible carrier of Ne at shallow
depth.
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Fig. 1: The OFF-framework topology, with the repetition of cancrinite-cage/D6R, gmelinite-cages and 12mRs
channel: (A) Skeletal view, in red the 6mR, the repetition of which with AAB sequences generates the OFF
topology; (B) tetrahedral framework viewed down the c-axis
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Fig. 3: Section of the unitcellatz=0 (0 <x < 1; 0 <y < 1) showing the residual peaks (red positive and green negative)
in the difference-Fourier maps of the electron density pertaining to the experiment in distilled H,O at: (A) 0.0001 GPa;
(B) 0.96(5) GPa). Blue circles represent Si atoms, red circles represent O atoms, orange circles represent Mg atoms,
light blue circles represent Ca atoms and purple circles represent K atoms. The reported extraframework configuration
corresponds to the P-ambient model. See Section 4.2 for further details.
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Fig. 6: P-induced evolution of the normalized (to ambient-P values) volume of the unit
cell of natural erionite [15] and natural offretite, compressed in non-penetrating fluids
[respectively in silicone oil (s.oil) and daphne oil 7575 (d.0.)] and in potentially
penetrating m.e.w. mixture. The e.s.d. bars are smaller than the symbols.



Fig. S1: Skeletal view of the OFF (left) and ERI (right) framework types. In red: the repetition of the 6mR generating
the ABC sequence (AAB for OFF and AABAAC for ERI)

569

Fig. S2: Two possible configurations of the extraframework H,O molecules in natural offretite: in the 12mRs channel
(coordinating Ca, blue sphere) and in the gmelinite-cages (coordinating Mg, orange spheres)



Fig. S3: Polyhedral representation of 12mRs channel (A) and of the erionite-cage (B), respectively for offretite
and erionite framework.
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Fig. S4. P-induced evolution of the normalized (to ambient-P) values of the 12mRs diameters: 03-06 (A) and 01-0O1
(B); of the opening angle of the 4mRs 02-05-01(C) and of the opening angle of the 8mRs in the gmelinite cage O1-

04-01 (D).
Tab. 1: Chemical formula, calculated on the basis of 36 O, of the natural offretite samples investigated
in this study.
Locality Chemical formula

Arzignano (IT)

Vinarice (CZ)

(Ko.93Nao.01Ca1.12Mgo.67Sr0.02Bag.01)[Ala.77Si13.26] Os6 - 10.50 H.O

(Ko.94Nag.01Ca1.0sMgo.71Sr0.01Bag.01)[Als.71Si1332] Os6 - 11.45 H.0




578 Tab. 2: Refined elastic parameters of natural offretite compressed in different fluids and based on 11-BM
579  equation of state fits (*fixed parameters).

d.o. P (GPa) Volo (A%, A)  Kvoio™ (GPa) K’
Vv 0.00-1.83(5) 1159.7(6) 59(2) 4%
Vv 1.83(5)-5.08(5) 1196(6) 28(2) 4
a 0.00-1.83(5) 13.289(3) 83(6) 4
a 1.83(5)-5.08(5) 13.45(3) 31(2) 4
c 0.00-1.83(5) 7.598(6) 28(3) 4
c 1.83(5)-5.08(5) 7.638(7) 23.3(7) 4%

e.w.

Vv 0.00-1.69(5) 1159.10(6) 99(3) 4

distilled H-0

Vv 0.00-0.96(5) 1159.09(4) 125(4) 4
m.e.w.

Vv 0.00-2.81(5) 1156.9(2) 66(2) 4%

Y 2.81(5)-6.49(5) 1219(8) 26(2) 4
neon

Vv 0.00-2.41(5) 1157.0(3) 82(4) 4

Vv 3.50(5)-12.84(5) 1214(6) 35(2) 1.7(1)

* See [39] for the definition of Kio




580  Tab. 3: List of interatomic distances with the Ne atoms. Ne2 site is mutually exclusive with Ow5b, Ow3
581  and Owa3b (see Section 5.3 for further details).

Cal Ca2 Oow5 Owsb Ne2
P = 0.65(5) Nel 3.70(4) 3.03(5) 2.71(3) 2.84(5) /
P=1.23(5) - 3.72(2) 2.66(2) 2.87(2) 2.71(3) /
P =2.02(5) - 3.76(2) 2.65(2) 2.90(2) 2.56(3)  3.37(6)
P =2.41(5) - 3.77(2) 2.66(2) 2.88(2) 2.48(3)  3.35(8)
P =2.97(5) - 4.01(2) 2.99(2) 2.82(2) 2.75(4)  3.37(7)
P = 3.50(5) - 4.46(2) 2.89(2) 2.69(2) 2.13(3)  3.49(8)
P = 4.00(5) - 4.07(2) 3.09(2) 2.81(2) 2.70(3)  3.31(8)
P =452 (5) - 4.07(2) 3.12(3) 2.81(2) 2.70(3)  3.31(7)

Mgl Oowb Ows5sb Ows3 Ows3b Nel
P=1.23(5) Ne2 3.8(1) 2.38(6) 1.51(7) 1.5(1) 1.8(1) 3.3()
P =2.02(5) - 3.77(7) 2.40(5) 1.34(7) 1.39(1)  1.73(9)  3.37(6)
P =2.41(5) - 3.77(8) 2.31(5) 1.30(8) 1.31(5)  1.34(1)  3.35(8)
P =2.97(5) - 3.74(7) 2.74(6) 1.98(7) 1.42(2)  1.73(1) 3.37(7)
P =3.50(5) - 3.57(6) 2.64(5) 1.99(7) 1.08(1)  2.24(8)  3.49(6)
P = 4.00(5) - 3.78(6) 2.74(5) 1.96(6) 1.48(1)  1.71(9)  3.31(6)
P =452 (5) - 3.76(8) 2.77(6) 1.94(7) 1.51(2)  1.6(1)  3.31(7)
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584

585 Tab. S1: Atomic fractional coordinates, site occupancy factors (s.o0.f.) and thermal displacement parameters
586  (A?), refined as isotropic or anisotropic (see Section 3.1 for details), for the ambient-P model of natural
587  offretite

Site X y z s.o.f. UisO/Ube?S
sit 0.0004(2) 0.2334(2)  0.2083(2) 1* 0.01321%)
Si2 0.0925(2)  0.4234(2) 0.5 1* 0.0094799
o1 0.0269(4) 0.4234(2)  0.3212(5) 1* 0.027(2)
02 0.0978(3)  0.9022(3)  0.2591(7) 1% 0.020(3)
03 0.8719(3) 0.1281(3)  0.2633(9) 1* 0.027(2)
04 0.0066(8)  0.2670(7) 0 1% 0.027(3)
05 0.2307(4)  0.7693(4) 05 1* 0.021(3)
06 0.4586(4)  0.5414(4) 05 1% 0.023(4)
K1 0 0 05 1.00(2) 0.025(2)
Mg 1/3 2/3 0 0.73(3) 0.019(3)
Cal 2/3 1/3 0.384(2) 0.44(2) 0.041(5)
Ca2 2/3 1/3 0.284(3) 0.22(2) 0.033(8)
owl 1/3 2/3 0.736(2) 0.86(5) 0.036(6)
ow2 0.245(2)  0.755(2) 0 0.25(4) 0.02(1)
ow3 0.438(3)  0.875(6) 0 0.37(5) 0.09(1)
Ow3b 0479(3)  0.830(3) 0 0.43(3) 0.09(1)
Oow4 0.765(1)  0.235(1) 05 0.87(3) 0.06*
Ow4b 0.743(6)  0.257(6) 0.61(2) 0.08(2) 0.06*
ows 0578(1)  0.422(1) 0.202(2) 0.61(3) 0.06*
Ows5b 0547(2)  0.453(2) 0.153(4) 0.34(3) 0.06*

* Fixed parameter, see Section 3.1 for further details




591  Tab. S2: Selected statistical parameters of the structure refinements based on single crystal XRD data
592  collected in air, and in d.o., m.e.w., neon, e.w. and distilled H,O (* data collected in decompression).

coenment U fiions Rl R 0B g R
| > 36(1)

In air 1197 942 86 0.0825 0.0652 0.1206 0.0737

d. 0. Po=0.0001 1499 1199 49 0.0589 0.0702 0.0709 0.0715
" P1=0.14(5) 1358 1012 46 0.0640 0.0724 0.0800 0.0739
" P,=0.35(5) 1364 1080 46 0.0603 0.0689 0.0721 0.0700
" P3=0.52(5) 1348 1074 46 0.0604 0.0698 0.0725 0.0709
"P4=0.84(5) 1355 1075 46 0.0640 0.0721 0.0771 0.0733
" Ps=1.26(5) 1354 1035 46 0.0684 0.0802 0.0839 0.0817
" Pg=1.83(5) 1121 755 46 0.0843 0.0980 0.1094 0.1016
" P;=2.19(5) 1176 793 46 0.0941 0.1106 0.1155 0.1127
" Pg=2.80(5) 1164 846 46 0.0953 0.1092 0.1181 0.1115
" Pg=3.30(5) 1135 803 46 0.1133 0.1381 0.1400 0.1408
" P1p=4.09(5) 1101 685 46 0.1496 0.1864 0.1841 0.1903
m.e.w. Po=0.0001 2958 2693 51 0.0799 0.1014 0.0847 0.1030
" P1=0.15(5) 2710 2403 48 0.0774 0.0996 0.0846 0.1006
" P,=0.30(5) 2876 2545 48 0.0777 0.1009 0.0840 0.1018
" P3=0.62(5) 2804 2501 48 0.0828 0.1045 0.0888 0.1052
" P,=0.95(5) 2708 2393 53 0.0841 0.1065 0.0907 0.1073
" Ps=1.40(5) 2798 2441 52 0.0907 0.1153 0.0981 0.1165
" Pg=2.00(5) 2643 2303 52 0.0987 0.1269 0.1071 0.1283
"P7=2.29(5) 2411 2129 52 0.1031 0.1351 0.1103 0.1364
" Pg=2.63(5) 2330 2078 52 0.1118 0.1487 0.1194 0.1496
" Pg=2.81(5) 2285 2015 52 0.1178 0.1520 0.1267 0.1532
" P1yp=3.18(5) 2216 1889 52 0.1231 0.1582 0.1334 0.1606
"P1;=3.81(5) 2142 1743 52 0.1422 0.1751 0.1571 0.1779
" P12=4.21(5) 2190 1702 52 0.1555 0.1916 0.1742 0.1942

593

594



595  Tab. S2: (continued...)

. Unique Obseryed Refined R1 WR1
Experiment reflections reflections variables  (obs) (obs) R1 (all) WR (all)
| > 3c(l)

e.w. P1=0.0001 1205 945 50 0.0623  0.0737 0.0769 0.0774
" P,=0.12(5) 1207 927 50 0.0613  0.0757 0.0779 0.0804
" P3=0.31(5) 1212 942 53 0.0670  0.0877 0.0818 0.0909
"P,=0.53(5) 1201 914 53 0.0750  0.0944 0.0917 0.0982
" Ps=0.85(5) 1219 898 52 0.0750  0.0969 0.0954 0.1001
" Ps=1.11(5) 1226 876 52 0.0803 0.1017 0.1065 0.1062
" P7=1.69(5) 1219 837 52 0.0853 0.1117 0.1147 0.1157

H>0 Po=0.0001 1439 1252 49 0.0643  0.0820 0.0708 0.0936
" P1=0.23(5) 999 881 48 0.0620  0.0740 0.0665 0.0747
" P,=0.34(5) 994 885 53 0.0601  0.0727 0.0648 0.0735
" P3=0.48(5) 996 869 56 0.0657  0.0737 0.0708 0.0744
" P,=0.62(5) 1013 887 56 0.0699  0.0805 0.0751 0.0811
" Ps=0.72(5) 1021 891 56 0.0707  0.0855 0.0758 0.0861
" Ps=0.84(5) 1017 893 55 0.0696  0.0861 0.0749 0.0872
" P7=0.96(5) 1025 895 55 0.0697  0.0849 0.0747 0.0858

Ne P1=0.37(5) 2163 1322 54 0.0704  0.0766 0.0987 0.0823
" P,=0.65(5) 2151 1337 43 0.0736  0.0807 0.1013 0.0864
"P3=1.23(5) 2082 1186 45 0.0847  0.0932 0.1200 0.0991
" Py=2.02(5) 2084 1270 45 0.0975 0.1183 0.1283 0.1238
" Ps=2.41(5) 2089 1207 45 0.1039 0.1214 0.1359 0.1265
" Ps=2.97(5) 1901 725 45 0.1083  0.1092 0.2141 0.1388
" P;=3.50(5) 1982 1112 45 0.1199  0.1349 0.1663 0.1417
" Pg=4.00(5) 1903 882 45 0.1206  0.1313 0.1894 0.1415
" Pg=4.52(5) 1861 814 45 0.1390 0.1479 0.2168 0.1609
596
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598  Tab. S3: P-induced evolution of the refined s.o.f. of the H,O-oxygen and Ne sites, from all the experimental ramps.

Exp P (GPa) Owl Oowz2 Ows3 Owa3b Oow4 Oow5 Owsb Oow6 ow7 Oows Owsb
mew.Po  0.0001 0.73(3) 0.33(2) 0.25(3) 0.31(2) 0.73(6) 0.54(2) 0.30(2)
" Py 0.15(5) 0.63(3) 0.36(2) 0.30(3) 0.31(2) 0.76(5) 0.54(2) 0.25(2)
" P 0.30(5) 0.69(3) 0.38(2) 0.30(3) 0.34(2) 0.78(5) 0.50(2) 0.28(2)
" Ps3 0.62(5) 0.69(3) 0.41(2) 0.34(3) 0.38(2) 0.76(5) 0.45(3) 0.32(3)
" Py 0.95(5) 0.69(3) 0.43(2) 0.28(3) 0.40(2) 0.37(2) 0.36(2) 0.29(3) 0.27(3) 0.12(2)
" Ps 1.40(5) 0.76(3) 0.47(3) 0.33(3) 0.34(2) 0.38(2) 0.41(3) 0.35(3) 0.61(3) 0.34(2)
" Ps 2.00(5) 0.75(4) 0.59(3) 0.35(4) 0.28(2) 0.33(2) 0.49(33) 0.32(3) 0.70(3) 0.48(3)
" Py 2.29(5) 0.76(4) 0.58(3) 0.34(4) 0.26(3) 0.37(2) 0.51(4) 0.32(3) 0.67(3) 0.54(3)
" Pg 2.63(5) 0.82(5) 0.54(4) 0.37(5) 0.24(3) 0.37(2) 0.58(4) 0.31(3) 0.65(3) 0.63(4)
" Py 2.81(5) 0.79(5) 0.57(4) 0.43(5) 0.23(3) 0.34(2) 0.60(4) 0.28(4) 0.66(3) 0.60(3)
" P1o 3.18(5) 0.84(5) 0.55(4) 0.42(5) 0.22(3) 0.36(2) 0.57(5) 0.29(5) 0.67(4) 0.60(3)
"Pn 3.81(5) 0.84(6) 0.59(4) 0.35(7) 0.21(4) 0.36(3) 0.48(7) 0.39(7) 0.63(4) 0.60(4)
" P12 421(5) 0.91(7) 0.52(5) 0.36(12) 0.17(6) 0.33(3) 0.52(6) 0.29(6) 0.64(4) 0.56(4)
H.0 Po 0.0001 0.85(3) 0.39(3) 0.26(3) 0.41(2) 0.92(3) 0.53(2) 0.34(2)
" Py 0.23(5) 0.86(4) 0.45(3) 0.23(4) 0.43(3) 0.83(3) 0.58(2) 0.31(2)
" P2 0.34(5) 0.92(4) 047(3) 0.25(4) 0.40(2) 0.84(3) 0.57(2) 0.27(2) 0.09(3) 0.10(3)
" Ps3 0.48(5) 0.88(4) 0.49(3) 0.18(5) 0.44(3) 0.75(3) 0.53(3) 0.26(2) 0.21(3) 0.11(2) 0.11(3) 0.09(3)
" Py 0.62(5) 0.83(4) 0.53(3) 0.17(4) 0.39(2) 0.64(3) 0.44(2) 0.28(2) 0.38(3) 0.13(3) 0.09(3) 0.21(3)
" Ps 0.72(5) 0.82(5) 0.53(3) 0.13(4) 0.38(2) 0.64(3) 0.43(3) 0.26(6) 0.49(3) 0.16(3) 0.09(3) 0.24(3)
" Ps 0.84(5) 1.00 0.79(4) 0.16(4) 0.33(3) 0.78(3) 0.54(3) 0.25(3) 0.75(3) 0.24(3) 0.31(4) 0.15(3)
" Py 0.96(5) 1.00 0.78(4) 0.16(4) 0.35(2) 0.81(3) 0.56(3) 0.20(2) 0.75(3) 0.27(3) 0.30(3) 0.16(3)




599

600

601

Tab. S3: continued

Exp P (GPa) Oowl ow2 ow3 Ow3b Oow4 Oowb Owbsb Oow6 ow7 Oows8 Ows8b
do.Po  0.0001 095(3) 037(2) 0.24(3) 0.40(2) 0.86(2) 0.54(2) 0.31(2)
" Py 0.14(5) 0.96(3) 0.39(2) 0.19(3) 0.42(2) 0.84(2) 0.57(2) 0.32(2)
" P, 0.35(5) 0.95(3) 0.42(2) 0.21(3) 0.42(2) 0.86(2) 0.56(2) 0.30(2)
" Ps 0.52(5) 0.95(3) 0.43(2) 0.23(3) 0.40(2) 0.85(2) 0.55(2) 0.30(2)
" P4 0.84(5) 0.93(3) 0.46(2) 0.23(3) 0.41(2) 0.84(2) 0.54(3) 0.28(2)
" Ps 1.26(5) 0.90(4) 0.50(2) 0.24(3) 0.39(2) 0.83(2) 0.45(3) 0.39(3)
" Pe 1.83(5) 0.79(4) 049(3) 0.15(2) 045(2) 0.75(2) 051(2) 0.24(2) 0.26(3)
" P, 2.19(5) 0.84(5) 0.47(3) 0.18(2) 045(2) 0.72(3) 0.45(3) 0.27(3) 0.38(3)
" Pg 2.80(5) 0.92(7) 0.68(4) 0.10(3) 0.38(2) 0.89(3) 0.48(3) 0.26(3) 0.31(4)
" Pq 3.30(5) 1.09(9) 0.49(4) 0.18(3) 0.39(4) 0.65(4) 0.41(4) 0.30(4) 0.64(4)
"Pyo 409(5) 09(1) 097(5) 026(5) 050(4)  1.00  057(4) 0.24(4) 0.16(2)
ew. P1  0.12(5) 0.86(4) 0.45(3) 0.26(4) 0.39(2) 0.96(2) 0.56(2) 0.32(2)
" P, 0.31(5) 0.90(4) 0.46(3) 0.28(4) 0.41(2) 0.92(3) 051(3) 0.32(2) 0.10(3)
" Ps 0.53(5) 0.90(5) 0.37(3) 0.30(4) 0.34(3) 0.71(3) 0.43(4) 0.25(4) 0.43(3) 0.29(3)
" Py 0.85(5) 1.00 0.61(4) 0.33(4) 0.31(2) 0.73(3) 0.54(4) 0.34(4) 0.85(3) 0.32(3) 0.18(3)
" Ps 1.11(5) 1.00  0.68(4) 0.34(4) 0.33(2) 0.71(3) 0.58(3) 0.33(3) 0.85(3) 0.36(3) 0.21(3)
" Pe 1.31(5) 1.00  0.65(4) 0.34(4) 0.34(2) 0.72(3) 0.57(4) 0.35(4) 0.92(3) 0.39(3) 0.27(3)
"P; 1.69(5) 1.00 0.67(5) 0.38(4) 0.36(3) 0.66(4) 0.66(4) 0.30(4) 0.95(4) 0.41(3) 0.35(3)

Tab. S3: continued



602

603
Exp  P(GPa) Owl ow? Ow3 Ow3b Ow4 Ows5 Owsb Nel  Ne2  Neda
NeP,  037(5) 0.84(3) 0.36(2) 0.23@3) 0352) 0.76(2) 057(2) 0.32(2) 605
" P, 0.65(5)  0.84 0.36 0.23 0.35 0.76 057 032 0.11(2) 606
" Py 1.23(5)  0.84 0.36 0.23 0.35 0.76 057 032 041(2) 0.12(1) .
"P, 2.02(5) 084 0.36 0.23 0.35 0.76 057 032 048(2) 0.16(2) 0.09(1)
" Pg 241(5) 084 0.36 0.23 0.35 0.76 057 032 0532 0132) 00803
" Pg 297(5) 084 0.36 0.23 0.35 0.76 057 032 055@3) 0.243) 0188
"p, 350(5)  0.84 0.36 0.23 0.35 0.76 057 032 05(2) 0.16(2) 0.160
" Pg 4005)  0.84 0.36 0.23 0.35 0.76 057 032 056(2) 0.24(2) 0.1
" Py 452(5)  0.84 0.36 0.23 0.35 0.76 057 032 048(2) 0.24(2) 0.14)




613 Tab. S4: P-induced evolution of the unit-cell parameters of natural offretite compressed in m.e.w., neon,
614  d.o., e.w. and distilled H.O (* data collected in decompression)

Exp P (GPa) a(A) c(A) V (A%
m.e.w. Po 0.0001 13.2849(4) 7.5688(1) 1156.85(6)
" P, 0.15(5) 13.2785(5) 7.5674(2) 1155.52(6)
" P, 0.30(5) 13.2755(4) 7.5590(1) 1153.7(6)
" Ps 0.62(5) 13.2646(4) 7.5376(1) 1148.54(5)
" Py 0.95(5) 13.2655(4) 7.5068(1) 1144.02(5)
" Pg 1.40(5) 13.2569(3) 7.4643(1) 1136.06(4)
" Pg 2.00(5) 13.2320(4) 7.4334(1) 1127.10(5)
" P, 2.29(5) 13.2174(4) 7.4155(1) 1121.91(5)
" Pg 2.63(5) 13.1915(3) 7.3879(1) 1113.37(4)
" Pg 2.81(5) 13.1793(4) 7.3758(1) 1109.49(5)
" Pug 3.18(5) 13.1588(3) 7.3579(1) 1103.36(5)
" Py 3.81(5) 13.1031(5) 7.3148(1) 1087.62(5)
" P12 4.21(5) 13.0719(4) 7.2899(1) 1078.78(5)
" Py 4.70(5) 13.0286(5) 7.2556(2) 1066.59(7)
" Py 5.44(5) 12.9613(5) 7.2044(2) 1048.16(7)
" Py 6.49(5) 12.856(1) 7.1365(2) 1021.4(1)
" P 1.03(5) 13.2683(4) 7.4960(1) 1142.86(5)
" Po* 0.00 13.2845(3) 7.5645(1) 1156.11(5)
Neon Po 0.0001 13.2849(4) 7.5688(2) 1156.9(1)
" P, 0.37(5) 13.275(1) 7.5631(3) 1154.2(1)
" P, 0.65(5) 13.271(1) 7.5451(4) 1150.8(2)
" Py 1.23(5) 13.260(1) 7.5003(3) 1142.1(2)
" P, 2.02(5) 13.232(2) 7.4547(5) 1130.4(2)
" Pg 2.41(5) 13.219(1) 7.4276(3) 1124.0(2)
" Pg 2.97(5) 13.192(2) 7.3786(6) 1112.1(2)
" P, 3.50(5) 13.167(1) 7.3565(3) 1104.6(1)
" Pg 4.00(5) 13.126(2) 7.3116(7) 1090.9(3)

615

616



617

618

Tab. S4: (continued)

Exp P (GPa) a(A) c(A) V (A%
" Py 4.52(5) 13.094(2) 7.2760(7) 1080.4(3)
"Pio 4.92(5) 13.065(2) 7.2461(7) 1071.2(3)
" Py 5.42(5) 13.017(2) 7.2070(7) 1057.5(3)
" Py 6.20(5) 12.946(4) 7.149(1) 1037.7(4)
" Pig 6.85(5) 12.900(5) 7.117(2) 1025.6(7)
" Puy 7.52(5) 12.819(3) 7.050(1) 1003.4(4)
" Pus 8.29(5) 12.751(5) 7.008(2) 986.7(6)
" P 8.73(5) 12.701(5) 6.972(1) 973.9(6)
" Py 9.38(5) 12.626(8) 6.935(2) 957.5(9)
" g 10.83(5) 12.48(1) 6.883(3) 928(2)
" Prg 12.84(5) 12.23(2) 6.795(3) 881(2)
d.0. Po 0.0001 13.2870(3) 7.5805(2) 1159.00(5)
" P, 0.14(5) 13.2811(5) 7.5730(2) 1156.82(7)
"p, 0.35(5) 13.2723(5) 7.5606(2) 1153.40(7)
" Py 0.52(5) 13.2651(5) 7.5510(2) 1150.68(7)
"p, 0.84(5) 13.2420(4) 7.5290(2) 1143.33(6)
" P 1.26(5) 13.2162(5) 7.5008(2) 1134.62(6)
" P 1.83(5) 13.2037(5) 7.4680(1) 1127.52(7)
"p, 2.19(5) 13.1672(5) 7.4360(2) 1116.50(7)
" P 2.80(5) 13.1213(6) 7.3963(2) 1102.81(8)
" Py 3.30(5) 13.0752(6) 7.3609(2) 1089.83(8)
" P 4.09(5) 12.9960(9) 7.3082(2) 1070.0(1)
" Py 5.08(5) 12.885(2) 7.2454(4) 1041.7(2)
ew. Po 0.0001 13.2912(3) 7.5763(2) 1159.09(4)
"p, 0.12(5) 13.2898(3) 7.5718(2) 1158.15(6)
"p, 0.31(5) 13.2863(3) 7.5585(5) 1155.52(6)
" P, 0.53(5) 13.2918(3) 7.5412(2) 1154.29(6)
"p, 0.85(5) 13.2912(3) 7.5221(2) 1150.81(4)
" P 1.11(5) 13.2835(3) 7.5046(2) 1146.78(4)




619  Tab. S4: (continued)

620

Exp P (GPa) a (A) c(A) V (A%
" Pg 1.31(5) 13.2793(5) 7.4891(3) 1143.7(7)
" P, 1.69(5) 13.2765(5) 7.4647(3) 1139.5(7)
" Pg* 0.56(5) 13.2997(4) 7.5350(2) 1154.38(6)

H.0 Po 0.0001 13.2912(3) 7.5763(2) 1159.09(4)
"p, 0.23(5) 13.2818(7) 7.5718(2) 1156.63(8)
" P, 0.34(5) 13.2827(6) 7.5655(1) 1155.94(9)
" Ps 0.48(5) 13.2831(7) 7.5560(1) 1154.58(8)
" P, 0.62(5) 13.2874(5) 7.5460(1) 1153.94(6)
" Pg 0.72(5) 13.2853(5) 7.5411(1) 1152.68(9)
" Ps 0.84(5) 13.2836(6) 7.5349(1) 1151.43(8)
" P, 0.96(5) 13.2813(7) 7.5282(2) 1150.03(9)
" Py 0.44(5) 13.2786(6) 7.5535(2) 1154.8(4)

621



622  Tab. S5: High-pressure evolution, in different fluids, of: i) O1-O1 diameter of 12mRs channel; ii)
623  03-06 diameter of the 12mRs channel; iii) 02-01-05 opening angle of the 4mRs; iv) volume of
624  the 12mRs channel

Exp P (GPa) 01-01(A)  03-06(A) 02-01-05(°) 01-04-01(°)  Ven (A3
d.0. Po 0.0001 9.342(9) 9.733(6) 82.5(2) 136.5(3) 519.7(1)
"p, 0.14(5) 9.339(9) 9.709(7) 82.7(2) 136.2(3) 518.8(1)
" P, 0.35(5) 9.334(9) 9.706(6) 82.8(2) 136.0(3) 517.4(1)
" Py 0.52(5) 9.327(9) 9.697(6) 82.9(2) 135.8(3) 516.0(1)
" Py 0.84(5) 9.300(9) 9.687(7) 82.6(2) 135.5(3) 511.5(1)
" Pg 1.26(5) 9.26(1) 9.672(9) 82.3(3) 134.8(4) 505.5(1)
" Pg 1.83(5) 9.25(2) 9.66(1) 81.5(4) 133.4(6) 501.7(1)
"p, 2.19(5) 9.22(2) 9.62(1) 81.2(4) 133.7(6) 496.9(1)
" Pg 2.80(5) 9.15(3) 9.56(1) 79.3(5) 132.4(6) 485.9(3)
" Pq 3.30(5) 9.11(3) 9.51(2) 78.9(7) 132.5(8) 479.9(3)
" Puo 4.09(5) 8.99(4) 9.34(3) 77.3(9) 132(1) 463.9(6)
ew. P 0.12(5) 9.365(9) 9.739(7) 83.4(2) 136.1(4) 521.6(1)
" P, 0.31(5) 9.36(1) 9.735(7) 83.5(2) 136.0(4) 520.5(2)
" Py 0.53(5) 9.39(1) 9.726(9) 83.7(3) 135.4(4) 522.2(1)
" Py 0.85(5) 9.39(1) 9.697(9) 84.3(3) 133.2(4) 520.9(1)
" P 1.11(5) 9.39(1) 9.67(1) 84.4(3) 132.4(4) 519.7(1)
" Pg 1.31(5) 9.39(2) 9.65(1) 84.5(4) 131.6(5) 518.8(2)
"p, 1.69(5) 9.39(2) 9.64(1) 84.1(4) 130.9(6) 516.9(2)
m.e.w. Po 0.0001 9.342(6) 9.688(5) 82.9(1) 135.8(3) 518.9(1)
"p, 0.15(5) 9.324(6) 9.694(6) 82.4(1) 136.0(3) 516.8(1)
" P, 0.30(5) 9.327(6) 9.689(5) 82.6(1) 135.6(3) 516.5(1)
" Py 0.62(5) 9.333(7) 9.680(6) 83.0(1) 135.1(3) 515.7(1)
" Py 0.95(5) 9.359(9) 9.673(6) 83.5(2) 133.6(3) 516.5(1)
" Pg 1.40(5) 9.354(9) 9.630(6) 83.8(2) 132.2(3) 513.0(1)
" Pg 2.00(5) 9.314(9) 9.621(9) 83.2(2) 130.9(4) 506.5(1)
"p, 2.29(5) 9.30(1) 9.600(9) 83.4(3) 129.9(4) 504.0(1)
" Pg 2.63(5) 9.27(1) 9.59(1) 83.2(3) 129.4(5) 498.9(1)
" Pq 2.81(5) 9.27(1) 9.60(1) 83.4(3) 129.4(5) 497.4(1)
" Pio 3.18(5) 9.23(2) 9.59(1) 83.2(4) 128.7(5) 492.2(1)
" Py 3.81(5) 9.17(2) 9.56(1) 82.7(5) 126.9(6) 483.3(1)

" P12 4.21(5) 9.13(3) 9.55(2) 81.7(6) 126.9(7) 477.3(3)




625

626  Tab. S5: (continued)

EXp P (GPa) 01-01 03-06 02-01-05  01-04-01 (°) Ven
H,0 Po 0.0001 9.360(9) 9.761(6) 83.0(2) 135.8(3) 521.4(1)
"p, 0.23(5) 9.35(1) 9.701(9) 82.9(3) 136.1(4) 520.4(1)
" P, 0.34(5) 9.36(1) 9.689(9) 83.0(3) 136.2(4) 520.6(1)
" P, 0.48(5) 9.36(1) 9.704(9) 83.2(3) 136.1(5) 519.9(1)
" Py 0.62(5) 9.37(1) 9.75(1) 83.0(3) 135.7(5) 520.0(1)
" Pg 0.72(5) 9.39(1) 9.74(1) 83.4(3) 135.1(5) 521.9(1)
" Pg 0.84(5) 9.38(1) 9.67(1) 83.4(3) 132.8(5) 520.4(1)
"p, 0.96(5) 9.38(1) 9.66(1) 83.5(3) 132.7(5) 520.4(1)
Ne P, 0.37(5) 9.341(9) 9.7(6) 83.1(2) 135.6(3) 518.4(1)
" P, 0.65(5) 9.348(9) 9.689(6) 83.1(2) 136.8(3) 517.9(2)
" Py 1.23(5) 9.35(1) 9.725(9) 83.6(3) 136.0(3) 514.5(1)
" Py 2.02(5) 9.33(2) 9.72(1) 83.0(4) 135.1(4) 509.8(2)
" Pg 2.41(5) 9.268(2) 9.68(1) 82.6(4) 134.1(6) 501.1(2)
" Pg 2.97(5) 9.26(3) 9.66(2) 83.3(5) 133.1(5) 496.9(4)
"p, 3.50(5) 9.24(2) 9.63(1) 83.1(5) 132.3(7) 492.8(2)
" Pg 4.00(5) 9.18(3) 9.57(2) 83.4(5) 131.4(6) 484.0(5)
" Pq 4.52(5) 9.16(3) 9.53(2) 82.9(5) 130.9(7) 479.5(5)




The compressional behaviour of offretite was studies by synchrotron SC-XRD
Alcohols-water mixes and liquid Ne were used as P-transmitting fluids
P-mediated selective adsorption of molecules (from the mixes) was observed
P-mediated intrusion of Ne atoms occurred within the large 12mRs channel
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