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Abstract

This study is aimed to shed light on the mechaniatrthie basis of the differential penetration of
alcohol and water in hydrophobic zeolites at amb{®) and non-ambient pressure. Here we
report the effects of the penetration of water ahobhol in an all-silica chabazite (Si-CHA)
compressed with an ethanol/water azeotrope solé&tranol : water = 95.63 : 4.37 by mass %).
We collectedin situ synchrotron X-ray Powder Diffraction (XRPD) data arder to monitor the
structural modifications induced by the fluid peagbn and to investigate the guest-guest and host-
guest interactions. First principles molecular dyies simulations allowed to complete the
structural description at high pressure, providamgatomistic level description of the guest-guest
hydrogen bond network. For a comprehensive undetstg of the processes involving the Si-CHA
+ azeotrope interactions, both the zeolite andalkhehol/water solution were firstly investigated
separately under pressure. The results obtaineck ghat both KO and ethanol penetrate Si-CHA
porosities even at;R, However, while in these conditions theQH/ethanol ratio adsorbed inside
Si-CHA is similar to that of the external azeotropa@ution, under pressure the zeolite extra-

framework content corresponds to a composition mucher in HBO than the azeotrope one.
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Hence, our results suggest that a dehydrationteftamirred on the azeotrope solution, promoted by
pressure. In addition, the experiment performetesd the elastic behavior of Si-CHA with a non-
penetrating pressure transmitting medium intergbtimdicates that Si-pure chabazite is the most

compressible zeolite among those up to now studisdicone oil.

Highlights:

* Both HO and ethanol molecules penetrate Si chabaziter gmessure.

* Pressure promotes the dehydration of ethanol/veatotrope solutions through adsorption
in Si chabazite.

» Sichabazite compressed in silicone oil displagbase transition rhombohedral/triclinic at
about 1.42 GPa.

» Sichabazite is one of the most compressible z=olit

Keywords:. Si chabazite, high pressure, synchrotrositu XRPD, ethanol dehydration, DFT

calculations.
1. Introduction

The shape selective properties of zeolites arbeabasis of their success in adsorption processes
and catalytic activity. All these applications degeon the size and shape of the porous network of
the zeolite and on its chemical nature. One ofcti@lenges in renewable energy fuel production is
the purification of ethanol from water. Since thefbel products are typically dilute alcohol-in-
water solutions, an energy efficient alcohol-wateparation technology is required to generate
fuel-grade alcohols. The use of zeolites for ethlarater separation has been widely explored in the
last years [1] [2]In particular, hydrophilic zeolites are suited thee separation of water from
alcohol. For instance, zeolite A membranes are @ethdustrial-scale dehydration of ethanol to
produce fuel-grade ethanol [3Dn the contrary, hydrophobic zeolites are in gahexploited for
removing ethanol from water, when ethanol is th@amty component €.g. MFI silicalite and
ZSM-5 [4]). While the water/ethanol separation thamol rich solutions by hydrophilic zeolites is
extremely effectived.g. LTA membranes [5]), the ethanol/water separatioriop@mances in kKO

rich solutions operated by hydrophobic zeolitesd®tnitely worse. This is due to the presence of
silanol defects, or Al hydrophilic sites - accidait present in “nominally silicatic* zeolites -

which favor the adsorption of water molecules dgitime purification process.
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In the last years, high attention has been devtiethe interaction of water with hydrophobic
porous matrices, both in term of applied [6][8] and fundamental research [9] [10]. It was shown
that water can be intruded under pressure into dpjarbic zeolites by using water/alcohols
mixtures as pressure transmitting media [11]. bgBngly, it has been demonstrated that the
hydrophobic all-silica zeolite ferrierite @@D;2) (Si-FER), once compressed in an alcohols/water
mixture - 16:3:1 methanol/ethanol/water — showséigaffinity for water than for alcohols. Under
such conditions, only water enters the two-dimemsid2D) channel system of ferrierite forming
stable aggregates [10jnother very interesting result was obtained imdgahe intrusion of an
ethanol/water solution richer in water (ethanoliteva= 1:3) into Si-FER under pressure: both
components penetrate zeolite cavities, but thepageegated in different channels. While the water
molecules occupy only ferrierite 6MR channels, #tleanol molecules are located in the 10MR
channels, with the C-C bonds nearly perpendicwathe channel axis, thus forming wires of
hydrogen-bonded dimers [9]

These results indicate that the combined effectgre$sure and shape constraints can induce the
formation of organized arrangements of small mdescun the zeolite porosities and build
structural complexity in two dimensions. Such araomlecular shaping effect, combined with the
irreversibility of the encapsulation process, cobla more general feature of the high-pressure
behavior of open-framework silicates [12], with pide implications of broad technological
relevance for other classes of porous materialduding hybrid-zeolites, ordered mesoporous
(organo) silicas, and MOF’s [13].

To better understand the zeolite shape-directirigpradn separating strongly hydrogen-bonded
liquid mixtures into their constituents, the infhee of different framework geometries should be
considered. For this reason, we decided to invastighe behavior of all-silica zeolites with a
tridimensional channel system characterized byptlksence of large cages. In this paper we report
the intrusion of an azeotrope solution (ethanolatew = 95.63 : 4.37 by mass %) in an all silica
chabazite (Si-CHA) under pressure. We chose thetiayee solution due to its peculiar physical-
chemical properties and to its applicative interésir a comprehensive understanding of the
interactions involving the Si-CHA/azeotrope systeboth the pure zeolite and the azeotrope
solution were firstly studied separately under gues. In situ synchrotron X-ray Powder
Diffraction (XRPD) data were collected in ordernmnitor the structural modifications occurring
during the injection of the fluid. In addition, sm with this study we intend to shed light on the
different affinity of hydrophobic zeolites towarttahol and water under non-ambient pressure, we
have adopted a complementary computational apprdageed, computational chemistry can offer

a microscopic and local viewpoint that may comptheteaverage structural information obtained by
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XRPD experiments. Additionally, the computationppeoach allows one to build suitable model
systems, and extract from them atomistic-level nmfation with predictive value [14]. Important
progress have been made using both simplified appes — designated as “geometric methods”
(seee.g.[15] [16]), and atomistic-level methodologies (@imicould be based on empirical force-
fields [17] [18]or “first-principles” electronic structure appro&sh(see [12] for a recent account on
first-principles methods applied to zeolites). Allese theoretical techniques are nowadays well
known and widely adopted tools in the microporowgeanals communities. The main goals of our
simulations have been to elucidate, at moleculzl)éhe guest—guest and host—guest interactions
and to compare the structural features of the nedfiaggregates with the emblematic case of Si-
FER. Our integrated experiments and simulationsvahat a full separation of water from ethanol
does not occur in the CHA cavities. Yet, we obsawentriguing phenomenon that, to the best of
our knowledge, has been never disclosed to date:ptiessure promotes dehydration of the
azeotrope solution remaining after compression hef reolite, and we provide a plausible

motivation of its molecular-level cause.

2. Materialsand Methods

21  Chabazite Structure

Chabazite framework can be described as an ABCeseguof double 6-rings (D6R) of tetrahedra
linked through single 4-rings [19]. The resultifgee-dimensional pore system presents cages (3
per unit cell) with 8MR pore openings of 0.38 nmH@cage). The topological symmetry,
corresponding to real symmetry, in Si-CHA is rhoinédralR3m.

2.2  Sample Preparation

Pure Si-CHA was synthesized using the method regdny Diaz-Cabanas et al. [20], and then
characterized by different techniques (thermogratim analysis, nitrogen adsorption—desorption
and ?°Sj solid-state NMR spectroscopy), as reported itaitlén the paper of Confalonieri and
coworkers [21]. Si-CHA used in this work has cheathformula SicO7, - 1.5H0, R3m space group
and unit cell parametess=13.5453(2) A, c=14.7636(5) A, V=2345.87(8)) ASilanol defects were
detected by°Si solid-state NMR spectroscopy and quantifiechas7% of the totei®Si signal [21].

2.3  XRPD data Collection
In situ HP-XRPD experiments were performed compressinGtbh in a modified Merrill-Basset
Diamond Anvil Cell (DAC) [22], using as Pressureaitsmitting Medium (PTM) the azeotrope
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solution ethanol : water = 95.63 : 4.37 (by masda#eled from now on EtOH96). To test the

response of Si-CHA framework under pressure, newagstigated up to now, we performed an
experiment using silicone oil (labeled from now ®.) as non-penetrating PTM. The powder
patterns of Si-CHA compressed in EtOH96 were ctliérom Ry,to 2.66 GPa and upon pressure
release at 0.37 GPa, while those collected invgave recorded from Rpto 6.71 GPa and after
pressure release up at 0.37 GPa. To check thephegisure behavior of EtOH96 — never used to our
knowledge as PTM — a further HP-XRPD experiment wasducted on the azeotrope solution
collecting data from 0.45 to 5.28 GPa. In all datdlections, ruby fluorescence method on a
nonlinear hydrostatic scale [23] was employed tibzte the pressure (estimated error 0.05 GPa
[24]). The experiments on Si-CHA were performe&B94-MSPD beamline of ALBA synchrotron
(Barcelona, Spain). Two-dimensional patterns wetkected on a CCD camera SX165 (Rayonix),
with a sample-detector distance of 160 mm, usifigeal wavelength of 0.5340 A and 50 seconds
collection time. The experiment on EtOH96 was pened at SNBL1 (BM0O1) beamline at ESRF
(Grenoble, France). Wavelength was fixed at 0.68202and Pilatus IP detector (with pixel
dimensions of 172x172 pm) was positioned at a nitgtaof 239 mm. Each point collection lasted

50 seconds. Table 1 reports the pressure valwesieth the systems were investigated.

24  DataAnalysis

Collected images were integrated using Dioptaswswé [25]. Crystal structure of Si-CHA
compressed in EtOH96 and in silicone oil at ambjeissure was refined by Rietveld method,
using GSAS [26] package with the EXPGUI interfa2&][ The rise of one new peak at 1.42 GPa
for Si-CHA compressed in s.o. indicated the occweeof a phase transition. This pattern was
indexed using Expo2014 software [28] and the redulficated a transition froR3m to P1 s.g..

The obtained cell parameters were refined by GSASelgram [29] using Le Bail method only up
to 3.47 GPa due to the partial amorphization of #aenple at higher pressure, which was
maintained after pressure release too. The uripegameters of Si-CHA compressed in EtOH96
were determined for the whole pressure range imgagsti and upon pressure release to 0.37 GPa.
The structural refinements were performed only .84 GPa and upon decompression to 0.37
GPa, due to the low quality of the patterns coldcat higher pressure. Since no phase transition
occurred, theR3m s.g. was adopted for all the structure refinememgsg as starting model that
proposed by Confalonieri and coauthors [21]. Thdiler fittings were performed between 2.5 and
26.520 refining scale factor, a Chebyshev polynomial vthcoefficients for the backgroun2h-

shift and unit cell parameters. Peak profile was refisetting the peak cut-off as 0.1% of the peak
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maximum and choosing the Thompson pseudo-Voigttiomd30]. Framework atoms positions
were constrained imposing the Si-O distances t6 A.@e.s.d. 0.02 A) and the relative weight was
gradually decreased during the refinements. Fodifeearence map was inspected in order to locate
the extra-framework species. The evaluation ofahgles and the distances occurring between the
maxima of the electronic density allowed distinging H,O molecules from ethanol ones. In
addition, the identification of alcohol moleculeasvalso validated by the good agreement between
the refined fractional occupancies of carbon angiger atoms belonging to the same ethanol
molecule. Restrains, softly weighetk-10-100), were applied to distances and angles dsstw
atoms belonging to a single ethanol molecule. Freonle oxygen thermal parameters were
constrained to the same value and then refined séhee strategy was used for carbon and oxygen
atoms belonging to ethanol molecules and for oxygems of HO molecules. The details of
structural refinement parameters are reported Weral of the Supporting Information. Unit cell
parameters are reported in Table S2 and in Takded® Figure S1, for Si-CHA compressed in
EtOH96 and s.o., respectively. Coordinates, ococtypdactors, thermal parameters and bond
distances of Si-CHA compressed in EtOH96 (in DAGPat, 0.20 GPa, 1.84 GPa and 0.37 GPa
(rev)) are reported in Tables S3, S4. Observedcahzllated profiles of the refined patterns are
shown in Figure S2, S3, S4 and S5.

2.5 DFT calculationsand First principles molecular dynamics simulations

Within the Density-Functional-Theory (DFT) formats we have modelled the Si-CHA zeolite
using a widely adopted exchange correlation funeti¢31], jointly with D2-dispersion corrections
[32]. Such a “PBE-D2” combination of density furactal approximation /dispersion correction has
been widely used in silicate modeling, ensuringpadgaccuracy/cost compromise. Indeed, whereas
recent benchmark studies [33] indicate slightlytdretesults for the (dispersion-corrected) PBE-sol
approach in the computation of zero-K structuratapeeters of neutral zeotypes, (dispersion-
corrected) PBE works slightly better in the casalaminophosphates [34]. Our choice of selecting
PBE-D2 for the present investigation is justifigdtbe fact that, in the case of the pressure-indluce
water-ethanol incorporation in Si-FER [9] [35],4lheoretical approach provided an average room-
temperature framework structure in very good agerenwith the X-ray refinements (see [9]).
Moreover, this theoretical protocol has been usedthé modeling of several important processes in
porous materials, from high-pressure phase tramsit{36] [37], to high-pressure effects of the
extraframework content [3§B4], or zeolite-based light harvesting materi@9][[40] [41] even at

the GPa-compression regime [42], and has beenatetidby extensive benchmark studies on
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zeolite frameworks [43] [44] [45] [33]. In the cheys computational approach, the electrons - ionic
cores interactions were described by pseudopotemtiahe ultrasoft type [46] for O, C, H atoms,
while a norm conserving pseudopotential with nowedir core corrections [47] [48] [49] was used
for Si.

Calculations with the CPMD code were performedtstgrfrom the experimental cell parameters
obtained from X-ray refinement at 1.84 GPa (a=b543.A; c=14.6742 A, gamma=120). The size
of the cell allowed for considering only the GamPRwint in the Brillouin zone sampling [50]. The
initial configuration for the First principles malalar dynamics (FPMD) simulation was built using
as a guess the atomic positions provided by thayXrefinement at 1.84 GPa, and selecting those
corresponding to 12 ethanol molecules and si® Irholecules. The unit cell stoichiometry of the
model was therefore [&0;,]*12EtOH.6H0O. FPMD was executedia the Car-Parrinello (CP)
approach [51] in the NVT ensemble. We selectedK3@8 target temperature, and performed, after
about 10 ps equilibration, a production run of 32uging Nose-Hoover thermostats [52] [53]. The
CP equations of motion were integrated with a tstep of 5 atomic units, and a fictitious mass of
500 atomic units for the wavefunction coefficienfBhe wavefunctions were expanded in
planewaves up to a 25 Ry cutoff (200 Ry cutoff ttee electronic density). The use of the present
computational setup for FPMD simulations is justifiby the successful description of the finite
temperature behaviour of technologically relevargaaic-inorganic systems [54] [18] [55] [56]
[57], including zeolites at high temperature andsgure conditions (e.g., [58] [59] [60] [61]) Note
that, apart from the cell parameters (that werd k®pd along the simulation), no constraints were
imposed to the atomic positions during the FPMDsrulll atoms were left free to move, and the
symmetry of the system was fully unconstrained. iiii@mum energy structure was calculated by
performing, with the BFGS algorithm, the geometptimization of different structures extracted
along the simulation and selecting the one withltlheest energy. In the geometry optimizations,
we considered convergence achieved when the maxifonoms on the ions were lower thaxl§*
Hartree/Bohr [50]. Calculations were performed withe CPMD code [62]. Graphical
representations of the structures obtained fromctieulations have been created with the VMD

code (freely available at https://www.ks.uiuc.edu/)

3. Results and Discussion

3.1. High Pressure behavior of Si-CHA in silicone oil
Figure 1 shows the diffraction patterns of Si-CH#npressed in s.0. A phase transition frRBm
to P1 s.g. is observed at 1.42 GPa, a signal of this fication being the rise of one new intense
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peak at 3.41326. The new cell parameters ar@= 9.59(1) A, b=8.74(1) A, c= 7.70(1) A o=
91.12(1) /= 107.28(3, = 99.92(2),accounting for the cell volum¥=605.8(1) &. A similar

behavior has been already reported for the natlrabazite from Nuova Scotia, where the same

phase transition was observed above 2.1 GPa [63].

The compression of Si-CHA in s.o. induces the beoath and a strong intensity decrease of the
peaks. Triclinic symmetry is maintained up to 3@Pa. Above this pressure the cell parameter
refinement was no more possible. At 5.33 GPa tinepkais almost completely amorphized, the
process is not reversible and the original strattigatures are not recovered upon pressure release
After the transition to the triclinic symmetrg, andb parameters and angle decrease up to the
highest investigated pressure,and £ remain almost constant whilg increases in the whole
investigated pressure range. As a whole, a tothlnve contraction of 17% is observed in the
pressure range;Ry3.47 GPa (Table 2).

On the basis of thiAV variation Si-chabazite results to be the most p@ssible zeolite among

those up to now studied in silicone oil, being esefter than silicalite [64].

3.2.1. High Pressure behavior of EtOH96 solution

Figure 2 shows the diffraction patterns obtainedingduthe compression in DAC of the sole
EtOH96 solution. The initial crystallization of tle®lution occurs at 4.85 GPa and becomes more
pronounced at 5.28 GPa. At this pressure the soluiystallizes into two phases: ethanol and ice
VII [65]. As expected, the presence of water sthpnigcreases the crystallization pressure of
ethanol in solution with respect to the pure alddic®0 GPa [66]). To our knowledge, a phase
diagram reporting the crystallization pressuretbfirol and ice as a function of ethanol/water ratio

is not available in literature.
3.2.2 High pressure behavior of Si-chabazite compressed in EtOH96

Figure 3 shows the powder patterns of Si-CHA cosged in EtOH96 as a function of pressure

and after pressure release to 0.37 GPa.

At 1.20 GPa, some reflections not belonging to BiACraise in the pattern. This new phase
reasonably crystallizes from the PTM, but it wapassible to identify its nature. In fact, the peaks
of this new phase are neither compatible with thokéce phases nor with those of ethanol.

Regardless its nature, this phase disappears upsaype increase.
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Ethanol crystallization occurs between 1.84 andl ZxPa. In the corresponding 2D image, the
diffraction rings appear very textured, but thekppasitions well match those of the pure ethanol at
3 GPa proposed by Allan and Clarke [66]. No evi@snaf ice crystallization were observed, but
this could be due to an ice amount lower than tR€R detection limits.

The evolution of the cell parameters of Si-CHA coegsed in EtOH96 is reported in Figure 4 and
Table S1. Once Si-CHA is contacted with the PTMereat Ry, a contraction along axis and an
expansion along the direction with respect to the original value ob&ad in capillary, is observed
[21]. During compressioma parameter only slightly increases up to 1.84 Gi then slightly
decreases remaining, however, close to the origalak, whilec parameter decreases in the whole
P range. This behavior, as suggested by Gatta,[6@h be ascribed, to inter- tetrahedral tilting
around the oxygens that act as “hinges”. In fast,observed by [63] in a natural chabazite form
Nova scotia, a cooperative tetrahedral anti-rotatiothe D6R unit gives rise to a flattening of the
D6R that leads to the shortening of thexis. Cell volume variation mimics the behavioreof
parameter up to 0.20 GPa and then undergoes ar laogepression as a consequence of the
shortening ott. Upon decompression at 0.37 GPa, both volume alhgharameters almost recover
their original values.

The inspection of the Fourier difference map condithe intrusion of some molecules of the PTM
in the zeolite porosities even ajp Table 3 reports the Si-CHA extra-framework cohtehe
EtOH : HO ratio (expressed as mass %) and the evolutidgheofAvailable Accessible Volume
(AAV) as a function of pressure. The AAV is caldeld at each pressure starting from the
Accessible Volume at Ry, - which is 17.27% of the total cell volume for CHramework type [68]

- and taking into account the number and the volofrtee intruded EtOH andJ @ molecules. The
assumed kinetics diameters are 4 A [69] and 2.80} for EtOH and HO, respectively.

Figure 5 shows the structure of reference Si-CHAnabient conditions [21], and of Si-CHA in
DAC at P, 0.20 GPa, 1.84 GPa and 0.37 GPa (rev). Fromigieef it is possible to appreciate
the P-induced modifications of the average strectuterm of both amount and arrangement of the
extra-framework species penetrated in the CHA cage.

The comparison of Si-CHA reference structure af,f21] with that in DAC evidences the
immediate penetration of two ethanol molecules@idA cage. Taking into account the occupancy
factors of C (the two carbon atoms of EtOH molearke equivalent by symmetry) and O sites, we
can assume that the EtOH molecules are locatedaretjuivalent positions near the threefold axis,
one in the upper part of the cage and the otheriortee lower part. At the same time,®
molecule, originally present in W2 position in tRg., structure [21], migrates in W1 site, into the

8MR window, while the total D amount increases from 1.5 to 3.11 molecules piercell (Table
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S3). No interactions are established between alcahd HO molecules, while hydrogen bonds
connect the two EtOH molecules (Tables S4).

Compressing the system at 0.20 GPa induces a fyréimetration of PTM molecules, resulting in a
decrease of the AAV at 13%. FurthesGHpenetrates into the cage, increasing the occydantor

of the original W1 position and accounting for tataf 5.25 molecules p.u.c. At this pressure three
additional alcohol molecules enter the Si-CHA payesccounting for a total of 9 molecules p.u.c
(,e. 3 per CHA cage). Considering the steric hindrarafe EtOH molecules and their
crystallographic relation (they are all equivalemilecules), two of them have to be accommodated
in the upper part of the cage and one in the loame or vice versa. One of the possible
distributions is shown in Figure 5, where the thE#@®H molecules interact each other through the
hydroxyl groups (dashed line in Figure 5). In aidait also a new bond is established between W1
and one EtOH molecule.

At 1.84 GPa, 12 EtOH molecules. 4 per CHA cage, are located in the cage, twoenugbper part
and two in the lower one. The number ofCHmolecules increases and a new position (W3),
appears in the double six-membered ring (D6R). HB® amount inside the zeolite reaches its
maximum value with an ethanol:water ratio equaB@80:19.20 by mass %. The AAV is now
totally consumed. Its negative value in Table Jutifiable on the basis of pressure ability to
induce an extra molecule penetration. In additasreported in literature, chabazite can adsorb as
much as 5.5 molecules of ethanol even at ambiestspre [71], confirming that the volume of the
extra-framework species found at 1.84 GPa is redden At this pressure the guest-guest
interactions are limited: only W1 is hydrogen bashde EtOH via OH,. On the contrary, EtOH
molecules form hydrogen bond interactions with freemework oxygen atoms. This is quite
surprising, since one could expect stronger guessiginteractions with increasing pressure. These
experimental evidences can be explained by thewiolg considerations: i) X-ray diffraction
provides and average view of the crystalline sydtesity, however, could be partially disordered. In
particular, a disordered orientation of the EtOHidoxyls could lead to both guest-guest and host-
guest interactions; ii) the experimental evidendeHsbond interactions between EtOH and
chabazite framework can be due to the presencdamiok defects, evidenced in this sample by
previous NMR studies [21].

Upon decompression at 0.37 GPa, the extra-framewaamkent decreases, leaving free the 34% of
the AAV. The HP-induced adsorption is only partiateversible, since 6.88,0 and 6 EtOH
molecules (2 per chabazite cage), remain in the @bik&s, corresponding to a composition ethanol
. water = 69.04 : 30.96 (mass %). The EtOH molecolecupy the CHA cage interacting through
hydrogen bridges. W1 position is always occupielilevthe double six ring is empty. The®l
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molecules present in W3 migrate to the new posiéhsited inside the cage, interacting with the

hydroxyl of EtOH molecule.

3.3. Modeling results and discussion

In this section the computational results obtainadthe system compressed at 1.84 GPa will be
discussed in comparison to the experimental omeaddlition, the efficiency of CHA in adsorbing
and separating ethanol and water will be compavetthdt of ferrierite, previously studied by our
group [9]. We recall that the FER framework actsaamold, by permanently converting with
subnanometric precision a hydrogen-bonded fluid nefgular supramolecular nanostructures [9].
The experimental results of this work show that Cisfmework absorb both ethanol angCH but
cannot induce a similar separation inside its ckbnn

This behavior can be interpreted on the basise&tmulation results.

Figure 6 shows that the average atomic coordindéeved from FPMD, once symmetrized
according to ther3m space group operations, nicely match the expeteigrrefined structure.
Hence, we may safely trust the atomistic-level rinfation extracted from theory. This will allow
obtaining a picture of the local structure, to empared with the average structure obtained
experimentally. The minimum energy structure, illated in Figure 6d, shows that bothHand
ethanol molecules occupy the CHA cages, and areoggd bonded between each other, according
to what found by XRPD refinement. The space-fillivgn der Waals) representation of the extra-
framework content (Figure 7), clearly shows themfaiatures of the supramolecular organization
in SI-CHA. Indeed, ethanol molecules form dimersich are connected to each otlwea H,O
molecules.

Fundamental quantitative information on the loaglramolecular arrangement of® and ethanol

in the CHA cages is extracted from the radial distion functions g(r), which estimate the average
distance between atoms belonging to guest spedietheo same kind (for example ethanol
molecules), or different kinds @@ and ethanol), as well as the average separatom the CHA
channel walls. As well known, the analysis of tlar @istribution functions between oxygens and
protons is particularly important, because it mayeal the existence of a hydrogen bonding
network within the zeolite pores [72] [73] [74].

We thus examine the g(r) involving oxygen and hgermatoms obtained for Si-CHA relative to
1.84 GPa, which are depicted in Figure 8. It is edmtely apparent that ethanol is hydrogen

bonded to HO molecules: both g(r)’s for the oxygens of two Bt@olecules, and for the oxygens
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of H,O and ethanol (the black and green curves in g@nélave a very neat signal at 2.75 A, which
is the unambiguous signature of hydrogen bonddvimgboth HO and ethanol molecules.

A more careful analysis of the trajectory confirthat such hydrogen bonds involve the ethanol
dimers (similarly to the SI-FER case) and alsgDHnolecules, which connect adjacent pairs of
EtOH dimers. Such a bridging role of®, already evident in the minimum energy structtroK
(Figure 7 and 6d), persists therefore during théemwar dynamics at 300K as well. The peak at
about 3.10 A in panel a), corresponding to th&@COramework ShOWs the presence of some host-
guest interactions, with ethanol H-bonded to tlaenework. Specifically, within 3.2 A, each EtOH
oxygen atom is coordinated to about 3 frameworkgexyatoms.

These features are exactly mirrored by the g(r)’the ethanol’'s hydroxyl protons (Figure 8b),
exhibiting the signal of the covalent O-H bond @.8), as well as a neat signal at 1.8 A,
corresponding to the hydrogen bond between EtOHeoudes in the dimers. Moreover, about 20%
of the EtOH molecules present in the Si-CHA arerbgdn bonded to the framework. Importantly,
whereas no significant interaction between ethanaons and KD was found in SI-FER, herein a
strong peak appears at 1.79 A, indicating that tiea@thanol protons are hydrogen bonded,0.H

By focusing now on kD, the Qo -Oeon 9(r) (black curve in Figure 8c, peaked at 2.75 A)
highlights the already mentioned very strong irdtéom. Note that on average, no hydrogen bond
between HO molecules occurs in chabazite, as indicated leyalhsence of peaks in the O-O
separation range typical of hydrogen-bonded spe@es3.1 A). Last, but not least, the pair
correlation functions of pD’s hydrogens, shown in Figure 8d, exhibits the Gnllamolecular
bond peak at 1.0 A, and na® - H,O interaction. However, ¥ protons can well act as hydrogen
bond donors towards ethanol molecules, as evidelmgede neat peak at 1.81 A (red curve, Figure
8d). Taken as a whole, this analysis has revedledfdllowing important aspects of the local
interactions within CHA: (i) no kO - H,O hydrogen bonds; (ii) strong.8 -ethanol hydrogen
bonds, in which both species may act either asdggir bond donor or hydrogen bond acceptor;
(iif) hydrogen bonds between ethanol molecules.

The first two features, in particular, mark a dédterence of the guest species’ behavior
compared to Si-FER. Whereas the small FER cages laege enough to be filled by “isolated”
square HO tetramers, and interactions with ethanol werdigibte, in Si-CHA the two different
guest species interact strongly with each othed,lemmogeneous clusters of® molecules (KO),
are not formed. Arguably, the lower amount gfOHmolecules incorporated in Si-CHA relative to
ethanol might be one of the factors responsiblthisf phenomenon, as well as the topology of the
CHA framework. Actually, only at pressure of 1.8#& some of the D6R rings are occupied by

one HO molecule. As shown by previous studies, wheninedfin D6R, HO matches so closely
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the geometric constraint of the cavity that its imots coupled to the framework, and free rotation
is no longer possible [75]. On the other hand, @A cages are predominantly occupied by the
ethanol dimers. As suggested by steric consideratfand by a look to Figure 7),8 molecules,
rather than congregate in a cluster, prefer totfanas a bridge between two neighboring ethanol
dimers. Thus, the organization of the intruded tgies Si-CHA might be viewed as an array of
ethanol couples interconnected byCHmolecules, plus some isolatedgHmolecules that occupy
the D6R unit. The surprising strength of theOH-ethanol hydrogen bonds, as deduced from the
analysis of the pair distribution functions, seethas to be related to the propensity ofCH
molecules to bridge neighboring dimeric (EtQH)nits in order to form a continuous, three-
dimensional network of hydrogen bonds extendingadlr the internal architecture of the chabazite
void space (Figure 7). These strong hydrogen baondpt well be among the molecular-level
factors responsible of the intriguing experimefitading outlined in the previous sections, namely,
that at 1.84 GPa the zeolite extraframework contentesponds to a composition much richer in

H,O than that of the azeotrope, even in the absen@#0), clusters.

4. Summary and concluding consider ations

The results of this work show that, when Si-CHAinsmersed in the ethanol/water azeotrope
solution, it immediately absorbs both®and ethanol molecules, even at ambient conditidath
our experimental and computational results dematestithat, despite this zeolite is itself
hydrophobic, the adsorption of alcohol moleculesnmotes HO co-adsorption through hydrogen
bond formation, confirming other literature resyig]. In order to allow the molecules penetration
and accommodation, chabazitaxis undergoes a significant increase, whibkis is reduced with
respect to the original value (Figure 4). This habrais modified when pressure is applied (0.20-
1.84 GPa): as #D and EtOH contents rise, the framework contralcisgec and expands along
axis. This kind of evolution is correlated to thesgion of the EtOH molecules, whose C-C bond
lies nearly perpendicular to the three-fold axicérding to Daems et al. [71], this specific
configuration is adopted by CHA to accommodate lgiounts of guest molecules.

This behavior is different from that observed forfeédrierite compressed in a mixture of
ethanol:water =1:3. In this case, an almost coraeparation between,® and EtOH molecules
occurs [9] with the penetration of the two spedieswo distinct parallel channels. In Si-CHA,
instead, some interactions between EtOH ag@ hholecules are induced by the peculiar chabazite

structure. In fact, the only position that coulddmeupied by HO molecules avoiding any contact
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with ethanol should be inside the D6R. However rg@orted by Confalonieri et al. [21], the
penetration of KO molecules inside the D6R requires a higher pressu

At 1.84 GPa Si-CHA unit cell contains, as a whole4l HO and 12 ethanol molecules,
corresponding to a composition ethanol:water =80%.45 (by mass %).

At 2.44 GPa we observe the crystallization of ethdrom the PTM in the DAC. As discussed
before, a higher pressure (more than 4.5 GPa, €&iguiis necessary to crystallize EtOH and ice
from the EtOH96 solution, while 1.9 GPa are neetiedcrystallize pure ethanol [66]. The
crystallization of ethanol from the PTM outside theolite at 2.44 GPa indicates a rather high
degree of dehydration of the azeotrope solutionnduthe experiment. This is confirmed by the
ratio of the ethanol/ D species absorbed in Si-CHA pores at the highesspre available for the
structure refinement (ethanol:water = 80.55:19 ifnlass %).

In a broader context, it would be of interest tohga further microscopic insight on the process
investigated in this work, especially considerindne t innumerable applications of
hydrophobic/slightly hydrophilic zeolites not only water/alcohol separations [77], but also in
industrial catalysis [78]. In this perspective,uitd joint experimental-computational studies of the
role of the interface on the pressure-induced patieh of fluids in zeolite cavities would be
instrumental in enhancing our knowledge on the raedms of forced intrusion processes.
Importantly, literature studies [79] [40] [41] hademonstrated that non covalent interactions
between zeolite and adsorbate at the pore intefdigea key role in facilitating the physisorption
and then the entrance of potential guests insidétizechannels. Moreover, the flexibility of the
framework - which allows for synchronous host-gugbtational motions - is of utmost relevance

for understanding the guest’s behaviour at the paezface.
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Table 1: Data collection pressure values for thestigated systems.

Si-CHA/EtOH96 Si-CHA/s.o0. EtOH96
Pampin cell RPimb in cell 0.45 GPa
0.20 GPa 1.42 GPa Si-CHA Phase Transition 1.06 GPa
1.20 GPa Unknown Crystallization 1.95 GPa 1.87 GPa
1.84 GPa 2.43 GPa 2.77 GPa
2.44 GPa Ethanol Crystallization 3.47 GPa 3.62 GPa
2.66 GPa 4.13 GPa 4.85 GPa Ethanol Crystallizatio
0.37 GPa (rev) 5.33 GPa 5.28 GPa
6.71 GPa
4.65 GPa (rev)
3.17 GPa (rev)
Pamn(rev)

Table 2: Unit cell parameters of Si-CHA during copgsion in silicone oil. Si-CHA unit cell parametatsambient pressure are

reported in the hexagonal and rhombohedral setting.

Pressure (GPa) S.G. a(A) b (A) c(A) a (°) £ () 7 (°) V (A3
Pamb R-3mH  13.5368(2) 14.7603(5) 2342.38(7)
Pamb R-3mR  9.235(7) 94.26(8) 780.6(6)
1.42 P-1 9.59(1) 8.74(1) 7.70(1) 91.12(2) 107.28(29.92(2) 605.8(1)
1.95 P-1 9.31(4) 8.61(3) 7.86(3) 89.52(5) 110.70(8)04.0(1) 569.3(3)
2.43 P-1 9.25(2) 8.44(1)  7.80(1) 90.08(2) 110.23(305.81(3)  546.8(2)
3.47 P-1 8.88(4) 8.22(2) 7.71(2) 87.87(4) 108.93(7109.40(6)  501.2(3)
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Table 3: Number of ethanol andg® molecules p.u.c. in Si-CHA during compressiokE{®H96 and after pressure

release to 0.37GPa. AAV Available Accessible Volumdreference Si-CHA B.p[21].

H,O EtOH Intruded AAV
Ethanol:Water (%)
ratio
(mass %)
Reference Si-CHA 1.5 96
Pamb
P.mp in DAC 3.11 6 83.15:16.85 40
0.20 GPa 5.25 9 81.43:18.57 13
1.84 GPa 7.41 12 80.55:19.45 -22
0.37 GPa(rev) 6.88 6 69.04 : 30.96 34
80x10° Pamb (rev)
3.17 GPa (rev)
70
4.65 GPa (rev)
6.71 GPa
60
R \/\\x&/\_/‘/_/_sﬂ*
\:', 50 - 413 GPa
E 3.47 GPa

40
243 GPa

20 1.95 GPa

1.42 GPa

20+

30 40 50 60 70 80 90 100 110 120 130 140
2theta (°)

Figure 1: Diffraction patterns of Si-CHA compres$ed.o. as a function of pressure. The star indgthe new intense

peak at 3.41326, indicating the phase transition frad3m to P1 space group.
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Figure 2: Top panel: diffraction patterns of EtOH&§ a function of pressure. Lower panel: diffractimatterns of

EtOH96; at 5.28 GPa compared to the theoreticaépabdf ethanol calculated on the basis of thectire at 3.00 GPa
[66]. The star indicates the strongest peak oVid¢65].
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Figure 3: Diffraction patterns of Si-CHA compressedEtOH96 as a function of pressure and afterqunesrelease to

0.37 GPa. Full dots indicate a not identified phasesent at 1.20 GPa and disappeared at 1.84TBEatars indicate

the peaks ascribed to the crystallization of ethano

1.009
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£ : mO
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by e © A
2 o990 YA r Ny eV
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Figure 4: Evolution upon compression and after sures release of the normalized cell parametersi-&H3\ in
EtOH96 (full symbols: values obtained during congsien, open symbols: values measured upon decosimest

0.37 GPa).
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Figure 5: Structural evolution of the extra-framehvsites into chabazite cage compressed in EtOld36fanction of

the pressure.
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Figure 6: Structural models for Si-CHA at 1.84 GiPajected in they plane. a) Experimentally determined atomic
positions from XRPD refinement; b) Average struetfrom FPMD without symmetry constraints - obtairfiexn the
time-average of the atomic positions of the indiibatoms (with the exclusion of protons) in thaiation cell; ¢)
Symmetrized average structure from FPMD (represeamsedots) superposed to the XRPD structure (repted as
sticks). The symmetrized FPMD average structureatgained by applying the symmetry operations efgpace
groupR3m used in the XRPD refinement to the average at@usitions of panel b); d) Minimum energy structafe
Si-CHA. Atom color codes: Si=yellow; O=red; C= cyat=white; OH,O = blue. The blue solid line is a guide for the
eye and represents the unit cell. The dashed inle tepresent hydrogen bonds.
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Figure 7: Minimum energy structure calculated folCHA using the cell parameters for P=1.84 GPawshwith

van der Waals (space-filling) representation ofékraframework content. The minimum structurerigjgxted in the

xy plane (a) and in the yz plane (b). The CHA fraroek hosts a continuous supramolecular aggregat&t©H and

H,0, featuring ethanol dimers as building units. Nt HO molecules act as a bridge between adjacent Ei®ird

units, forming strong hydrogen bonds (cfr. Figurd).6The framework is represented as yellow ball-sticks

(framework oxygens are not shown). Color codesy&lsw; O(EtOH)=red; CH,O =blue;C= cyan; H=white.
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Figure 8:Pair correlation (or radial distribution) functiog§) calculated from the 300K simulation of Si-CHA
-12EtOH- 6HO relative to P=1.84 GPa. The g(r)’s refer to: #)dhol oxygens; b) Ethanol —OH protons; ¢IoDH

oxygens; d) HO hydrogens.
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