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est–host relationship for zeolite Y:
a synergistic structural and theoretical
investigation

Agnieszka Seremak, a Ruben Goeminne,b Izar Capel Berdiell, a

Lars F. Lundegaard,*c Veronique Van Speybroeck b and Stian Svelle *a

Understanding the mobility and distribution of cations in the presence of additional guest species within the

zeolite framework is inherently very complex because several thermal and chemical processes occur

simultaneously. In this study, the dehydration of zeolite Na-Y was studied using in situ powder X-ray

diffraction (XRD). The crystal structure parameters, both the evolution of lattice parameters and the

occupancies of sodium at specific positions in the model, were monitored upon heating. A

complementary computational study was performed to understand interactions between the framework,

cations, and water at the molecular level. Grand Canonical Monte Carlo (GCMC) simulations provided

initial insights into water adsorption. Machine Learning Potentials (MLPs) were then trained to the ab

initio Potential Energy Surface (PES) using a deep neural network, modeling the dynamics of the

framework and cations at various water loadings. Strong agreement between computational results and

experimental data reveal that upon dehydration, zeolite Na-Y initially contracts due to water removal, but

subsequently expands as sodium cations migrate to the double 6-membered rings (site I). This study

demonstrates significant benefits of integrating parametric Rietveld refinement and Machine Learning

assisted Molecular Dynamics simulations in understanding dynamic behavior of guest molecules in

nanoporous materials at operating conditions and interpreting complex and convoluted experimental data.
Introduction

Zeolites are crystalline aluminosilicate materials characterized
by their three-dimensional porous structures, enabling their
use in a wide range of industrial applications including: catal-
ysis, adsorption, and ion exchange.1 The zeolite framework is
dened as tetrahedral units of silicon or aluminum atoms
linked by oxygen atoms (TO2). The presence of aluminum (Al3+)
within the structure introduces a net negative charge, which is
counterbalanced by cations such as protons, alkali metal ions,
or transition metal ions. These counter ions are situated in the
pores and voids and are usually mobile. Zeolites can be orga-
nized into numerous frameworks and there are currently 258
known topologies.2

The faujasite type zeolite is commonly used in catalytic
applications, particularly in uid catalytic cracking. Faujasite
belongs to the cubic crystal system, with a unit cell parameter of
approximately 24.7 Å. A low-silica faujasite is referred to as
zeolite X, while a high-silica variant (Si/Al > 2) is referred to as
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zeolite Y. It contains three distinct types of cages through which
counter ions can migrate: double six-membered ring units,
sodalite cages, and 12-membered ring units oen called the
supercage (see Fig. 1). Several cationic sites within the faujasite
framework have been identied. Site I is found in the double
six-membered rings, while site II is located in the supercage
adjacent to the hexagonal face of a sodalite cage. Additionally,
site I0 and site II0 are situated within the sodalite cage, where site
I0 is adjacent to the double six-membered ring and site II0 is
adjacent to the hexagonal ring shared with the supercage.3

Sodium faujasite is a precursor for various faujasite-type
zeolites and has been extensively studied experimentally and
with molecular mechanics to understand cation mobility in
relation to zeolite hydration.4–10 Mortier et al.4 employed powder
X-ray diffraction to determine the location of sodium cations in
zeolite Na-Y upon water adsorption at various temperatures.
Their renement procedures identied preferred sodium
occupied sites in hydrated and dehydrated samples, concluding
that the presence of water enhances Na occupancy at site I0

while reducing occupancy at sites I and II. These results were
reinforced in a computational study by Beauvais et al.,5 who
used replica-exchanged canonical Monte Carlo simulations to
model water adsorption into Na-Y zeolite, maintaining a rigid
framework while permitting sodium cation mobility. Results
from their work provided numerical evidence of cation
J. Mater. Chem. A, 2025, 13, 35755–35764 | 35755
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Fig. 1 Graphical representation of a faujasite-type zeolite structure.
Colored circles represent different sites between which the counter
ions migrate depending on the hydration state of the zeolite.
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redistribution dependent on water content and indicated that
increased hydration results in the migration of cations from site
I to site I0. The group led by Boutin7 further explored cation
redistribution upon dehydration of Na58Y zeolite through
neutron scattering and Monte Carlo simulations, observing
consistent experimental and computational results regarding
changes in cation locations with decreasing water content.
Discrepancies between experimental and computational results
at high water content were primarily linked to limitations in
force elds and the need to consider framework exibility.

Previous studies, in addition to the improved understanding
of zeolite framework exibility,11 demonstrate the need for
continued investigation attributed to the inuence of guest
species on the zeolite framework with methodology beyond
a force eld approach. Further, a combined experimental and
computational approach will enable the most thorough exam-
ination of these phenomena. Experimentally, in situ X-ray
diffraction (XRD) is a particularly sensitive method for
probing these interactions. It enables real-time monitoring of
crystal structure parameters and identication of sodium
occupancies through Rietveld renement. However, achieving
quantum-level computational accuracy in studying these inter-
actions is computationally heavy due to the complexity and size
of the zeolite Y model. Therefore, we employ a novel, cost-
effective approach to overcome these challenges. By training
an accurate Machine Learning Potential (MLP) with a water
adsorption dataset generated using Grand Canonical Monte
Carlo (GCMC) simulations, we were able to accurately model the
intermolecular interactions at an accelerated computational
speed. With the MLP we studied the dynamics of the dehydra-
tion process and cation migration at various temperatures. The
combination of the in situ XRD technique with these comple-
mentary simulation methods allows us to examine both the
35756 | J. Mater. Chem. A, 2025, 13, 35755–35764
mobility of cations and water within the zeolite, as well as the
dynamic response of the zeolite framework. Our ndings reveal
an unusual structural behavior of the zeolite framework, asso-
ciated with the mobility of cations to specic sites within the
structure. The insights gained from our combined experimental
and computational approach contribute to a deeper under-
standing of the nature of sodium zeolite Y and its relationship
with water molecules. Understanding of the non-monotonous
behavior of Na-Y upon dehydration allows to interpret experi-
mental data with greater precision.
Methodology
Experimental

Catalyst characterization. The catalyst was provided by Zeo-
lyst International (CBV 100) with silicon to aluminum ratio of
2.55, corresponding to 54 Al sites per unit cell. The amount of
water in the catalyst was quantied by TGA on a Netzsch STA
449 TG. Approximately 20 mg of catalyst was heated under 25
ml min−1 of synthetic air to 800 °C at a rate of 10 °C min−1.
Total mass loss until 300 °C is assigned to water release.

In situ synchrotron radiation powder X-ray diffraction (SR-
PXRD). Powder X-ray diffraction (PXRD) data were collected at
the DanMAX beamline of the MAX IV Laboratory in Lund,
Sweden, with a wavelength of 0.496632 Å, using a DECTRIS
PILATUS3 X 2M CdTe area detector. The wavelength was
determined from individual runs with Si standard. The capillary
reactor (0.7 mm OD borosilicate glass) was mounted on a Swa-
gelok connected clamp on top of the hexapod stage capable of
translations for alignment.12 The data were azimuthally inte-
grated to one-dimensional powder patterns with in-house so-
ware with a 2q range from 0 to 33°. For in situ dehydration
experiments, the capillaries were mounted with one end open to
atmospheric air and heated from 50 °C up to 400 °C at 5 °
C min−1 while owing 10 ml min−1 of helium. PXRD patterns
were continuously recorded on a single point in the capillary
with an extremely fast time resolution (6 scans per s). The
selected scans were analyzed by parametric Rietveld rene-
ment13 using TOPAS soware14 and rened unit cell parameters
were extracted. While the T-atom of the framework, sodium and
water (dummy oxygen atoms) atomic positions were xed, the
oxygen atomic positions of the framework were allowed to move
by using bond length and angle restraints and constraints.
Occupancies of sodium and dummy oxygen were calculated in
the renement. The water content was estimated from the
dummy oxygen occupancies considering that a correction factor
of 0.89 is needed since the model does not include hydrogen
atoms. A full list of rened parameters and results can be found
in SI S2.
Computational

Training dataset generation (GCMC methods). To estimate
the degree of water loading at various temperatures and to
create an extensive dataset necessary for training machine
learning potentials (MLPs), we employed the Grand Canonical
Monte Carlo (GCMC) methodology, wherein the temperature,
This journal is © The Royal Society of Chemistry 2025
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Table 1 Root mean square errors in energy [meV per atom] and forces
[meV Å−1] from MD simulations trajectories obtained using MLP and
with respect to the PBE+D3 reference

Energy Forces

12 59 This work
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volume, and chemical potential of the system remain constant.
GCMC simulations were performed using the open-source
RASPA code.15 The zeolite model has Si/Al = 2.55 with Al
randomly distributed, following Lowenstein's rule.16 Lennard-
Jones potentials described the van der Waals interactions
between guest–host and guest–guest molecules using previously
reported parameters,17 the all-atom TIP4P model was used for
water18 and atomic charges were taken from the work by Jar-
amillo et al.19 This approach effectively captures non-bonded
interactions, providing accurate qualitative insights into the
adsorption behavior of guest molecules, as supported by
previous studies.20,21 All details of GCMC simulations can be
found in SI S3.

The GCMC simulations provided an initial guess of number
of water molecules at various temperatures. Additionally, from
GCMC 475 structural snapshots with different water loadings
were extracted to construct the MLP training set.

Machine learning potentials training. An active learning
approach was used to train MLPs using the psiow simulation
engine.22 The neural network (NN) interatomic potential model
architecture used was MACE,23 a type of equivariant message-
passing graph NN. Random perturbations to the atomic posi-
tions and cell parameters were applied twice to each of the
training structures obtained with the GCMC method, resulting
in 950 new snapshots. An initial MACE MLP was trained using
these new structures, labeled with the energy and force calcu-
lated using Density Functional Theory (DFT).

This initial MLP was used to start four sets of active learning
loops, where MLPs are iteratively trained and applied to
perform MLP MD simulations at increasing temperatures to
explore the phase space. The rst three iterations of MLP NPT-
MD were conducted at 200 K and run for 0.1 ps. Then, ve more
iterations of MLP NPT-MD were run at 500 K for 1.5 ps, followed
by three iterations at 700 K for 1.0 ps. Finally, three iterations at
900 K for 1.0 ps were performed. Aer each iteration, the nal
MD snapshot was recomputed with DFT and added to the total
training set. More details of the MLPs training with the sche-
matic explanation of active loop are provided in the SI S4 and
Fig. S1.

All DFT evaluations were performed using version 8.2 of the
CP2K simulation package.24 The Gaussian-type pseudo-
potentials Goedecker–Teter–Hutter (GTH)25 with the PBE
exchange–correlation functional,26 Grimme D3 dispersion
corrections,27 and TZVP MOLOPT basis set28 were applied. The
plane-wave cutoff energy was set to 1400 Ry to ensure energy
and force convergence.

MLP NPT-MD simulations. MD simulations with trained
MLPs were performed using OpenMM soware in the NPT
ensemble.23,29 Temperature and pressure were held constant,
with a timestep of 1.0 fs. Each simulation was run for 400 ps
(400 000 MD steps). The temperature was controlled using
a Langevin thermostat with a time constant of 100 fs, and the
pressure was controlled using a Monte Carlo barostat with
a time constant of 1 ps. Information about energy, temperature
and unit cell volume were recorded every 100 steps. Trajectories
were recorded every 1000 steps.
This journal is © The Royal Society of Chemistry 2025
Identication of sodium occupancies and unit cell param-
eter. Sodium occupancies were calculated as an average from
the last 100 trajectory snapshots of MLP NPT-MD simulations.
To classify the position of each cation, a distance-based method
with a specied cutoff radius for each reference position is
applied. The cutoff distances were chosen dependent on the
cation site: site I – 1.8 Å, site I0 – 2.0 Å, site II0 – 2.0 Å, site II – 2.4
Å. These cutoff values allow the classication of cation positions
into known sites based on their proximity, or they leave the
positions unclassied if they lie outside these dened bound-
aries (SI S5). The coordinates for each site position are derived
from Rietveld renement analysis.

The unit cell parameter was calculated as an average of the
data recorded in the last 100 ps of the MD simulations. It was
assumed that the symmetry of the framework remained
unchanged, and that the zeolite Na-Y maintained a cubic
structure throughout each MD simulation.
Results and discussion
Assessment of MLP validity

To validate the computational predictions for the Na-Y zeolite
generated by the MLP model, we executed a validation protocol
based on the methodology outlined in SI S12. In short, MLP
energies and forces of the snapshots extracted from the MLP
MD simulations were compared with those recomputed at the
DFT level of theory. The calculated root mean square error
(RMSE) values for energy and forces, are presented in Table 1.
The RMSE values of 12 meV per atom for energy and 59meV Å−1

for forces were derived. While these values are comparable to
those reported by Erlebach et al.30 we recognize that the energy
error is relatively high, which could be attributed to the limited
size of the initial training dataset. A small dataset may not have
adequately captured the full range of congurations and inter-
actions present in the system. Despite these limitations, the
comparison with experimental data, as explained below,
suggests that the trained MLP model effectively captures the
complex dynamics of zeolite Na-Y, including cation and water
mobility. Specic error values for each trajectory comparison
are documented in the SI, Fig. S10.
Water quantication during zeolite Na-Y dehydration

Prior to discussing the water content of the as-received zeolite, it
is essential to note that the elemental analysis conducted via
energy-dispersive X-ray spectroscopy (EDX) revealed a composi-
tion that closely aligns with the expected values (SI S12). This is
further corroborated by solid-state 27Al-NMR measurements,
5.3 186 Ref. 30

J. Mater. Chem. A, 2025, 13, 35755–35764 | 35757
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which indicate that the crystalline structure of the material is
nearly ideal (SI S13). The initial water content of the as-received
zeolite Na-Y, as determined by TGA, was approximately
21.75 wt%, which corresponds to roughly 196 water molecules
per unit cell. At 50 °C the same zeolite contained around 187
water molecules per unit cell (SI S6, Fig. S3). Water molecules
were also identied and quantied through parametric Rietveld
renement of data obtained from in situ X-ray diffraction, and
using three distinct positions predominantly occupied by
adsorbed water molecules previously introduced by Agostini
et al.31 (SI S9). The XRD experiment identied 245 water mole-
cules per unit cell at the initial 50 °C temperature. The
discrepancy between TGA (187) and XRD renement (245) water
quantication results is reasonably small and can be attributed
to experimental errors of both techniques, as well as the varia-
tions in external conditions, such as humidity. The known
hydrophilicity of zeolite Y, in combination with differing
conditions during TGA and in situ XRD, and relatively large
uncertainty of the calculated water content from XRD, accounts
for varying numbers of adsorbed water molecules.

To have a proper estimate of the number of adsorbed water
molecules in terms of temperature, multiple GCMC simulations
were conducted, and the average water content was recorded
following system equilibration. Apart from directly comparing
the changes in water content both from theory and experi-
ments, a proper assessment of the number of adsorbed water
molecules and their position is necessary to initiate the MLP
training. At an initial temperature of 50 °C, the H2O content was
determined to be 183 molecules per unit cell, closely aligning
with TGA calculations and similar in magnitude to the data
obtained from Rietveld renement.

When comparing the rened and simulated changes in
water content as temperatures increase, both methods exhibit
an exponential decay pattern, with a steeper slope seen in the
Rietveld renement results compared to the GCMC simulation
outcomes (Fig. 2). Thus, the dehydration process as simulated
using our force-eld method is slower compared to the experi-
mental analysis. These differences in decay rate could be
attributed to variations in the partial pressure of water vapor
Fig. 2 Changes in number of adsorbed H2O molecules into zeolite
Na-Y as calculated from Rietveld refinement and from GCMC
simulations.

35758 | J. Mater. Chem. A, 2025, 13, 35755–35764
between the simulations and the XRD dehydration experiment,
during which the vapor partial pressure was not controlled or
measured. It is also possible that the force eld description
used in the GCMC simulations might overestimate number of
adsorbed water molecules at higher temperatures. Overall, the
qualitative match is excellent, and the quantitative match is very
good given the approximations made in the simulations and the
limitations of the experimental techniques.
Sodium cations and water distribution

Rietveld renement was also applied to estimate the relative
occupancies of each of the established Na sites within the
faujasite-type framework.32 This approach enabled the calcula-
tion of sodium occupancy at each of the identied sites
throughout the duration of the zeolite dehydration. The evolu-
tion of the relative occupancy during the dehydration process is
plotted in Fig. 3A. As dehydration progresses, migration of
sodium cations is evident. The initially vacant site Na I
increasingly accumulates cations within the double six-rings
and surpasses 0.5 relative occupancy when zeolite is fully
dehydrated. This migration is balanced by the decrease of
occupancies at sites Na I0 and Na II0. The relative occupancy of
Na I0 declines from over 0.75 to around 0.4, while Na II0 tran-
sitions from half-occupied to empty as dehydration proceeds.
Based on MLP NPT-MD simulations, further insights into the
relative occupancies of sodium sites and water molecules were
assessed. The results are shown in Fig. 3B. In the fully hydrated
state, sites I0 and II are nearly half-occupied, site II0 has a low
occupancy of around 0.13, and site I is empty of cations.
Approximately half of the cations in the unit cell are unclassi-
ed and can be found in the supercage surrounded by water
molecules. As water content in the zeolite Y system decreases,
the number of unclassied sodium cations drops signicantly,
site II0 becomes unoccupied, and sodium is found more
frequently at sites II and I with relative occupancies of 0.75 and
0.33 respectively upon complete dehydration. Both experi-
mental and computational results reveal preferences of sodium
cations to occupy specic conventional sites at different
hydration states of the zeolite Y.

An additional analysis of the cations and water molecules
mobility was performed by analyzing their mean square
displacement (MSD). Self-diffusion coefficients of sodium
cations and water were obtained from the MLP MD trajectories
using the Einstein relation, as implemented in the MDAnalysis
Python library.33–35 The MSD curves and corresponding self-
diffusion coefficients are reported in SI S7, Fig. S5 and S6.
The analysis revealed that water molecules exhibit greater
mobility compared to sodium ions. This observation is attrib-
uted to the presence of preferred cationic sites within the zeolite
material, which inhibit sodiummobility by positioning it either
surrounded by water molecules or close to the zeolite frame-
work. No increase in mobility was observed at elevated
temperatures. Two main factors can be associated with this
thermodynamically counterintuitive phenomenon. First, the
reduced number of water molecules will very likely lead to
a reduction in water assisted cationic mobility. Second, the
This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Relative occupancy of each type of Na+ cation per unit cell obtained from (A) the Rietveld refinement and (B) from MLP NPT-MD
simulations, as a function of temperature during dehydration, with the grey line indicating the number of unclassified sodium cations. (C)
Schematic representation of the changes in the cationic distribution and water content at low temperature and at high temperature.
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increased sodium ions population of sites I and II at high
temperatures: these sites are preferred as they minimize cation–
cation repulsion and are stabilized by strong interaction with
the zeolite framework. Once sodium is located there, the
mobility remains unchanged despite rising temperatures. More
extensive discussion can be found in SI S7.

In order to understand the discrepancies between experi-
mental and computational initial relative occupancies, the total
number of sodium cations per unit cell was examined. Rietveld
renement indicated a decrease in sodium cations from 60 to
45 during dehydration (SI S8). This reduction, unlikely to result
from actual cation removal, is attributed to the difficulty of
capturing all the real sodium positions with a simple average
model containing only 4 sodium sites (I, I0, II0 and II). Thus,
some of the electron density that was identied as sodium
Fig. 4 Snapshots focusing on the same sodalite cage and D6R, capt
temperature (300 °C). Each snapshot was taken at 385 ps during the ML
accounted for in the Rietveld refinement model, resulting in discrepancie
experimental and computational data.

This journal is © The Royal Society of Chemistry 2025
cations may actually correspond to water molecules, hence the
observed reduction in sodium count. In this study, atomic
coordinates for dummy oxygen atoms, representing H2O
molecules, were employed at three distinct supercage sites (SI
S9) and the model proposed by Agostini et al.31 was applied.
However, the MLP NPT-MD trajectories at high water content
indicated water presence also in the sodalite cage (Fig. 4), a site
not considered in the Rietveld renement model. This indicates
that the discrepancies in relative occupancies at low tempera-
tures between experimental data and simulations can be
attributed to two factors. First, the misidentication of water
molecules in the sodalite cage as sodium cations during XRD
data postprocessing. Second, the absence of sodium cations
located in the supercage in the Rietveld model, which were
detected during MLP MD simulations. This demonstrates the
uring the presence of water within the sodalite cage, even at high
P MD simulation. The presence of water in the sodalite cage was not
s at low temperatures between the sodium occupancies obtained from

J. Mater. Chem. A, 2025, 13, 35755–35764 | 35759
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Fig. 6 Comparison of changes in the unit cell parameter as a function
of temperature for Na-Y (grey) and siliceous faujasite (beige) with the
same water loading.
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necessity of a synergistic experimental–theoretical approach to
obtain a comprehensive understanding of the system.

While the initial relative sodium occupancies differ between
experimental and computational results, evidence of sodium
cation migration was detected in both the rened XRD experi-
mental data and MLP NPT-MD simulations. As dehydration
progressed, more cations occupied the D6R (site I) and the
supercage close to the hexagonal window to the sodalite cage
(site II), with fewer remaining in the sodalite cage (sites I0 and
II0). This trend was apparent in both experimental and
computational results. Based upon the agreement of both
analyses, as water molecules begin to exit the framework,
sodium cation migration is triggered. Sodium cations prefer to
be tightly coordinated; thus, cations that were previously
stabilized by ion–dipole interactions with water in the super-
cage migrate to more conned environments near the zeolite
oxygen atoms, occupying site II.36 In general, the transport of
sodium cations through six-membered rings is challenging, as
demonstrated by the established practice of partially breaking
apart the as-synthesized zeolite structure through mild steam-
ing to facilitate sodium removal by ion exchange.37,38 However,
the migration from site I0 to I upon water removal is facilitated
by the increase in coordination number afforded by the tight
space in the double 6-ring. It is therefore essential to examine
the volumetric changes of this material to fully comprehend the
behavior of the Na-Y zeolites during dehydration.
Unit cell parameter changes upon dehydration

The evolution of the unit cell parameter of zeolite Na-Y as
a function of temperature is plotted as grey points in Fig. 5, with
data obtained from both XRD renement and MLP NPT-MD
simulations. Both methods reveal identical trends and the
agreement between experiment and theory is excellent. Initially,
as the number of water molecules decreases, a reduction in the
unit cell parameter is observed, which is consistent with the
intuitive contraction upon the removal of molecules from the
system. However, when the number of water molecules is
roughly halved, an unexpected behavior is observed wherein the
unit cell parameter begins to increase.

In the experimentally obtained values, this increase starts at
temperatures above 100 °C, with the cell parameter of the fully
Fig. 5 Evolution of the unit cell parameter (grey) and number of adsorbe
(A) parametric Rietveld refinement, (B) MLP NPT-MD.

35760 | J. Mater. Chem. A, 2025, 13, 35755–35764
dehydrated sample surpassing the values observed when the
zeolite was hydrated at 50 °C. In the computational system, the
cell parameter increases at temperatures above 200 °C;
although, the magnitude of this increase is smaller than the
growth derived from experimental data. Changes in the unit cell
parameter in faujasite zeolite due to increasing temperatures
have been reported previously. However, to our knowledge,
there have been no documented reports detailing an increase in
the cell parameter. In early work by Catlow's group,39 changes in
the lattice parameter upon heating of purely siliceous faujasite
and Na-X zeolites were assessed using high-resolution powder
XRD. Their study demonstrated shrinkage in the zeolite cell
parameter upon heating regardless of the aluminum or sodium
content but did not extend to include the response of the Na-Y
zeolite.

To explore whether cations actively inuence volumetric
changes in zeolite Na-Y, several MLP NPT-MD simulations of
the fully siliceous zeolite Y framework were conducted, with
simulation details provided in the SI S10. Changes in the unit
cell parameter as a function of temperature for both Na-Y and
siliceous faujasite are illustrated in Fig. 6. In contrast to the
increase observed in Na-Y, the siliceous model (beige points)
demonstrates continuous decrease in the unit cell volume
throughout the temperature increase. This behavior is consis-
tent with previously reported XRD studies on siliceous
d water molecules (blue) as a function of temperature. Obtained using

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Evolution of the unit cell parameter (grey) and relative occupancy of site I by sodium (pink) as a function of temperature. Obtained using
(A) parametric Rietveld refinement, (B) MLP NPT-MD.
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faujasite,39,40 thereby validating the MLPs' capability to accu-
rately describe atomic interactions of siliceous faujasite with
water at increasing temperatures. These computational results
indicate that the observed changes in the unit cell parameter for
Na-Y are primarily driven by the reduction in the number of
water molecules and are signicantly inuenced by the pres-
ence of sodium cations. As water molecules exit the zeolite
framework, there is an associated contraction in volume. This
water removal induces cationic mobility, particularly their
migration towards the previously unoccupied site I.

The relationship between changes in the unit cell parameter
and the relative occupancy of site I by sodium cations with
respect to temperature is depicted in Fig. 7. As the occupancy of
Na I increases, transitioning from an initially empty D6R state
to almost half-occupied, the cell parameter of the zeolite
framework simultaneously expands. This phenomenon is
observed through both XRD renement and MLP NPT-MD
simulations. We therefore suggest that, as sodium cations
migrate to occupy the double six-ring (site I), the structural
elements of the zeolite framework adjust to accommodate
them. The attraction towards oxygen atoms and repulsion from
silicon or aluminum atoms alters the T–O–T angle within the
double six-membered ring. The resulting strain in the T–O–T
angle is reected in the expansion of the unit cell parameter of
zeolite Na-Y. These ndings emphasize the critical role sodium
cations play in the structural dynamics of zeolite Na-Y during
dehydration.
Conclusions

The dehydration process and consequent cation migration
dynamics in zeolite Na54Y were investigated by parametric
Rietveld renement of in situ XRD data and effectively
combined with Grand Canonical Monte Carlo simulations and
Machine Learning Potential Molecular Dynamics simulations.
Detailed structural insights were provided by the parametric
Rietveld analysis, allowing us to monitor the evolution of the
lattice parameters and occupancies of guest species as the
temperature increased. Additionally, the role of cation migra-
tion in driving the observed structural changes during dehy-
dration was successfully predicted and resolved through the
This journal is © The Royal Society of Chemistry 2025
integration of GCMC and MLP MD simulations. The predictive
capabilities of MLP MD complemented the experimental
ndings.

Experimental and computational results reveal a sequential
pattern of cell parameter changes during dehydration. Initially,
water removal causes unit cell contraction. Sodium cations,
which prefer coordination, exhibit increased mobility as water
exits the zeolite. Cations that were initially surrounded by water
in the supercage migrate closer to the hexagonal window of the
sodalite cage (site II), driven by the need to coordinate with the
zeolite atoms. Continued water removal triggers sodium
migration from the sodalite cage (sites I0 and II0) towards the
double six-ring (site I). As cations occupy site I, the zeolite
framework begins to expand, with further site I occupancy
leading to additional expansion.

The nuanced image of zeolite behavior in response to
dehydration demonstrates the value of integrating parametric
Rietveld renement and MLP MD simulations in uncovering
such intricate dynamics in complex environments. This lays the
foundation for further work which could involve an exploration,
though computational means, whether the observed behavior
during dehydration is typical of faujasite materials. Such
investigation would require the expansion of training dataset to
include a broader range of Si/Al ratios and retraining a new
MLP, tailored for different faujasite compositions.

As a future perspective, it is noteworthy that new methods
have been developed to train an MLP capable not only of per-
forming molecular dynamics but also Monte Carlo simulations,
considering both exible frameworks and the quantum accu-
racy of intermolecular interactions.41 Additionally, the novel
computational approach applied here can be extended to
analyze interactions between complex materials, like metal–
organic frameworks, and adsorbed guest molecules with high
accuracy, offering enhanced computational efficiency relative to
DFT MD simulations.
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A. Krämer, J. Michel, J. A. Mitchell, V. S. Pande,
J. P. Rodrigues, J. Rodriguez-Guerra, A. C. Simmonett,
S. Singh, J. Swails, P. Turner, Y. Wang, I. Zhang,
J. D. Chodera, G. De Fabritiis and T. E. Markland,
OpenMM 8: Molecular Dynamics Simulation with Machine
Learning Potentials, J. Phys. Chem. B, 2024, 128(1), 109–
116, DOI: 10.1021/acs.jpcb.3c06662.
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