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Abstract: Hydrogen and helium saturate the 1D pore systems of the
high-silica (Si/AlI>30) zeolites Theta-One (TON), and Mobile-Twelve
(MTW) at high pressure based on x-ray diffraction, Raman
spectroscopy and Monte Carlo simulations. In TON, a strong 22%
volume increase occurs above 5 GPa with a transition from the
collapsed P2; to a symmetrical, swelled Cmc2; form linked to an
increase in H, content from 12 H/unit cell in the pores to 35 H,/unit
cell in the pores and in the framework of the material. No transition
and continuous collapse of TON is observed in helium indicating that
the mechanism of H, insertion is distinct from other fluids. The
insertion of hydrogen in the larger pores of MTW results in a strong
11% volume increase at 4.3 GPa with partial symmetrization followed
by a second volume increase of 4.5% at 7.5 GPa, corresponding to
increases in hydrogen content from 43 to 67 and then to 93 H,/unit
cell. Flexible 1D siliceous zeolites have a very high H, capacity (1.5
and 1.7 H,/SiO; unit for TON and MTW, respectively) due to H;

insertion in the pores and the framework, in contrast to other atoms
and molecules, thereby providing a mechanism for strong swelling.

The behavior of hydrogen is of fundamental importance for
chemistry®, physicsi, planetary scienceP! and for energy
applications™. Confinement in porous materials can lead to novel
states of adsorbed nanophases of hydrogen® and may also be
an option for hydrogen storage. Similar states would only be
expected in bulk hydrogen at much lower temperatures and/or
much higher pressures. Small pore sizes favor strong
densification and the ordering of hydrogen molecules with the
reduction in rotational degrees of freedom. The ortho:para
nuclear spin isomer ratio, a critical parameter for hydrogen
storage density, is also modified under such confinement
conditions®€l. The use of zeolites, microporous aluminosilicates,
can allow for extreme confinement of hydrogen on a sub-nano
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scale in the pores of these materials, which are typically less than
1 nm. High pressure can be used to obtain very dense confined
hydrogen in the pores of these materials. Investigations of
hydrogen insertion in the zeolite MFI (Mobile-Five)® with a three-
dimensional, elliptical 5.1 x 5.5 A diameter, pore system showed
that, due to its small size, a much greater amount of hydrogen can
enter in the pore system than for other fluids (CO®l, H,O),
except for helium®, This results in a much lower compressibility
of MFI in hydrogen and stabilization of the zeolite structure up to
at least 60 GPa, which is much higher than the pressure at which
zeolites become amorphous. A swelling of the unit cell of the
siliceous zeolite TON (Theta-One), with a 1D 4.7 x 5.5 A elliptical
pore system, by close to 6% was also observed due to filling with
hydrogen obtained by the dehydrocoupling of ammonia borane
under high temperature, high pressure conditions of 4 GPa and
217°Cl. The products of the polymerization of ammonia borane
also occupied the pores along with hydrogen.

In contrast to H; at high pressure and high temperature, the filling
of TON under high pressure at ambient temperature with other
fluids, such as Nel®, Art0 N, O, and H,O, reduces the
apparent compressibility of the structure due to guest insertion in
the pores, but swelling is not observed. In all cases, the high-
pressure phase transition from the orthorhombic, Cmc2; low-
pressure phase to the Pbn2; high-pressure phase is observed as
found also in TON with empty pores at close to 0.6 GPal'4. This
transition is linked to partial collapse of the pores. A similar high-
pressure, phase transition™ is also observed in a second
siliceous zeolite of interest MTW (Mobil Twelve) with larger 1D 6.9
A x 5.6 A elliptical pores. Again, pore collapse is involved in the
phase transition from the C2/c to the P2/n space groups.

In the present study, hydrogen and helium are directly
compressed in the pores of TON. In the case of hydrogen, a much
greater swelling of the unit cell is observed as compared to any
other zeolite-guest system. Such behavior appears to be
restricted to hydrogen as continuous compression is observed in
helium after initial filling. Hydrogen was also compressed in the
larger pores of the zeolite MTW, with again a high degree of
swelling, which also showed some metastability with decreasing
pressure. These results support promising potential for hydrogen
storage.

In the present work, TON was first studied by synchrotron, x-ray
diffraction (see Sl), using He as a pressure-transmitting medium.
Very weak superlattice reflections are observed starting from the
third pressure point at 1.16 GPa. These reflections rapidly
increase in intensity with increasing pressure and the strongest
exhibits relative intensities of close to 10% at 10.1 GPa, Figure 1.
This behavior is similar to that observed when neon* is used as
a pressure-transmitting medium. This indicates that in these filled
systems the high-pressure phase transition from the Cmc2; to the
Pbn2; form still occurs; however, the distortion linked to pore
collapse is much lower than in the case of the compression of
empty-pore  TON in a non-penetrating pressure-transmitting
medium (such as DAPHNE747412), for which the relative
intensities of such superlattice reflections are greater than 20% at
similar pressures. Rietveld refinements, Figure S1 and Tables S1-
S7, allowed the structure of the framework to be determined
below and above the phase transition, Figure S2.
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Figure 1. X-ray diffraction patterns of TON in (a) helium and in (b) hydrogen as
a function of pressure (1=0.4828 A). Selected reflections of the low-pressure
Cmc2i1 phase at 0.3 GPa are indexed. Arrows indicate the principal superlattice
reflections observed for the Pbn2: phase in helium.

The relative unit cell volumes of TON in He (Figure 2 and Table
S1) decrease slightly more than those measured in Ne indicating
that He may over a certain pressure range occupy a lower fraction
of the pore volume in TON. This may correspond to the same
number of guest atoms, but which have a smaller kinetic diameter
in the case of He. The relative volumes of TON are similar in both

This article is protected by copyright. All rights reserved.
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noble gases above 5 GPa. This indicates that globally the
behavior of TON in He is very similar to that in Ne*% with the same
high pressure phase transition being observed and only some
differences in unit cell volume below 5 GPa.
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Figure 2. (a) Relative unit cell parameters, (b) relative unit cell volume and (c)
relative pore volume of TON in Hz and He as a function of pressure. Error bars
are smaller than the symbol size. Data for TON in DAPHNE 747412, Nel*® and
Arlt% are from previous studies. The monoclinic angle y for TON in Hz is given

in the inset.
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In spite of the similar kinetic diameters of H, (2.89 A), He (2.60 A)
and Ne (2.75 A)4, the high-pressure behavior of TON in Hy will
be shown to be distinct based on the results of the present study
described in the following section. Initially, very weak superlattice
peaks are present at 1.6 GPa, which increase in intensity at 2.7
GPa. They are, however, much weaker than in He. At the same
time, unlike in He, slight splitting of the hkO and hkl reflections
(with non-zero indices) was observed. This indicates a monoclinic
distortion of the structure and the reflections could be readily
indexed in the monoclinic subgroup P112; with a y angle between
90.5 and 91° (Figures 1-2, S3-S4, Tables S1, S11-S13). The
structure of the framework could also be refined in this space
group.

Additionally, the unit cell volume in H; is 1-2% greater than in He.
If the filling was proportional to the numerical densities of the bulk
fluidst*®], one would expect 50% more helium than hydrogen in the
pores due to the larger size of the freely rotating H> molecules.
However, if the steric effects limit the occupation to 6 guests per
porel!® as observed in Ne, the larger volume may just be related
to the size of the freely rotating H, molecules. The present result
may also indicate that the rotational state of the H; in the pores
may be modified. The structure is also less distorted and the
pores less collapsed. The b cell parameter decreases less in H;
than in He, Figure 2. Previously, in empty TON® 2, the pore
collapse was found to result in a more important decrease in b.
Very important changes occur at around 5.5 GPa. This pressure
is above the solidification point of the bulk hydrogen and weak
single crystal reflections are observed as spots on the two-
dimensional diffraction images on the detector corresponding to
the hexagonal solid phase of H,[*¢l. The superlattice peaks of TON
disappear and the remaining peaks shift strongly to lower 26
values, sharpen and the monoclinic splitting disappears. The
structure of the framework can be readily refined using the Cmc2;
space group, Figures S3, S4 and Table S14. The volume was
found to be 22% greater than the extrapolated volume of the
collapsed P2, phase and in fact even 5% higher than TON under
ambient conditions in the Cmc2; structure. The most probable
cause of this strong increase is an important increase in the H,
content in the pores of TON swelling the structure. To our
knowledge, such a major increase in unit cell volume due to guest
insertion has never been observed in a zeolite. The 22% volume
increase is linked to a high degree of flexibility in the framework
and results in symmetrization of the pores and the structure as a
whole. The pore volume increases by 33%, from 4.8 to 6.1 GPa,
whereas the unit cell volume increases by 18% between these
two pressures. This contribution to the overall volume increase
arising from the larger pore volume is 27%, indicating that the
remaining 73% arises from the flexible framework, which has to
adapt to the expansion of the pores by changes in Si-O-Si bond
angles in various rings of tetrahedra in the framework. Overall,
there is a general increase in the Si-O-Si angles in this process of
expansion, Figure S4, Tables S10, S13 and S16. Hydrogen may
also enter the small cages built up of 5- and 6-membered rings of
SiO, tetrahedra in the framework. This symmetrization and
swelling is stronger in b and c, which were the more compressible
directions initially. At 6.1 GPa, the relative pore volume is 44%
greater than the interpolated pore volume of TON in He at the
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same pressure, Figure 2(c). This would also be consistent with a
greater number of guests in Hz than in He. Whereas a free rotating
H. molecule is larger than a helium atom, a significant decrease
in size would occur if free rotation is suppressed. This would allow
additional H, molecules to enter the pores. This is supported by
the decrease at 6.1 GPa in the relative intensity of the low angle
diffraction lines, Figure 1, which is very sensitive to the guest
content.

Normal compression of the higher symmetry structure is observed
with further increases in pressure; however, the compressibility is
55% lower than for the P2, phase with a lower H, content and
40% lower than for He-filled TON in the same pressure range.
The material also becomes increasingly strained with continuous
broadening of the diffraction lines up to 35 GPa. The observed
volume change is reversible on decompression and
transformation to an orthorhombic Pbn2; phase is observed.

10000 P=8.26 GPa
z
5 1000
£
L",
Fin
= |
P:_-" 100
c
- colored spectra: TON/H 2
black spectrum: pure Hz
10 T T
4150 4200 4250 4300
Raman shift (cm ')
10000+
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Intensity (arb. units)

colored spectra: TON/H:
black spectrum: pure Hz

10 \ :
4150 4200

Raman shift (cm )
Figure 3. Raman spectra of the Hz vibron measured on the TON/H2 mixture,
where both hydrogen-filled TON and bulk hydrogen are present (different colors
for different points) and on pure Hz (bold black), in the same sample, showing
the contribution from inserted hydrogen in TON as an extra-intensity with
respect to pure Hz. Spectra have been vertically rescaled to the same maximum
intensity.

Raman spectroscopy (Figure 3) also provides insights into the
filling of TON by H,, as shown by spectra of the H. vibron for the
TON/H, mixture measured on compression at two selected
pressures below and above the P2;-Cmc2; phase transition

10.1002/anie.202406425
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observed by XRD. These spectra are compared with the spectra
of pure, bulk Hz, which were measured at sample locations
without the TON powder and normalized to the same maximum
intensity. From this comparison, it immediately appears that the
spectra of the mixture are dominated by the strong peak of bulk
Hz, which results from the pure hydrogen surrounding the TON
crystallites. Additional weak features shifted to lower (higher)
frequencies at 3.27 GPa (8.26 GPa) by a few tens of
wavenumbers are present that are assigned to H; inserted into
the pores and also, potentially, into the small cages of the zeolite.
This assignment is simple since bulk hydrogen shows only a
single strong peak, so there is indeed no reasonable origin for the
additional weak shifted features other than vibrational modes
arising from hydrogen molecules inserted in the zeolite due to the
change in the local environment of these H, molecules. At 3.27
GPa in the P21 phase, the spectra show a broad, shapeless
feature for inserted hydrogen, which is barely resolved from the
main peak of bulk hydrogen and likely indicates positional
disorder for the inserted molecules. On the other hand, two much
better resolved and sharper peaks are seen at 8.26 GPa in the
Cmc21 phase for inserted hydrogen, indicating the partial
suppression of positional disorder and the appearance of a certain
degree of orientational order. Furthermore, the hydrogen inserted
in Cmc2; should occupy at least two nonequivalent sites of the
same symmetry or even two sites of different symmetry, since we
observe two distinct Raman peaks for the confined molecules.

(a)

— 40

3

220

z ~
%l 0+
& 0
(c)

100 1~
Q

8 50

S

£ 0 5 10 3.10 GPa 9.10 GPa

P (GPa)
Figure 4. Simulated amount of inserted hydrogen (molecules/unit cell) as a
function of pressure P in (a) TON and (c) MTW at room temperature. Typical
molecular configurations generated using Monte Carlo modeling at different
pressures for Hz insertion in (b) TON at 2.74 and 6.10 GPa and (d) MTW at 3.10
and 9.10 GPa

Grand Canonical Monte Carlo simulations (see Sl) were used to
investigate the insertion of H; in the nanoporosity of TON using
the experimental lattice parameters. As expected, the inserted
amount of H; increases with increasing pressure, Figure 4 (a).
Strikingly, these data show an important discontinuity between 3
and 6 GPa corresponding to an increase in the amount of H, by
more than a factor of 3. As can be seen in the typical molecular
configurations in Figure 4 (b) for two different pressures, this
drastic change in the amount of inserted H, corresponds to
additional insertion also within the small cages of the TON
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framework. While insertion at pressures below 3 GPa occurs
exclusively in the pores, the significant insertion in the pores at
higher pressures is a consequence of a swelling of the framework
due to H insertion in the small cages producing symmetrical
uncollapsed pores. There thus appears to be a threshold pressure
of about 5.5 GPa for the insertion of the linear H, molecules in
these small cages. The much higher H, content in the pores
results in a major increase in the pore diameter and a change to
a more symmetrical pore shape yielding stronger increases in the
b with respect to the a parameter as with the symmetrization of
the structure the long pore now axis lies along b rather than along
the diagonal of the unit cell. The c cell parameter corresponding
to the pore axis also increases in a similar manner to b.

The hydrogen insertion behavior of 1D TON is very different from
that observed for the zeolite MFI with a 3D pore system. In MFI,
filling with He and H, is similar>® 8 with reduced compression with
respect to other guests and in the case of He a phase transition
with a small positive volume change of close to 3%, at about 10
GPa. The 1D structure of TON, formed by parallel zig-zag chains
of six-membered rings, gives rise to greater flexibility of the
framework permitting greater possibilities for swelling of the
structure, which can behave in a similar manner to a wine rack.
The 1D pore system may also be more favorable for the ordering
of H with the loss of rotational freedom rather than the complex
3D system of MFI with intersecting linear and sinusoidal pores
with more potentially different environments.

In order to verify if such large volume increases due to hydrogen
insertion could be a general characteristic of zeolites with 1D
pores systems at high pressure, the MTW zeolite with larger 6.9
A x 5.6 A pores, also formed by parallel zig-zag chains, was
investigated by x-ray diffraction at high pressure, Figures 5, S5-
S6 and Tables S17-S24. Two major changes were observed near
4.3 and 7.6 GPa on compression, Figure 5, with the shift of the
diffraction lines towards low angles due to increases in the unit
cell parameters. No change in the C2/c space group was
observed. At these given pressures, there is a coexistence of two
states with different hydrogen contents. Before the first change,
the unit cell parameters and volume, Figure 5, were already much
higher than in empty MTW3l. They were also significantly higher
than observed previously in argon-filled MTW©3 indicating a
much greater degree of filling with the H> molecules. The high-
pressure phase transition to the collapsed P2/n structure
observed in empty MTW!3l does not occur. At 4.3 GPa the a and
c parameters increase returning to close to their values under
ambient pressure and a strong increase is observed along the
pore direction with an increase of the b parameter of close to 6%,
Figure 5 and Table S17. The monoclinic g angle continues to
decrease monotonously. The overall volume increase is 11%

indicating a large increase in the quantity of hydrogen in the pores.

This is also very clear from the larger pore diameters observed
above 4.3 GPa, Fig. S6, which are in fact similar to those
observed at ambient pressure in empty MTW.
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Figure 5. (a) X-ray diffraction patterns of MTW in hydrogen as a function of
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MTW in Hz is given in the inset.
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At 7.6 GPa, a very strong increase in the a parameter occurs with
relatively little change in b and c. A strong increase in the
monoclinic S angle occurs and this angle continues to increase
with increasing pressure. The increase in a and in relative volume
is of the order of 4%. All cell parameters are much greater than
those measured in non-penetrating DAPHNE oil under pressure.
The strong increase in a results in an elongation of the pores of
the MTW structure. Again, Monte Carlo data were obtained,
Figure 4(c), by considering the lattice parameters assessed
experimentally. Similar to what is reported above for TON and
illustrated using typical molecular configurations in Figure 4(d), H.
insertion increases drastically with pressure and significant
insertion occurs due to a densification of H; in the pores and H,
insertion in the framework cages. H, insertion in the framework
cages has a similar effect on the a and ¢ unit cell parameters with
a stronger increase being observed along the direction of the pore
axis corresponding to the b parameter. This is followed by a
change in pore shape with an alignment of the long pore axis
along a giving rise to a strong increase in this cell parameter. The
vast majority of intertetrahedral Si-O-Si angles increase due to
swelling at the first positive volume jump followed by more
complex changes with the modification in pore shape after the
second volume increase, Figure S6, Tables S20, S23 and S26.
On decompression below 7.6 GPa, retransformation to the
intermediate state is observed; however, this state persists to
pressures lower than 4.3 GPa on pressure release indicating a
degree of hysteresis and thus some metastabilility for the form with
the intermediate H, content.

Metastability is of interest for eventual hydrogen storage
applications. Thus, the present study indicates that potentially
metastable, hydrogen-filled zeolites can be obtained by high
pressure insertion of H, both in the pores of the zeolite and, in
contrast to other atoms and molecules, in the framework of the
zeolite providing a mechanism for large volume expansion and
strongly increased hydrogen capacity.
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In contrast to other atoms or molecules, H; enters both the pores and the framework cages of siliceous zeolites under high pressure.
This results in strong swelling and symmetrization of the structures with very high hydrogen contents of 1.5-1.7 H, molecules/SiO,
unit being obtained.
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