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ABSTRACT. High-pressure x-ray diffraction and Raman spectroscopy in a diamond anvil
cell were used to study the insertion of the chemical hydrogen storage material, ammonia
borane, in the one dimensional pores of the zeolite theta-1, TON. Heating of this material up
to 300°C under pressures up to 5 GPa resulted in the release of a significant amount of
hydrogen due to the conversion of ammonia borane confined in the channels of TON and
outside the zeolite to polyaminoborane and then polyiminoborane chains. The filling of TON
with hydrogen resulted in much greater increase in unit cell volume than that corresponding
to thermal expansion of normal compact inorganic solids. This process at high temperature
is accompanied with a phase transition from collapsed high-pressure Pbn2: form to the more
symmetric Cmc21 phase with expanded pores. This material has a high capacity for hydrogen

adsorption under high-temperature, high-pressure conditions.
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Ammonia borane is of great interest for chemical hydrogen storage as it has the highest releasable
hydrogen content of 19.6 wt.%!>. This hydrogen is released in several steps upon heating at
relatively low temperature along with the polymerization of ammonia borane to form

polyaminoborane and then polyiminoborane*’. Porous scaffolds® !>

, such as zeolites and metal-
organic frameworks among others can, in principle, be used to modulate hydrogen release and
eventually retain the hydrogen under conditions beyond the thermal stability conditions of
ammonia borane. Ammonia borane with a Van der Waal’s diameter of 3.8 A can be readily inserted
in the microporous siliceous zeolite silicalite-1 with a MFI structure with a three-dimensional pore
system with a diameter of 5.5A at room temperature using moderate pressures'¢. In the present
work, a model system with an even higher degree of confinement and one dimensional elliptical
5.5x4.7 A pores was selected for pressure insertion of ammonia borane followed by hydrogen
release and polymerization upon heating. This zeolite, theta-1 TON!” was found in previous work

to be able to be filled with noble gases'® and to be used as a host for isolated 1-D polymer chains'’

of polyacetylene and polycarbonyl.

Upon initial compression to 0.17 GPa at ambient temperature, the initial mixture contained
orthorhombic TON? and tetragonal ammonia borane?!, Figure 1. The unit cell volume of TON
was found to be only 0.06% lower than that at ambient pressure, Figure 2 and Table S1 in SI. The
observed volume is higher than that expected for empty TON by 1% at the same pressure. This is
consistent with previous work on silicalite-1, in which ammonia borane was found to be readily
inserted on compression at room temperature'®. The crystal structure of ammonia borane-filled
TON was refined by the Rietveld method, Figure 3, Tables S1 — S3 and CIF file in SI. The most
probable sites for the B and N atoms of NH3BH; were located using Fourier difference maps.

During the refinement, as no direct indication for ordering of B and N was found, the BH3 and



NHj3 groups were modelled with isoelectronic, dummy F atoms. Soft distance and angle constraints
were applied to the TON framework as in previous work in which the same structural model'® 2°
was used. The B-N distance was constrained to 1.55 A. The refined site occupation factor of the

guests was found to be 0.28(2). This corresponds to 0.14(1) NH3BH3 molecule per SiO> unit, 1.2(1)

NH3BH3 molecules per unit cell.

— d(A)

DM T T

c [(08 6 4 2

-]

o

—

8

=

g " (b

-9 ! {1l I:I\ (1 II\I: | X !

£ 2 4 6 8 10 12 14 16 18
206(°)
d(A)

108 6 4 2

17 10 VI T R R A ——
4 6 8 10 12 14 16 18 20 22 24 26

20(°)

intensity (arb. units)

[\ ]

Figure 1. Experimental (black), calculated (red) and difference (blue) profiles (A=0.4104 A)
for the Cmc21 structure of TON-NH3BH3 (A=0.4104 A) at 0.17 GPa and 23°C (above) and
TON-(BNH,) (A=0.4957 A) recovered at ambient pressure and temperature after the
experiment (below). Vertical bars indicate the calculated positions of the Bragg reflections.

The lower row of markers in the top XRD pattern correspond to the tetragonal phase of



BH:3NH3, space group I4mm.The strong background due to Compton scattering from the

diamond is subtracted.

Upon compression from 0.17 GPa to 2.8 GPa, a phase transition from the low pressure
polymorph, space group Cmc2i, to the high-pressure Pbn2: phase?’ was observed as in
previous studies by the appearance of superlattice reflections indicating the loss of
C-centering, hkl, h+k#2n. This phase transition, which occurs near 0.6 GPa in TON with
empty pores in a non-penetrating, pressure transmitting medium, involves the partial
collapse of the pores giving rise to an increase in ellipticity. The bulk ammonia borane was
found to transform to the high pressure orthorhombic form?!. The diffraction lines broaden
strongly with compression due to the stiffening of the solid NH3BH3, thus only the unit cell
parameters could be obtained. The unit cell volume is intermediate between empty TON?® and Ne-
filled TON'®. The sample was then heated to 85°C and then to 128°C inducing an increase in
pressure from 2.8 to over 4 GPa. Starting from 163°C, the peaks of TON sharpen and those of
ammonia borane disappear due to dehydrocoupling and polymerization of the latter. In parallel, a
strong increase in volume is observed for TON amounting to 6 % from 128° to 195°C. At close to
4 GPa, ammonia borane undergoes a phase transition above 120°C followed by dehydrocoupling
and subsequent polymerization accompanied with hydrogen release beginning above 160°C’. The
product polymer is polyaminoborane (NH>BH:),. Polymerization was confirmed by Raman
spectroscopy on ammonia borane-filled TON upon heating, Figure 4 (see below). Such a
significant volume increase cannot be due to the polymerization process in the pores as the
polyaminoborane chains are much more compact than ammonia borane molecules. Thus,
the most reasonable explanation for the large volume increase in TON, which is an order of

magnitude greater than that expected from thermal expansion of a filled zeolite??, is the



combination of the formation of hydrogen from the ammonia borane in the pores and the
insertion of hydrogen formed due to polymerization of the bulk ammonia borane outside the

TON crystallites.

It can be noted that at pressures close to 4 GPa, the next stage in hydrogen release with the
formation of polyiminoborane (BNHx)n occurs at 220-230°C’. Heating over a small temperature
interval from 235°C to 255°C results in a pressure drop from 3.5 to 1.9 GPa, a volume increase of
3.5%, and retransformation of TON to the low pressure Cmc2; phase with expanded pores. The
temperature was increased in two steps to 295°C with a further pressure drop to 1.1 GPa. The
sample was held under these P-T conditions and the volume was found to further increase by 1.5
% after 90 minutes. This again can be associated with this release of hydrogen and insertion of

hydrogen from the bulk polymer into TON, as discussed above.
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Figure 2. Relative volume of the TON — (B-N-H) system as a function of pressure.

Temperatures are given in °C. Arrows indicate the P-T path followed by the sample during



its compression and decompression (arrows in black), heating (red arrows) and cooling

(green arrow) cycles. Data for empty TON?? and Ne-filled TON'® are given for comparison.

Cooling from 295°C to 23°C at 1.1 GPa resulted in a volume decrease of 3.7 % and transition to
the collapsed pore high-pressure Pbn2; phase below 90°C. This thermal expansion/contraction,
which is intermediate between that of a solid and a liquid, is much greater than that of polymer-
filled zeolites*? and along with the partial pore collapse is evidence for a change in the volume or

quantity of the hydrogen molecules in the pores.

On full pressure release in the recovered sample, TON was found to again retransform to the low
pressure Cmc2; phase with expanded pores. The final unit cell volume was 1214.1(8) A3 directly
after the experiment and 1207.1(5) A® several days later, which is slightly lower than that of the
starting material®®, 1212.0 A3, This is an indication of complete release of hydrogen, which can be
observed visually under microscope by the presence of gas bubbles in such samples. Fourier
difference maps were again used to locate sites of electron density in the pores. The disordered BH
and NH groups from the polyiminoborane were represented by isoelectronic dummy nitrogen
atoms. Rietveld refinements were performed yielding 2(1) (BNHx) units per unit cell, Figure 3,

Table S3 and CIF file in SI.



Figure 3. Crystal structures of NH:BHs—filled TON at 0.17 GPa (left) and (BNHx)-filled

TON recovered at ambient pressure, (right). Partial occupancies are represented by

shading.
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Figure 4. Raman spectra of the TON — (B-N-H) system as a function of pressure and
temperature: P,7- and time evolution of (a) the B-H and N-H stretching bands of ammonia
borane, polyaminoborane and polyiminoborane, respectively and (b) fluid and absorbed

hydrogen vibrons. Kinetic measurements were only possible in the lower pressure range near



3 GPa as in the higher pressure range heating causes a strong pressure drop due to initial

hydrogen release.

Raman spectroscopy was used to follow the polymerization and hydrogen release from an
ammonia borane-TON sample, Figure 4. The sample was compressed to 3.2 GPa and then heated.
At 4.5 GPa the high pressure, high temperature phase of ammonia borane was observed at 120°C
with shifts to higher wavenumber for the main B-H and N-H stretching modes in agreement with
previous work” 2324, The hydrogen vibron appeared at 150°C and 4.4 GPa along with the formation
of polyaminoborane (NH>2BH>), with its broadened N-H stretching bands. The two hydrogen
vibron modes at 4202 cm! and 4150 cm™! correspond to fluid and adsorbed hydrogen,
respectively’. We noticed significant pressure drop from 4.4 GPa to 3.3 GPa at 165°C
accompanied with the second step of ammonia borane polymerization yielding polyiminoborane
(BNHy)s, with its characteristic N-H stretching vibration near 3450 cm™, overlapping the peaks
of fluid and absorbed hydrogen, and further hydrogen loss. Minor changes are observed for
the weaker B-H stretching modes, in particular the weakening of the lower wavenumber
contribution as in previous work’. These changes are consistent with previous work on ammonia
borane by Raman spectroscopy’ except the final stage of hydrogen loss in the present case occurs

at about 30°C below that reported previously at the same pressure.

The present work indicates the chemical hydrogen storage material ammonia borane can be readily
inserted in the pores of TON at modest pressure and ambient temperature. Heating of ammonia
borane under pressure yields polyaminoborane, followed by polyiminoborane with the
simultaneous release of hydrogen. The hydrogen generated in this process leads to an anomalous

increase in the unit cell volume of TON of an order of magnitude greater than that expected due
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to thermal expansion. TON thus has a significant capacity for hydrogen adsorption under high

pressure, high temperature conditions.

Experimental Methods

Polycrystalline TON, synthesized as described previously?’, along with purified ammonia borane
were loaded in a resistively-heated diamond anvil cell under an inert atmosphere in a glove box.
Ruby and, in addition for Raman experiments, samarium-doped strontium borate were used as
pressure calibrants, respectively. In a further Raman experiment, in order not to have any
contamination from the fluorescence peaks of the calibrants, the pressures were based on the
positions of the Raman peaks of ammonia borane and hydrogen previously measured in
experiments with one or both calibrants. The pressure was estimated from the shift in the "Do—"Fo

fluorescence line of samarium-doped strontium borate?®2’

or in the R; fluorescence line of ruby
corrected for the sample temperature’®?°. The temperature was measured with a thermocouple
placed on the diamond anvil. Raman spectra were obtained on a Renishaw inVia Raman
Microscope using a 633nm He-Ne laser for excitation (9mW on the top of the diamond anvil). The
scatter light was collected through x5 objective (NA = 0.12) using a backscattering configuration.
X-ray diffraction measurements (A=0.4104 A) under pressure using a 10um diameter convergent
monochromatic incident beam were performed on the IDI15-b beamline at the European
Synchrotron Radiation Facility (Grenoble, France) equipped with a Eiger2 9M CdTe (DECTRIS)
detector at 300mm from the sample. The recovered sample in the gasket was studied by X-ray

diffraction (A=0.4957 A) with an 80 um beam on the Xpress beamline equipped with a PILATUS3

S 6M (DECTRIS) detector at the Sincrotrone ELETTRA Trieste (Trieste, Italy). The XRD images
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were converted to 1-D diffraction profiles using Dioptas®’. Rietveld refinements were performed

using Fullprof®! and crystal structures plotted using Vesta®.
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