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Recent research has shown that mechanical energy can trigger dehydrogenation (hydrogen release) from
metal and complex hydrides at room temperature, offering an alternative to traditional heat-based
methods. This study investigates whether the tribochemical approach can also be effective to release
hydrogen from molecular hydrides such as ethane 1,2-diamineborane (EDAB). Surprisingly, despite
dehydrogenating at a lower temperature than metal and complex hydrides, EDAB exhibited faint
hydrogen release under this behavior,
decomposition pathways of EDAB were investigated using operando Mechanically Stimulated Gas
Emission Mass Spectrometry in combination with other surface and material characterization techniques.

mechanical stress. To understand the tribochemical
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The lack of hydrogen emission from EDAB is attributed to a combination of strong intramolecular bonds

DOI: 10.1035/d4mr00072b (covalent and dative bonds) within the molecule, and weak intermolecular interactions (hydrogen bonds
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1. Introduction

The growing focus on renewable and low-carbon technologies
in the current energy transition has placed significant hope on
hydrogen. Hydrogen's versatility and near-zero emissions
during use make it a promising candidate across various
applications. Governmental strategies also highlight its poten-
tial for bridging the gap between renewable energy generation
and consumption." It can act as a storage vector alongside
batteries, enabling energy transport and mitigating seasonal
variations in energy production and demand.

However, widespread adoption of hydrogen technology faces
several challenges. These include improving the efficiency and
effectiveness of hydrogen storage and transportation. Storing
hydrogen through chemical bonds in condensed-phase mate-
rials offers a viable approach for on-demand power generation,
especially for mobile applications. This method can meet
established targets for range, passenger space, and cargo
capacity.> However, faster hydrogenation/dehydrogenation
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and van der Waals forces) between EDAB molecules.

kinetics are needed to meet refueling time expectations. Addi-
tionally, optimizing thermodynamics is crucial to minimize
dehydrogenation  temperatures and enhance overall
performance.?

In this context, ammonia borane (AB) emerges as a prom-
ising candidate due to its 12 wt% hydrogen content and rela-
tively low dehydrogenation temperature range (107-140 °C).**
However, its room-temperature volatilization and rapid subli-
mation under vacuum limit its practicality (see also ESI{).® A
notable improvement of AB thermal stability was achieved
through adduction of alkane, which substitutes one of the
protic hydrogens.” This modification not only reduces dehy-
drogenation exothermicity and stabilizes the B-N bond, but
also minimizes volatile nitrogen impurities like ammonia,
a significant drawback for practical applications.” Ethane 1,2-
diamineborane (EDAB), the dimer form of AB methyl adduct,
with the chemical formula BH;NH,(CH,),NH,BH; appears to
strike the good balance between thermal stability and low room-
temperature volatility offering a 9.4 wt% H, storage capacity.

Balancing optimal thermodynamics between storage
temperature stability and low dehydrogenation temperatures
presents a key limitation in solid-state hydrogen storage. The
current approach necessitates heating the storage material to
release hydrogen, which is energy-intensive. An alternative
approach could involve non-thermal dehydrogenation path-
ways.® Several studies explored the effectiveness of tribochem-
ical dehydrogenation for light metal (MgH,)’ and complex
(NaAlH,)* hydrides. These studies demonstrated successful
dehydrogenation of these stable hydrides at room temperature
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and under vacuum using mild tribological activation (rubbing
and shearing). This finding holds significant practical promise.
It opens the possibility of utilizing readily available mechanical
energy sources like vibrations, wind, and waves to extract
hydrogen from hydrides without the need for energy trans-
ducers or thermal steps, potentially leading to a reduction in the
cost of delivered hydrogen.

The precise molecular mechanisms of these tribochemical
reactions remain unclear, but are likely associated with factors
such as structural and phase transformations," generation of
stress and concentration gradients,’” and formation of voids
and defects within the crystal structure. Since these mecha-
nisms depend heavily on the hydride's specific crystalline
structure and bonding, a key question arises: are other hydride
types, such as molecular hydrides like EDAB, susceptible to
tribochemical dehydrogenation? This work aims to explore the
feasibility of triggering EDAB dehydrogenation through a tri-
bochemical mechanism and investigate the potential steps
involved in such reactions.

2. Materials and methods

Cylindrical pellets 13 mm in diameter and ca. 2 mm thick were
obtained by compacting, under uniaxial pressure of 65 MPa, of
commercial powder of EDAB (Boron Specialties, 97% purity).
The pellets were prepared and conserved under a static Ar
atmosphere before and after the tests. X-ray diffraction (Cu Ko
radiation, 6/26 configuration, 10°-60° 20 range) was used to
analyze the pellet structure. Thermal gravimetric analysis
coupled with mass spectrometry (TGA-MS) under argon flow
(heating rate: 10 °C min™') was used to evaluate thermal
stability and the composition of emitted gases. During the
isothermal test the required temperature was attained at
a heating rate 10 °C min~' and then maintained constant for
90-380 min depending on the temperature. The ion currents
were measured in the range of mass-to-charge ratios from 1 to
90.

Micro-Raman confocal spectrometry (incident laser: 532 nm,
power: 5.6 mW) and FTIR microscopy was used to analyze the
chemical structure of mechanically affected zones compared to
pristine areas. It was conducted under normal atmosphere. In-
plane thermal conductivity of EDAB pellets was determined
using van der Pauw method.*

Nanoindentation with a Berkovich diamond tip (load: 5-20
mN, peak load hold time: 120 s, loading/unloading rates: 4-40
mN min~', 10 measurements for each load) was used to char-
acterize mechanical properties.

Tribochemical reactions under vacuum were studied in real
time using Mechanically Stimulated Gas Emission Mass Spec-
trometry (MSGE-MS) which was described in detail
elsewhere.**® Operando mass-spectrometry of gases emitted
due to tribological solicitation has been used as a powerful tool
to investigate into the pathways of complex tribochemical
processes in lubricants,'*? thin films,***** engineering
materials’®***¢ and minerals.*”** This technique combines
a mass-spectrometry, a nearly zero-emission ultrahigh vacuum
friction cell and a dynamic gas expansion system. The latter
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allows for accurate quantification of emitted gas rates with the
detection limit around 1 pmol s~ '.1%193142 The tribostimulation
of the pellets was done using an alumina ball, 3 mm in diam-
eter, under normal load 0.44-1.1 N and the frequency of
reciprocating motion 1 full cycle (forward and backward
strokes) per second. The additional arrangements which were
made to avoid undesirable gas emission sources other than
triboemission from mechanically affected zones of the sample
are described in ESL{ The tribostimulated gas emission was
determined from the mass-spectrometry signal and bench-
marked against the steady background gas pressure with the
indenter standing still. The Differential Mass-Spectra (DMS)
were derived by subtracting the reference spectrum from the
mass-spectra measured during tribostimulation. The statisti-
cally insignificant components of DMS were filtered out
following a previously developed procedure.'®****** The behav-
ioural analysis of mass-spectroscopic components was
employed to figure out the plausible gaseous precursors for the
mass-spectrometer signals.”>** For a detailed description of the
MSGE-MS system and the principles of DMS analysis, refer to
ref. 14, 16, 21, 25, 28, 30 and 31.

A separate experiment to investigate possible chemical
changes in the EDAB under applied mechanical deformation
was conducted using Nuclear Magnetic Resonance (NMR). For
this experiment about 0.5 g of EDAB powder was grounded in
a porcelain mortar just prior to the NMR analysis. A portion of
the ground EDAB was analyzed using solid state Magic Angle
Spinning (MAS) 'H and "B NMR, while the other one was
analyzed using 'H and ''B solution RMN using deuterated
dimethyl sulfoxide (DMSO-d) as a solvent.

Magic angle spinning nuclear magnetic resonance analysis
(MAS-NMR) was conducted with a Bruker AVANCE 400 spec-
trometer (9.4 T magnetic field) at 128.38 and 400.13 MHz for "'B
and 'H, respectively. Spectra were obtained after single pulse
irradiation of 2 ps with a recycling time of 10 s for ''B and
a pulse of 3 us and 20 s of recycling for 'H signals. Samples were
spun in 4 mm ZrO, rotors at 10 kHz around an axis inclined at
54°44' with respect to the magnetic field. The number of scans
was chosen to get signal/noise ratios higher than 10 (40 and 16
for "'B and 'H, respectively). Values of ''B and 'H chemical
shifts were reported in ppm relative to 0.3 M H;BO; aqueous
solutions and tetramethylsilane (TMS) respectively.

3. Results and discussion

3.1. [Initial structural characterization

XRD showed that the compacted pellets retained the same
orthorhombic Phca structure as the original EDAB powder (see
Fig. S1 in ESI}).? This outcome was expected as the applied
compressive stress during pellets' compaction (554 MPa) was
below a pressure threshold (1 GPa) required to induced an
orthorhombic - to — monoclinic phase transition.*

3.2. Analysis of mechanically stimulated gas emission

The DMS spectrum showing the statistically significant
components, hereinafter referred to as filtered DMS, is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Mean differential mass-spectrum (DMS) of volatile products
emitted from EDAB pellets subjected to rubbing under vacuum at
room temperature. The species following coupled and uncoupled
behaviours are highlighted in orange and green, correspondingly.

presented in Fig. 1. Notably, the intensity of the H," signal was
surprisingly low, with only a slight increase above the noise level
observed during rubbing. This is in stark contrast to previous
studies involving significantly more stable metal hydrides like
MgH, and NaAlH,,*'*'**¢ where hydrogen was the predominant
emission component.

Our study did not detect any molecular ions of EDAB (m/z 88)
in the DMS. This is interesting because Massimi et al.*’ reported
faint signals at m/z 87 and 88 during the initial stages of EDAB
pyrolysis at 70 °C, which disappeared at higher temperatures.
These signals were potentially linked to EDAB molecules. The
absence of a signal at m/z 88 in our study most likely indicates
that tribostimulation was not a cause of EDAB sublimation. It's
worth noting that no peaks suggestive of EDAB sublimation
were observed in the analysis of residual gases at room
temperature, i.e. when the EDAB pellet was placed in vacuum
without rubbing (see Fig. S7 in ESI{).

The principal components in the DMS were m/z 42 and 44.
The peak at m/z 42 has been previously assigned to ionized
fragments of molecules with a B-N-B (aminodiborane)* and/or
N-B-N backbone. The m/z 44 peak, which appeared as the main
component of EDAB thermolysis,*® is attributed to splitting of
a C-C bond. The components at m/z 12, 13, and 15 primarily
arose from BH," ions encompassing both '°B and ''B isotopes
with a minor contribution from CH," and NH,'. Within the
range of signals at m/z 25 to 32 the associations can be made
with "'BNH,", CNH," and C,H," ions.* The lack of signals at 1/
z 24 and 23, which correspond to ''B,H," and ''B,H", effectively
rules out the existence of diborane. It's noteworthy that in the
reference mass spectrum of diborane, the signal at m/z 24 is
about 90% of the main component B,H," (m/z 26). The
component at m/z 32 is more likely associated with hydrazine
(N,H,"). Lastly, the signals observed at m/z 73 and 74 can be
attributed to EDAB ions originated from scission of one B-N
bond such as '"BH;NH,(CH,),NH,", or analogues species. The
presence of both BH," (x = 1,2) and ""BH;NH,(CH,),NH,"
supports this hypothesis. The association of faint signals at m/z
49 and 50 remains unclear at this point and requires further
investigation. The assignments of the DMS constituents are
detailed in Table S1 in ESL.}

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Behavioural analysis (BA) of the mass spectrometry time-
series provided further insight into the origin and composi-
tion of the emitted gases. The BA has been proven a powerful
tool for analyzing gas emission processes of different
dynamics.*"*>*>?7?8 In this study, the time series displayed two
distinct patterns depending on their response to tribostimula-
tion. Tribostimulation can trigger either coupled or uncoupled
gas emission behavior. Coupled behavior, as illustrated in
Fig. 2a, shows gas emission starting with the onset of tribosti-
mulation and stopping when it ceases. Conversely, uncoupled
behavior (Fig. 2b) is characterized by an initial burst of gas
emission followed by a decline even as tribostimulation
continues. This uncoupled behavior might be explained by the
material in the affected zone becoming activated during the very
first rubbing cycle, with subsequent rubbing having little
additional effect, or by the presence of surface layers or thin
films.'** In contrast, coupled behavior likely relates to the
ongoing process of shear deformation, which persists
throughout tribostimulation.

The DMS in Fig. 1 highlights signals exhibiting coupled and

uncoupled behavior with orange and green colours,
04
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Fig. 2 Representative time series of mass spectrometric signals: (a)
coupled behaviour showing continued emission throughout the tri-
bostimulation; (b) uncoupled behaviour, which is triggered by the very
first rubbing cycles. After the end of rubbing the signal decays
gradually.

RSC Mechanochem., 2025, 2, 285-296 | 287


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4mr00072b

Open Access Article. Published on 04 Phesekgong 2025. Downloaded on 2025-12-04 09:33:29.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Mechanochemistry

respectively. Components showing coupled behaviour likely
correspond to aminoborane, ammonia borane, ethylamine, and
the EDAB decomposition products resulting from B-N bond
(BH, and BN,C,H,) and C-C bond cleavage. In contrast,
uncoupled behaviour is likely linked to hydrazine, molecules
with an N-B-N backbone, and hydrogen. These compounds are
potentially formed through bond scission and recombination.
3.3. Surface and chemical characterization of the
mechanically affected zone

A high-resolution secondary electron image of the Mechanically
Affected Zone (MAZ) (Fig. 3) reveals a markedly irregular surface
morphology. Additionally, periodic micrometer-scale wrinkles
are observed, oriented perpendicular to the sliding direction.
These wrinkles bear a strong resemblance to Schallamach
waves, which are known to form in front of a smooth, hard solid
sliding against a soft, adhesive elastomer.*>** The formation
mechanism of Schallamach waves involves a buckling insta-
bility of the deformed elastomer surface, followed by detach-
ment of a pressed elastomer surface layer.

The observed surface morphology suggests that EDAB expe-
rienced intensive plastic deformation throughout the MAZ. This
deformation likely involved a combination of shearing
processes within the surface layer and compressive flow within
microscopic wrinkles. This finding is particularly noteworthy
considering that EDAB pellets, obtained through powder
pressing, typically exhibit weak inter-granular bonding. Conse-
quently, plastic deformation in such materials is usually local-
ized within individual grains, with fracture occurring along
grain boundaries. Notably, the pile-up features observed on the
sides of the MAZ were significantly less pronounced compared
to those observed for metals,* light metal hydrides,”*® and
complex hydrides.'®* This further strengthens the hypothesis
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that the wear behaviour of EDAB exhibits greater similarity to
elastomers than to crystalline solids.

The volume of the groove generated on the pellet surface due
to rubbing was used as a low-bound approximation of the total
deformed volume. The average cross-sectional area of the
groove, A,, was determined by calculating the mean value of
numerical integral on cross-sectional profiles (as depicted in the
inset of Fig. 3) obtained at various locations along the MAZ. The
average volume of displaced or worn material, V,, was then
calculated as the product of A, and the groove length, I. For the
groove produced after 2000 rubbing cycles, V,, was found to be
1.9 x 10° cm®. Subsequently, the mass of the removed mate-
rial, m,,, was estimated by multiplying V,, by the density, p, of
EDAB (p = 0.82 g cm™?), resulting in a value of approximately
15.6 pg.

Fig. 4(b) shows representative Raman spectra acquired from
the surface layer (blue) and the interior (red) of the pristine
region of the pellet. Fig. 4a depicts the corresponding spectral
mapping across the pristine region's cross-section. Both spectra
exhibit similar vibrational bands, which have been previously
assigned to the primary vibrational modes of the EDAB mole-
cule.***>% However, slight variations in the relative intensities
of specific bands are observed. Notably, the surface layer
exhibits a decrease in the intensity of bands located at
2292 ecm ™, 1606 cm ™Y, and 1372 cm ™!, which are associated
with uvB-H, ONH,, and O0NH;/»B-N vibration modes,
respectively.**

Interestingly, these observed changes in the surface layer
mirror the transformations documented during ammonia

Fig. 3 Secondary electron image of the sample after the friction test
obtained under low vacuum. Dashed lines show the limits of the
Mechanically Affected Zone (MAZ). The structures indicated by the
blue arrows are associated with plastic flow. The inset shows a cross-
section of the MAZ along x measured using a white-light confocal
microscope. a,, and d,, are the half width and the depth of the MAZ,
respectively.
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Fig. 4 (a) Mapping of Raman features along the cross section of
pristine surface of the EDAB pellet obtained using micro-Raman
confocal spectrometry. The red and blue colours represent zones with
dominant Raman spectra (i) and (i), respectively.; (b) the representative
Raman spectra corresponding to the surface layer (blue), volume (red)
and MAZ (black).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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borane heating above 95 °C, a stage preceding the initial
hydrogen release at 109 °C.*>** Similar transformations have
also been reported under high pressures exceeding 1 GPa in
a diamond anvil cell.*> However, it's highly improbable that the
residual stress in a soft material like EDAB could remain after
cold pressing as high as 1 GPa. Furthermore, several bands in
the surface layer spectra exhibit significant broadening and
shoulders on the blue side. Collectively, these findings suggest
that the surface layer likely formed during the cold pressing of
EDAB powder and might possess a distorted and strained
crystalline structure. It can potentially be described as
a “frozen” metastable state resembling the state observed just
before the first thermal decomposition step.

In contrast, no significant alterations in the Raman spec-
trum were observed within the MAZ compared to the bulk
EDAB. This finding is unexpected considering the substantial
plastic deformation revealed by microscopy analysis. The only
minor changes detected were increased intensities of bands
within the 1000-1650 cm ™" range, which are attributed to BH,
BN and NH vibrations. A more detailed examination of the MAZ
surface revealed the presence of two distinct zone types: one
characterized by sharp bands and another with broad bands
(further details provided in Fig. S8 at the ESIf). These zones
might potentially correspond to regions with varying degrees of
strain.

The FTIR spectra revealed bands consistent with those of
unprocessed EDAB (see Fig. S9 at the ESI for detailst).”*>*
Notably, no significant variations were observed that could be
directly attributed to the mechanical treatment.

"H (400 MHz, DMSO-d¢) and "'B (128 MHz, DMSO-ds) NMR
spectroscopy of unprocessed (as received) EDAB and the
mechanically treated EDAB aligned well with previously re-
ported structures (see ESI for detailst).”>** Notably, the NMR
spectra of the ground EDAB did not reveal any substantial
changes indicative of alterations in the EDAB structure. For
example, the "B NMR spectrum of the ground material dis-
played only a broad resonance band at a chemical shift of 6 =
—20.6 ppm, which corresponds to the BH; unit of EDAB.®*** The
resonance bands associated with BH,~, BH, and N-B-N back-
bone molecules (diammoniates) were absent.>***

3.4. Mechanical properties

The elastic modulus, Ej, and hardness, Hj, of the EDAB pellets
were measured as a function of nanoindentation depth and are
presented in Fig. 5(a). The elastic modulus exhibited a decrease
from 3.7 GPa to 2.9 GPa as the penetration depth increased
from 1.3 um to 2.9 pm (corresponding to a load increase from 2
mN to 20 mN). Conversely, the hardness displayed a linear
increase from 57 MPa to 143 MPa. Notably, the obtained values
for both Hj; and Ej; fall within the corresponding ranges re-
ported for the compressive yield strength and modulus of
elasticity of thermosetting polymers such as polyamide-6,6,
epoxy, and polyester.®>*® Fig. 5(b) presents the plastic work,
elastic work, and plasticity index of EDAB determined as the
ratio of plastic work to the total work expended during nano-
indentation. The plasticity index exhibits a gradual decrease

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Hardness and instrumental elastic modulus obtained from

nanoindentation tests as function of the penetration depth. (b) Elastic,
We, and plastic, W, work expended during nanoindenation of EDAB
pellets and corresponding plasticity index.

from 0.9 to 0.8 with increasing penetration depth. This trend
correlates with the observed substantial increase in hardness.
In simpler terms, as the indenter penetrates deeper, the mate-
rial becomes stiffer, requiring less plastic deformation to
accommodate the indentation. However, it's important to note
that plastic deformation remained the dominant deformation
mode throughout the entire investigated range of penetration
depths. To the best of our knowledge, this study represents the
first report on the mechanical properties of EDAB.

3.5. The role of frictional heating

The transitional rise in temperature at the contact surfaces was
estimated using Tian and Kennedy's heuristic formula derived
from Blok's hypothesis for moving heat sources.®””*® Table 1
summarizes the experimental parameters along with the
mechanical and thermal properties of EDAB and alumina (the
indenter material) employed in the calculations. The thermal
conductivity of EDAB (1,) measured in this study fell below the
instrument's lowest measurable limit of 2 W (m™' K%).
However, based on the observed similarities between EDAB and
thermosetting polymers as well as ammonia borane, we

RSC Mechanochem., 2025, 2, 285-296 | 289
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Table 1 Material parameters used for modelling the contact
mechanics and the temperature at sliding contact

Properties Units Value Ref., comments
Normal load N 0.6-1.1 This work
Sliding velocity ms* 0.18 Ref. 15
Thermal conductivity:

Alumina, A, Wm'K? 18-30 Ref. 73

EDAB, 4, 0.2 Estimated
H MPa 150 This work
Coefficient of friction 0.2-0.3 Ref. 73 and 74

estimated A, to be within the range of 0.1-0.45 W (m™"
K™ 1).65667071 Taking the load into account, the resulting flash
temperature was estimated to range from 7.7 K to 15.5 K above
ambient temperature, translating to values well below 315 K.
This estimated temperature increase remains significantly
lower than the threshold temperature required for the initial
decomposition step* of EDAB (394 K). Additionally, the short
duration of the “hot spot” on the pellet surface (approximately
10 ms) renders it unlikely that frictional heating could signifi-
cantly contribute to EDAB sublimation.**”>

3.6. Thermal gravimetric analysis (TGA) and mass
spectrometry (MS) of emitted gases

TGA-MS was conducted to contrast the results of triboinduced
EDAB dehydrogenation and to determine the thermodynamic
parameters controlling EDAB thermolysis using an isothermal
method. TGA-MS data for a constant heating rate are presented
in the ESI.T The results generally align with previously reported
data. They also provide some additional details regarding the
influence of EDAB foaming on both the TGA data and the
composition of the evolved gas species. Thermal decomposition
agrees with the reactions proposed by Neiner et al.> as shown in
Scheme 1.

Fig. 6 shows the results of isothermal TGA-MS tests per-
formed at 90, 100, and 110 °C. H,, ArH" and water vapours were
the main components detected in the mass-spectrometry data,

intramolecular

View Article Online

Paper

in accordance with literature.” These tests reveal that hydrogen
emission starts well before the temperature reaches the point of
decomposition observed during temperature ramping experi-
ments (Fig. S4 in ESIt). For target temperature 90 °C, hydrogen
emission begins to rise sharply between 75-85 °C and plateaus
once the target temperature is reached. At 100 °C the H,
emission continued to grow gradually during the isothermal
stage. The inflection point occurred at approximately 90
minutes and then H, pressure linearly decreased. At 110 °C,
hydrogen emission doesn't plateau at all. It continues to
increase and reached the inflection point at about 25 minutes
before rapidly decreasing to the background level. The time to
inflection and the maximum pressure decreased with
increasing temperature.

The pattern of H, emission observed at 100 and 110 °C
suggests that precursors involved in the initial solid-state EDAB
decomposition reaction (shown in Scheme 1) are depleted along
the tests. This idea is supported by calculations of the relative
amount of H, emitted per milligram of EDAB. To simplify
comparison of H, yield at different temperatures, the emitted
H, was quantified by integrating the mass spectrometry signal
(H,' ion current) over time. The relative amount of H, per mass
of EDAB is presented in the table of Fig. 6b, in units of nA min
mg . Interestingly, the calculated values for 100 °C and 110 °C
are very similar. However, the value at 90 °C is significantly
lower, suggesting that the first-step dehydrogenation reaction
wasn't complete at this temperature during the 330 minutes
test. It's worth noting that after 40 min. TGA did not plateau,
but the mass continued to decrease from 4.3% to 4.9%, indi-
cating a slow, ongoing release of hydrogen as observed by mass
spectrometry.

Another striking result of the isothermal tests is that EDAB
decomposition occurred without induction period. In case of
ammonia borane, below 120 °C the induction period was
notable. It increased with decreasing temperature and reached
120 min at 90 °C.”

The total mass loss follows a similar trend for the initial 20
minutes, before foaming and bubbling significantly affect the

BH N " N \
——BH,
HoN \ - \ \\
5 BH, | BHy4 » KBHZ — /BH
N NH

2 A

HGB""'NHZ BH3 BH3
Intermolecular
H "
H2N,__..BH3 HaN—" \NHz -Ha {—\ E Hy
2 BHy —™ N HN— - —B
Hy n ﬁz n

NH, NH,

Haﬂ""NHz HB—" HgB/

Scheme 1 Reactions of EDAB thermal decomposition.?
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Fig. 6 The results of isothermal TGA-MS at 90 °C, 100 °C and 110 °C:
(a) relative mass decrease, (b) variation of H, partial pressure. The
dashed lines in (a) depict the expected behaviours without foaming
and bubbling.

measurement. The step-like changes and sharp peaks likely
correspond to the formation and collapse of small bubbles
accompanied by the release of molten EDAB droplets or solid
particles. Similarly, the slow increase and decrease in mass loss
observed at 100 and 110 °C can be attributed to the inflation
and deflation of larger bubbles. Fig. 6a depicts the expected
mass change behaviour without bubbling, represented by the
dashed lines.

An isoconversional model-free method””® was employed to
determine the activation energy, E,, of the decomposition reac-
tion. This method avoids the need to assume a specific reaction
model. The reaction extent, «, ie. the fraction of emitted H, at
a given time to the total amount of H, emitted during the test,
was calculated from mass-spectrometry data for each isothermal
test (see Fig. 7a). These plots allowed us to determine the time,
t, required to reach a given « values (between 0.05 and 0.5) at the
three different temperatures. Next, Arrhenius plots were con-
structed for each « value (see Fig. S6 in ESIT). These plots depict
In(¢) versus the reciprocal of temperature. The E, for each « value

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) a-Time plots of the first step of EDAB decomposition, (b)

activation energy for the first-step hydrogen emission obtained for
various values of a using the isoconversional method. The red line is
interpolation of the measured data using a fifth-degree polynomial
function. The dashed line depicts the possible extrapolated trend of
the data towards a = 0.

was then obtained from the slope, b, of the corresponding linear
fit in the Arrhenius plot:

E,=bR 1)

where R is the universal gas constant.

As the decomposition reaction proceeds as indicated by
increasing « values, the E, gradually approaches 140 kJ mol "
that is not so far from the reported values obtained using the
Kissinger method (see Table 2). However, at the initial stages of
decomposition (low « values), the E, exhibits a significant
decrease. At an o = 5%, the E, is as low as 59 + 5 k] mol ™.
Extrapolating this trend to the very beginning of the reaction («
= 0%), the E, would theoretically reach around 21 kJ mol~". The
low decomposition temperatures for EDAB (75-95 °C) justify
such low values of activation energy at low «. These results are

RSC Mechanochem., 2025, 2, 285-296 | 291
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Table 2 Enthalpy change and activation energy for EDAB and AB
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Hydride Enthalpy change: 1st/2nd step (k] mol ) Activation energy (k] mol ")
EDAB —(26 + 4)/—(9 £ 3)" 185 + 7/180 + 3 (ref. 4)°
—(20 + 1.5)/—(7.5 £ 1.2)? 172/—>
—20/—14 (ref. 5) 59-132°
AB —21 (ref. 77) 184 (ref. 78)°

183 (ref. 79)7

160 (ref. 80)°
147.5/144.5 (ref. 75)*
102/22.9 (ref. 75)°

“ Kissinger method. ® This study. © Integrating area under isothermal DSC curve. ¢ Arrhenius plot. ° Kissinger plot for nonisothermal DSC.

 Isoconversional (model-free fitting) treatment of isothermal data.

consistent with the calorimetry data, which showed a shoulder
in the range 75-112 °C.?

However, this behaviour contrasts with the findings reported
for parent AB,”” where the highest activation barrier was
observed at low «. This discrepancy can be attributed to the
presence of an induction period in the case of AB. In contrast,
EDAB does not exhibit such an induction period, leading to
a lower initial energy barrier for decomposition. Gangal et al.”
attributed the progressive decrease of activation energy to the
autocatalytic effect of exothermal reaction of AB decomposition.
Since both AB and EDAB possess similar enthalpy changes for
the first decomposition step (as shown in Table 2), this expla-
nation seems unlikely for EDAB.

The shapes of the plots in Fig. 7a indicate that the solid-state
reaction is of nearly constant rate, which tended to accelerate
slightly with increasing temperature.” Picking an appropriate
reaction model is not easy because of the large variation of the
E, with «, which may indicate the existence of various parallel
reactions. The distribution of activation energy values might be
more likely related to the presence of defects within EDAB
crystalline structure, which could potentially act as nucleation
sites for decomposition.

3.7. Possible tribochemical processes

The analysis of minor emission gas components, which account
for less than 6% (by ion current) of H, emission, can be useful to
elucidate the mechanisms of underlying tribochemical
processes. The mass spectra of gases released during tri-
bochemical decomposition differed significantly from those
observed during thermal dehydrogenation.

Additionally, vibrational spectroscopy and NMR analysis
revealed no chemical changes in the material.

The "B spectra showed a slight downfield shift of the broad
resonance from —23.4 ppm (as-received EDAB) to —25.3 ppm
(ground EDAB). In the 'H spectra, mechanical activation
resulted in a decrease in intensity and broadening of the main
EDAB resonances,*" along with the appearance of two additional
resonances at 5 ppm and —0.5 ppm, assigned to pore water and
adsorbed water, respectively.®” This is expected, as EDAB is
highly hygroscopic. Grinding under ambient air for approxi-
mately two minutes resulted in water adsorption. The observed
line broadening is consistent with residual stress induced by

292 | RSC Mechanochem., 2025, 2, 285-296

grinding.®® 'H spin-lattice (7;) and spin-spin (T,) relaxation
times were also measured for solid EDAB (Table S2 in ESIf). The
values for untreated EDAB are consistent with literature
values.** Grinding decreased both T; and T,, which can be
attributed to increased disorder.*

These findings suggest that tribochemical degradation of
EDAB doesn't follow the same pathway as thermal dehydroge-
nation (outlined in Scheme 1). The results obtained from
MSGE-MS indicate the two different tribochemical processes
(see Scheme 2). The first one is associated with the coupled
behaviour of gas emission during rubbing. The release of
gaseous products from EDAB can be attributed to bond scis-
sion, most likely involving C-C and N — B bonds. The
homolytic N — B cleavage is barrierless as only the dative bond
is elongated during the bond breaking. Its endothermic
cleavage leads to neutral molecules (1) and (2).*%*” Conversely,
homolytic cleavage of the covalent C-C bond can result in either
a pair of radicals (3) or a pair of oppositely charged ions.
Cleavage of C-C bond is less likely due to its much higher bond
dissociation enthalpy (89.8 % 0.5 kcal mol ") compared to the N
— Bbond (31.1 kcal mol ™). For C-N bond dissociation energy
is around 3 keal mol ™" higher than for C-C.*** While radical (3)
can be relatively stable due to hyperconjugation and potentially
detectable by mass spectrometry after entering the gas phase,
radicals formed through C-N bond cleavage might undergo 1,2
elimination or proton-shift reactions. These secondary reac-
tions could lead to the formation of: (i) ammonia borane (molar
mass 31) and unsaturated C,NBHj or (ii) aminoborane (molar
mass 29) and saturated C,NBH;,. The latter scenario appears
more likely because, similar to ethenamine, C,NBHj is expected
to be highly reactive.” This hypothesis is further supported by
the observation of dominant coupled components at m/z 27 and
28 in the DMS, while the component at m/z 29 was weaker and
followed the uncoupled behaviour.

BH,NH,(CH,),NH,BH, % BH, + NH,(CH,),NH,BH,
1) 2)
2 BH,NH,CH,-
3)
BH,NH,CH,’ +BH,NH,CH,
(4a) (4b)
Scheme 2 Possible coupled reactions of EDAB tribochemical

decomposition.
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The uncoupled emission likely comprises gaseous species
containing the B-N-B backbone and ammonia borane (the DMS
components at m/z 29-31 and 42). The appearance of B-N-B
backbone-containing molecules can be tentatively attributed to
secondary reactions involving EDAB molecules and radicals
(-C,NBHy and/or -NBH;) resulting from C-N bond cleavage.
Despite the insights provided by mass spectrometry, obtaining
more precise information on the composition of emitted gases
or radicals remains challenging at this stage because of the
given level of uncertainty of mass spectrometry measurements
and the lack of reference data on the specific cracking patterns
of potential EDAB decomposition products. Nonetheless, one
clear observation emerges: most products of tribochemical
reactions must be volatile leaving no residue behind since
vibrational spectroscopy and NMR analysis did not detect any
significant changes in the chemical structure of EDAB on the
mechanically affected zones compared to bulk EDAB.

While the coupled gas emission can be rationally attributed to
chemical processes occurring within the bulk material, the
uncoupled gas emission likely originates from the surface layer.
This decoupling from the indenter movement can be explained
by mechanical removing of the material of the surface layer from
the MAZ. Vibrational spectrometry suggested that this layer has
the same chemical structure as the bulk EDAB, but exhibits
a considerably higher degree of disorder, possibly formed during
cold hydrostatic pressing. Interestingly, applying shear stress to
the pristine EDAB (bulk) through reciprocating rubbing did not
induce equivalent structural disorder. Similarly, grinding, which
combines compressive strain and shearing forces, had no effect
on boron environments according to NMR measurements. This
is surprising because many researchers have attributed shearing
to be a critical factor in driving tribochemical reactions.

When the activation factor comes into play the uncoupled
gas emission starts almost immediately. Conversely, the slow
decrease in emission likely reflects that some kind of transport
phenomenon, e.g. diffusion from deeper layers beneath the
mechanically affected surfaces, or slow thermally driven relax-
ation, e.g. of residual stress, are involved. This behaviour differs
from the coupled gas emission, which decays much faster in an
exponential manner. The rate of decay for coupled gas is
roughly 5 times higher than that of the uncoupled mode.

The pre-existing crystallographic disorder in the surface layer
might be essential for triggering the uncoupled tribochemical
reactions. Considering the van der Waals** and dihydrogen®
forces holding EDAB molecules together, we can infer that the
disordered surface layer likely possesses quite low residual stress,
which should not exceed the EDAB hardness (150 MPa). Such
stress is negligibly low compared to the stress levels required to
direct cleavage of strong covalent and dative bonds within the
EDAB molecule, but it can contribute to lowering the activation
free energy according to Eyring expression:

E, = Eoo— oAV )

where E, is the effective activation barrier under applied stress,
AV is the activation volume and E,, is the activation barrier
without applied stress, and ¢ is the stress.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Activation volume is usually interpreted as the molecular
volume change between the initial state and the transition state
so that the reaction rate constant is enhanced by the external
force exerted on the reactants. If the activation volume is high
enough (depending on the activation barrier), tribochemical
reactions can be activated even at low stress levels. Recently, Li
and Szlufarska®® revisited the interpretation of the activation
volume using density functional theory calculations. They
proposed that mechanochemical coupling does not solely arise
from local deformation of chemical bonds at the reaction site
but also includes contributions from the deformation of the
surrounding bulk material. This contribution is particularly
significant for materials with low stiffness, such as EDAB and
other hydrides.

The value of activation volume required to cause the same H,
emission rate from EDAB under mechanical activation as under
thermal desorption at given temperature can be found from the
following expression (refer to ESI for more detailst):

Ea.O thh
AV =221 -
v ( e ) 6)

ag
where Ty, is the surface temperature during tribochemical
process, T is the temperature of thermal decomposition and N,
is Avogadro's number.

When applying eqn (3) to EDAB under the conditions of
thermal decomposition initiation (T, = 355 K, E,o =
59 k] mol ") and the tribochemical process (¢ = 100 MPa, Ty, =
310 K) the calculated minimal required AV is 124 A®. We
assumed that the maximum stress level under plastic flow
cannot exceed the material hardness. This value of AV is
significantly larger than those typically reported for tri-
bochemical processes involving bond dissociation, which
usually fall within the range 2.2-11 A®. Considering that an
EDAB molecule has a linear structure and is only about 10 A
long,”* the required change of the activation volume markedly
surpasses its bond deformation capability.

It can be suggested that the combination of relatively strong
intramolecular bonds (covalent and dative) and weak intermo-
lecular bonds (van der Waals and hydrogen) could explain the
low susceptibility of EDAB to tribochemical activation. The low
stiffness and hardness of EDAB, which are controlled by inter-
molecular bonds, allow for plastic flow at a low stress level,
which is not sufficient to strain the intramolecular bonds to
a level at which their cleavage can be activated. In contrast, ionic
and complex hydrides, which do not have a similar mechanism
for stress relaxation, are prone to strong tribochemical
activation.

4. Conclusions

The tribochemical processes occurring in EDAB under
solicitation were analysed using operando
Mechanically Stimulated Gas Emission Mass Spectrometry. In
contrast to the previous studies, which reported intensive
hydrogen release from metal and complex hydrides subjected to
similar mechanical solicitation under vacuum and room

temperature, faint hydrogen emission was found in this study.

mechanical
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This finding is striking since, in comparison with metal and
complex hydrides, EDAB has much lower initial activation
energy =59 + 5 k] mol ™' and its dehydrogenation is an
exothermic reaction.

The analysis of the emitted gases points at the possible bond
dissociation within EDAB molecules, most likely involving C-C
and N — B bonds. Spectroscopic techniques and NMR did not
show any notable chemical changes on the mechanically
affected surfaces. This suggests that the products of tri-
bochemical reactions were highly volatile.

Nanoindentation tests showed that EDAB's mechanical
properties are close to those of thermosetting polymers: hard-
ness 57-143 MPa and elastic modulus 2.9-3.7 GPa.

Microscopy revealed significant changes of surface
morphology on the mechanically affected zones. Periodic
microscopic wrinkles perpendicular to the motion direction
resembling Schallamach waves were observed. These features
are usually observed on worn surfaces of elastomers and it can
be associated with the intensive plastic flow, which was the
possible driving force for the observed tribochemical reactions.

The lack of hydrogen emission was attributed to a combina-
tion of strong covalent and dative intramolecular forces and
weak hydrogen and van der Waals intermolecular forces
holding molecules together. It was suggested that weak inter-
molecular interaction provided a channel of mechanical energy
dissipation through plastic flow without generating significant
stress levels which could trigger intramolecular bond
dissociation.
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