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Sonochemically-synthesized atomically-dispersed titanium-aluminum-boron
nanopowder (TiAIB NP) exhibits a remarkable low-temperature catalytic acti-
vation of aliphatic C-H bonds at 750 K followed by C-C bond activation thus
emerging as a potent low-cost alternative to expensive platinum group metals.
Here, the model saturated hydrocarbon, exo-tetrahydrodicyclopentadiene
(C10H16), undergoes catalytic decomposition on TiAIB NPs in a chemical
microreactor to produce 1,3-cyclopentadiene (c-CsHg), cyclopentene (c-CsHg),
and molecular hydrogen (H,) as detected in situ via isomer-selective, single-
photon ionization time-of-flight mass spectrometry. Extensive electronic
structure theory calculations on model clusters of the catalyst decode a unique
synergy among the atomic constituents of the catalyst and chemical bonding
in this stepwise, retro Diels Alder reaction: Ti, although insensitive to C-H
activation in its metallic state, initiates the catalysis via chemisorption of the
hydrocarbon, adjacent B centers readily abstract hydrogen atoms and store
them during the catalytic cycle, while Al stabilizes the catalyst structure yet
providing space for critical docking sites for the departing hydrocarbons.

The very first discovery of the fundamental concept of heterogeneous
catalysis by Johann Wolfgang Dobereiner in 1822 was demonstrated
utilizing platinum (Pt) powder to catalyze the ignition of molecular
hydrogen'. During the last two centuries, Pt has emerged as one of the
most efficient transition metal catalysts due to its superior catalytic
performance for oxidation’*, hydrogenation®®, and industrial hydro-
carbon cracking processes’. Saturated hydrocarbons in particular such
as propane (C3Hg) and exo-tetrahydrodicyclopentadiene (exo-CyoH;6)

are predominant sources of fuel for energy production®. They further
represent vital precursors for key chemicals on the industrial scale,
e.g., alkenes (propylene (C3H¢), ethylene (C,H,))° and their corre-
sponding polymers (polypropylene, polyethylene) along with aro-
matics (benzene)" as feedstock of numerous end-use products like
pharmaceuticals and detergents.

The key prerequisite of these chemical transformations involves
the reduction of the barrier for the initial C-H bond cleavage with
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typical carbon-hydrogen bond dissociation energies of at least
400 k) mol™., Homogeneous Pt-based catalysts such as trans-
PtCl,(NO»)(H,0) and cis-PtCl,(NH5), facilitate a catalytic activation
and hence facile homolytic rupture of stable (sp*) C-H bonds™" by
reducing this barrier to only 39 k) mol™ and 29 k] mol™, respectively',
thus achieving optimum energy efficiency in these processes”. From
the mechanistic point of view, the reaction sequence begins with the
saturated hydrocarbon undergoing physisorption from the gas-phase
onto the catalyst surface with the subsequent carbon-hydrogen bond
dissociation (a notoriously unfavorable step at high temperatures).
The activated or dissociative chemisorption on the catalyst surface
emerged as the rate-limiting step of the overall reaction’. Owing to
their strong affinity towards (sp*) C-H bonds, noble metals, such as Pt,
despite the high cost and low abundance, have remained the most
widely used catalysts for hydrocarbon dehydrogenation”*°. Metal
additives such as tin (Sn), gallium (Ga), cobalt (Co), and copper (Cu),
which are catalytically inactive on their own, do enhance catalyst
selectivity and increase its lifetime by preventing coke formation* =,

However, Pt’s scarcity in nature® and high cost® are strong
motivators for the development of next generation heterogeneous
cracking catalysts that preserve the high activity of Pt, while simulta-
neously focusing on economically friendly more abundant elements
that preserve the chemical selectivity of the catalyst. Titanium (Ti) has
been suggested as such an alternative, given that it activates even the
hydrogen-hydrogen bond of molecular hydrogen by reducing the
activation energy from 436 k) mol™ in the gas phase to 142 kJ mol™ at
873K and 750 Torr of hydrogen, thus Ti has been conceived to be a
hydrogen storage material*>*. Additionally, Ti possesses the advan-
tages of a significant natural abundance and low cost for refinement.
The hydrogen adsorption capacity of Ti can be enhanced in the pre-
sence of affordable light elements like aluminum (Al) and boron (B)
which are prone to hydride formation®**. However, unlike Pt and d*-
metals (nickel (Ni), palladium (Pd)), metallic Ti in its elemental state
(d*system) alone is unable to exert any significant C-H bond activation
effect, rather it is shown to have a repelling effect on the saturated
hydrocarbons such as methane**.,

A unique approach to the synthesis of multi-metal nanopowders
has been developed, where using a sonochemically-mediated slurry
technique, complex metal hydride precursors are generated in situ and
are decomposed to produce amorphous nanopowders*>*, Materials

Titanium
(EELS)

r---> Electrodes

Ti-Al-B NP

with multiple compositions have been prepared via this technique,
such as Ti-Al*?, Ti-B*?, and Ti-Al-B***°. Most importantly, these materials
are produced and collected at low temperature in a controlled reaction
environment, resulting in a localized atomic structure with a unique
atomic arrangement not attainable by other synthetic techniques* .

To untangle the catalysis at the molecular level by these mixed-
metal nanopowders for saturated hydrocarbons it is imperative to
identify the nascent products/intermediates in situ. Although popular
off-line and ex-situ detection tools such as gas chromatography (GC)
and GC-coupled mass spectrometry (GC-MS) can identify closed-shell
products, short-lived reaction intermediates cannot be probed by
these methods. These reactive intermediates (e.g., radicals) formed in
the initial stages of the catalytic conversion are not only crucial to
decipher the underlying chemistry but also control the overall effi-
ciency and performance of the respective catalysts. Additionally, a
comprehensive inventory of the temperature-dependent products and
intermediates is essential for understanding the thermocatalytic
properties of these nanopowders as a function of temperature.
Therefore, in the present study, an isomer-selective in situ diagnostics
approach utilizing photoionization to probe the reaction products in a
molecular beam has been adopted at temperatures ranging from
300K to 1050 K. This method utilizes the power of soft photoioniza-
tion with single photon synchrotron vacuum ultraviolet (VUV) light
followed by a mass spectroscopic analysis of the ions in a reflectron
time-of-flight mass spectrometer (Re-TOF-MS). For a particular mass-
to-charge ratio (m/z), the ion counts as a function of photon energy
scan yields in corresponding photoionization efficiency (PIE) curve,
which is a unique characteristic for a particular species—identifies the
threshold ionization energy and also capable of excellent discrimina-
tion of isomers.

Here, by combining the abovementioned molecular beam
experiments with electronic structure calculations, we reveal a facile
C-H bond activation and efficient heterogeneous catalytic cycle of a
low-temperature decomposition of exo-tetrahydrodicyclopentadiene
(exo-CioHs) over sonochemically-synthesized titanium-aluminum-
boron nanopowder (TiAIB NP) in a chemical microreactor*®*
(Fig. 1). Compared to the gas-phase, the threshold temperature of the
decomposition of exo-CyoHy is reduced dramatically by 450 K from
1200 K to only 750 K in the presence of TiAIB NP selectively generating

Fig. 1| Schematic of the catalytic microreactor-coupled molecular beam
machine along with the electron microscopy image and mapping of the con-
stient elements for TiAIB NP. Decomposition of helium-seeded exo-tetra-
hydrodicyclopentadiene (exo-CyoH;6) in a high-temperature chemical microreactor
over titanium-aluminum-boron reactive mixed metal nanopowder (TiAIB NP)
where the products are photoionized exploiting synchroton vacuum ultraviolet
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(VUV) beam followed by detection in a reflectron time-of-flight mass spectrometer
(Re-TOF-MS). The high-angle annular dark-field (HAADF) scanning transmission
electron microscopy (STEM) image of TiAIB NP showing the uniform distribution of
the metals with minimal phase segregation as probed by complementary electron
energy loss spectroscopy (EELS) and energy-dispersive X-ray spectroscopy (EDS)
are depicted in the inset.
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Fig. 2 | Solid-state NMR and Raman spectra of TiAIB NP. a *’Al (red trace, top left
panel) and b "B (blue trace, top right panel) magic angle spinning (MAS) NMR
spectra of titanium-aluminum-boron nanopowder (TiAIB NP). ¢ Deconvoluted

Raman spectra of TiAIB NP (bottom panel), where the experimental spectrum is
depicted as black dotted line and individual fitted peaks and total fits are presented
in ocean blue and pink solid lines, respectively.

pentadiene (CsHg). Complementary electronic structure calculations
are in accord with our experimental findings with multiple TiAIB
clusters sampled as model systems representing multiple possible
complex catalyst surface atomic arrangements. Overall, the complex
heterogeneous catalysis reaction sequence involves a cycle of mole-
cular adsorption, reaction, isomerization, and desorption, which
commences with a facile Ti/B-mediated carbon-hydrogen bond rup-
ture at 750 K having a barrier of only 30 k] mol™. This process activates
the C-H bond (397 k) mol™) in exo-CioH;6", thus rivaling the catalytic
activity of Pt in the pyrolysis and cracking of hydrocarbons. The
comprehensive molecular level understanding provided here is
essential in deciphering the specific roles of distinct metals in this new
class of heterogeneous hybrid catalysts applicable in, e.g., the thermal
decomposition and isomer-selective cracking of hydrocarbons. For
this class of heterogeneous C-H activation processes, thermally fragile
organometallic complexes have not been found useful. The concern of
thermal instability of the organic ligands therein is shown here to be
overcome by synthesizing atomically dispersed TiAIB NP (Supple-
mentary Fig. 1), where Ti acts as a central docking and activation site
due to its large atomic size compared to B and Al along with its
potential to form a deeply bound (-117 k) mol™) van-der-Waals com-
plex with the hydrocarbon, while B and Al assist the hydrogen transfer
process thus providing an atomistic view of efficient catalysis
exploiting readily available elements.

Results and discussion

Characterization of titanium-aluminum-boron nanopowder
The amorphous titanium-aluminum-boron nanopowder (TiAIB NP)
shows fairly uniform distribution of the constituent elements with
minimal phase segregation (Fig. 1) as revealed by the high-angle
annular dark-field scanning transmission electron microscopy (STEM)
coupled with complementary electron energy loss spectroscopy and
energy-dispersive X-ray spectroscopy. The Al magic angle spinning
(MAS) NMR spectrum (Fig. 2a) of the nanopowder contains an intense

peak near 1642 ppm associated with the elemental [Al(0)] state, along
with a smaller asymmetric peak near 75 ppm corresponding to alu-
minate (-OAl) with a range of coordinations’*”". In the "B MAS NMR
spectrum, the dominant feature is a relatively broad peak centered
near 65 ppm, which exactly resembles the 3-fold coordinated boron
center of anionic B¢ moiety*>. The observed chemical shift is governed
by Pauli paramagnetism of the conducting electrons on the boron
nuclei, which in turn depends on the chemical nature (e.g., electro-
positivity, valence orbital, etc.) of the metal counterpart. Hence, the
presence of Ti and Al results into a slight deviation for the observed
chemical shift from the reported peak of 84 ppm for KB¢. Similar
chemical shift (66 ppm) for a softer metal-boron interaction in the
form of Au—B linkage [(B,P,)Aul™ (B,P,: phosphine substituted 9,10-
diboraanthracene ligand) was also recorded earlier*’, indicating a
higher degree of covalency in the TiAIB nanopowder. On the other
hand, the width of the band (Fig. 2b) plausibly originated due to resi-
dual dipolar interaction with electron spins (such as metal-boron or
metal-boron-metal linkages) or with other "B nuclei (homonuclear)
despite MAS. Additional small peaks in the range of 0-20 ppm (Fig. 2b,
inset) represent tetrahedral coordination of boron similar to those
observed for Alg.,B,Oo type of compounds®.

Micro-Raman spectrum of the material (Fig. 2c, Supplementary
Table 1) reveals crucial information about the interatomic linkages,
such as Ti-Al-B bending [peak 2 (157 cm™) and peak 4 (257 cm™)], Ti
—Al stretching [peak 3 (226 cm™)], Ti-B stretching [peak 5 (414 cm™)],
Al-B stretching [peak 6 (489 cm™)] and Ti-B-Al bending [peak 7
(609 cm™)I>~’. In addition, traces of phase-segregated TiB, (phonon
mode, peak 8) and TiO, (O-Ti-O bending, peak 1) can also be identi-
fied from the spectrum®®. Corroborating the Raman spectra, X-ray
photoelectron spectroscopy results depict the trace presence of
multiple oxidation states of Ti along with traces of surface oxides of
other constituents (Supplementary Discussion 1). These surface oxides
have likely been generated via spontaneous oxidation during the
unavoidable exposure to air while performing the characterizations.
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Fig. 3 | Mass spectra with increasing temperature and initial catalytic decom-
position products. a Mass spectra recorded during the decomposition of helium-
seeded exo-tetrahydrodicyclopentadiene (exo-CioH;6) Over titanium-aluminum-
boron nanopowder (TiAIB NP) in a high-temperature chemical microreactor at a
photon energy of 10.0 eV in the 300 K to 1050 K range (left panel). The major
products identified from photoionization efficiency (PIE) curves are depicted at the
initial (750 K) and complete decomposition (1050 K) temperatures. b Experimental
PIE curves (black traces) of the initial decomposition products at 750 K (right

panel). The experimental errors (gray shaded area) originate from the accuracy of
the photocurrent measured by the photodiode and a 1o error of the PIE curves
averaged over the individual scans. The experimental PIE curve for m/z =66 (top
right panel) is fitted with the reference PIE curve of 1,3-cyclopentadiene (red trace).
The multiple isomers for m/z= 68 (bottom right panel) are detected by matching
with a linear combination of two reference PIE curves [cyclopentene (blue trace)
and 1,3-pentadiene (orange trace)] of different structural isomers; the overall fit is
depicted in a red trace.

However, Raman spectral data ensures that the Ti-Al-B framework is
predominant in the material compared to the surface oxides existing
as impurity.

Identification of decomposition products and intermediates
The catalytic thermal decomposition process of the hydrocarbon exo-
Cy0Hy6 through the chemical microreactor packed with TiAIB NP has
been traced by recording mass spectra (Fig. 3a) upon ionizing the
molecular beam containing the nascent products at a photon energy
of 10.0 eV (Supplementary Fig. 5). These mass spectra are recorded
systematically at definite temperature intervals. At 300K, only the
parent mass peak at m/z =136 (C;oHy") followed by the weak features
of its ®C counterpart at m/z=137 (*CCoHys") are noted. The thermal
decomposition of exo-C;oHy¢ in presence of TiAIB NP is initiated only at
750 K with the first appearance of the weak product peaks at m/z =66
and 68, whereas the decomposition onset temperature for uncata-
lyzed reaction has been found to be 1200 K under otherwise identical
experimental conditions*’. Exploiting a detailed analysis of distinct
isomer-selective PIE curves of individual mass-to-charge (m/z) peaks, a
comprehensive knowledge of the products and intermediates formed
in the molecular beam is acquired. These PIE curves are unique to a
particular species and enable an explicit identification of the nascent
products. Figure 3b reveals the initially decomposed products of exo-
C;0Hy6 in presence of the catalyst to be 1,3-cyclopentadiene (c-CsHg, m/
z=66), cyclopentene (c-CsHg, m/z= 68), and its open-chain isomer 1,3-
pentadiene (CsHg, m/z = 68). Considering exo-C,oHy¢ - a fused, strained
dimeric unit of cyclic five-membered ring, the yield of above-
mentioned cyclic species indicates facile ring-opening via a strong C-H
activation followed by successive C-C bond cleavages. Cyclopentene
(c-CsHg) can isomerize to 1,3-pentadiene (CsHg) in the gas phase at the
given temperature®’.

Mass spectra recorded at a photon energy of 15.4 eV (Supple-
mentary Fig. 6) additionally detects molecular hydrogen (H,, m/z=2)

indicating a catalytic dehydrogenation reaction in operation. Note that
the rise in temperature results in increased chemical complexity of the
decomposition; in other words, the number of mass peaks increases
with a simultaneous decay of the parent hydrocarbon ion count at m/
z=136, which nearly disappears at 1050 K. However, molecular mass
growth processes beyond the parent peaks (m/z =136, 137) are absent
suggesting the exclusive detection of the primary products in the
experimental setup.

The PIE curves at distinct temperatures (Supplementary Figs. 7, 8,
9) above 750 K reveal that the diversity in the products enhances with
an increase in temperature. At the maximum experimental temperature
(1050 K) representing the full decomposition of exo-CyoHye, distinct
classes of species are detected (Supplementary Table 2) - including
open-chain, cyclic and aromatic closed-shell hydrocarbons and
radicals®. Traces of methane (CH4, m/z =16), the simplest hydrocarbon
have also been identified from the corresponding mass spectra at
15.4 eV (Supplementary Fig. 6) for this temperature. However, a com-
parison of these products with those formed in the gas phase pyrolysis
of exo-CyoHye indicates (Supplementary Table 2) a more uniform pro-
duct formation in the former. It is also important to note that in the
repeated experiments (Experimental Methods) with the catalyst load-
ing via stepwise heating-cooling-heating procedure at a specific tem-
perature, no observable alteration in the mass-spectra was detected
which further ensures unaltered chemical activity and excellent life-
cycle of the catalyst. The Raman spectrum of the recovered nano-
powder after the catalytic cycle also confirms no significant structural
changes via the acquired spectral features except minimal graphitic
deposition in the reactor tube (Supplementary Fig. 10).

Decomposition profile

To quantify the progress of decomposition of the exo-C;oH;¢ With
respect to temperature and assess the catalytic effects of TiAIB NP, the
decomposition ratio curves as a function of temperature with and
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Fig. 4 | Catalytic effects revealed in the temperature-dependent decomposition
ratio curve. Decomposition ratios of exo-tetrahydrodicyclopentadiene (exo-
Ci0H16) passing through a high-temperature chemical microreactor with (red trace)
and without (black trace) titanium-aluminum-boron nanopowder (TiAIB NP). Error
bars of the y-axis originate from experimental uncertainties (20) of the m/z=136
peak intensities evaluated by averaging the mass spectra, while errors of the x-axis
are associated with the accuracy of the measured temperature. The green circle
represents undecomposed hydrocarbon at 300 K.

without the catalyst loading are shown in Fig. 4. The decomposition
ratio is defined as the ratio of the decomposed hydrocarbon to the
total amount, where zero indicates no reaction, i.e.,, the unde-
composed state (represented by the green circle in Fig. 4) and the full
consumption of the hydrocarbon is represented as unity. Experimen-
tally, the magnitude of the ratio at a particular temperature is eval-
uated by probing the fractions of normalized parent mass peak
intensities at m/z=136 with respect to that observed at 300 K. From
the plot, it is evident that in presence of TiAIB NP, the decomposition
of exo-CyoHy¢ (red trace) is initiated at a significantly lower temperature
of 750 K, which is 450 K below the onset temperature of decomposi-
tion reaction in the absence of the catalyst (black trace). The general
pattern of both the decomposition curves appears to be similar;
however, the full decomposition of exo-C;oH;¢ has been noted to occur
at only 1050K in presence of TiAIB NP while the decomposition in
absence of the catalyst doesn’t even initiate until 1200 K and complete
decomposition occurs at 1600 K. This stark difference in the decom-
position ratio curves demonstrates strong catalytic effects of TiAIB NP
throughout the entire operational temperature range.

The enhancement of catalytic decay of exo-C,oH;¢ With respect to
the rising temperature is complemented with the simultaneous
increase in the product abundances which are probed as a function of
temperature-dependent mass peak intensities (Supplementary Fig. 11).
The trend depicts that the yield of primary product 1,3-cyclopenta-
diene (c-CsHg, m/z =66) continues to increase but with a diminished
rate in the high temperature range, while that of cyclopentene and 1,3-
pentadiene (CsHg, m/z = 68) reach their maxima at 900 K followed by a
slow decay. On the contrary, other products including short chain
hydrocarbons and cyclic 6- and 9-carbon species grow significantly
above 950K, which are likely to be generated from the C5 primary
products serving as the precursors.

Product branching ratios

The individual branching ratios (Supplementary Discussion 2) at four
distinct temperatures (Supplementary Fig. 12) provide a quantified
overview of the mole fractions (concentration) of products*. The
initial decomposition products 1,3-cyclopentadiene (c-CsHg, m/z = 66)
cyclopentene and 1,3-pentadiene (CsHs, m/z=68) constitute the
branching ratios of 44.2 +2.8, 35.4 +£2.9 and 16.6 + 2.1 %, respectively,
along with 3.8 1.6 % of molecular hydrogen (H,). The CsH¢ and total

CsHg species are generated in almost equal yields. 1,3-Cyclopentadiene
(c-CsHg) continues to be the major product until 950 K (28.2 + 3.4%),
while CsHg isomers tend to decline remarkably with the rise in tem-
perature and the open-chain isomer dominates over the cyclic coun-
terpart. It is also notable that the larger aromatic species as well as the
smaller open-chain hydrocarbons are generated in greater amounts at
the higher temperatures (Supplementary Fig. 12). At 1050K, the
6-carbon aromatic species, benzene (C¢Hg) appears to be the most
contributing product (27.1 + 2.8%). The minimal detection of the open-
shell species in the molecular beam such as cyclopentadienyl (CsHs)
and phenyl (C¢Hs) radicals as compared to the uncatalyzed thermal
reaction of exo-C;oHy¢ signifies (Supplementary Table 4) an effective
H-atom abstraction by the radicals leading to the formation of corre-
sponding closed-shell hydrocarbons, which is in accord with the
reduced yield of molecular hydrogen (H,) - from 3.8 +1.6 % at 750K to
1.5+0.2 % at 1,050 K.

TiAIB model cluster
Having established experimentally that the TiAIB NPs facilitate a low-
temperature decomposition of exo-C;oH;6, we explored the roles of
model TiAIB clusters to decipher the mechanistic paths for the cata-
lytic activity of TiAIB NPs, especially to untangle the specific roles of
the constituents. Material characterization attempts reveal the pre-
dominant presence of elemental state of the constituents with mutual
heteroatomic interactions, while STEM imaging suggests extensive
spatial atomic dispersion. Raman spectroscopy data significantly out-
lines the interatomic linkages that could aid the prediction of model
catalyst structure. Moreover, since the individual elements are incap-
able of efficient C-H activation, it must be the collective interatomic
interactions (e.g., Ti-B, Al-B and Ti-Al) that promote the low tempera-
ture catalysis. On the other hand, the reactivity of trace metal oxides
can be ruled out as no oxygenated species were identified in the
resulting molecular beam (Fig. 1)***°. Therefore, TiAl,B4 clusters—the
chemically simplest cluster of the correct stoichiometry® - are theo-
retically modeled using a stochastic structure search. Note that no
alloy of this composition exists to enable a model in the form of
facetted nanoparticles, and thus the particles are expected to be clo-
sely represented by a cluster of the matching stoichiometry. Specifi-
cally, 700 initial structures were generated while ensuring that the
interatomic distances fall within normal distribution from typical bond
length, and the cluster stays intact. Those were optimized to the
nearest local minimum, confirmed with vibrational frequency calcu-
lations. From a chemistry viewpoint, the initial decomposition tem-
perature of 750 K has been set as the reaction temperature, since the
primary heterogeneous catalysis could be best understood when
secondary reaction channels such as unimolecular gas phase decom-
position, extensive fragmentations, and isomerization are excluded.
Among many possible structures, the lowest energy isomers of the
derived TiAl,Bg cluster representing over 99.6% of the population at
750K, as calculated via Boltzmann statistics, are depicted in Fig. 5. Iso-
mers (1), (2), (3), (5), and (7) each have one enantiomer which are not
depicted but they are included in the Boltzmann statistics calculation.
The cluster framework of TiAlIBg moiety reveals an asymmetric
hexagonal bipyramidal topology which is preserved with no notable
differences in different isomers (1) to (6). The key difference between
the isomers arises due to the position of the exterior Al atom with the
location of Al further away from the Ti center causing thermodynamic
destabilization as a general trend (Supporting Discussion 3).
Considering the chemical bonding, pure boron clusters depict
covalent 2c-2e o-bonds along the periphery while delocalization of
both the o- and m-type bonding spans the entire cluster®*®>. The -
system being similar to benzene can coordinate with Ti (d-block
metals). From the natural population analysis (NPA) of charges on
individual atoms (Fig. 6), a slight localization of electron density can be
noted in the anionic B¢ moiety, which supports the observation in "B

Nature Communications | (2025)16:6793


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-62112-2

a
Qi
[

©5 3)
0.496 0.074
0 kJ mol! 12 kJ mol!
/ /
/
(4) (5) (6) (7)

0.015 0.016 0.007 0.004

18 kJ mol-! 21 kJ mol! 22 kJ mol! 30 kJ mol-!

b

0.148 0.088
8 kJ mol" 12 kJ mol!
¢ [

[ ® k\}W \\‘ o -
(D) (E) (F)
0.062 0.045 0.029
14 kJ mol-! 16 kJ mol 19 kJ mol-!

-
S 8
%
Sy J
| J
% J
(G) (1)
0.028 0.01 0.005
19 kJ mol-! 25 kJ mol-! 29 kJ mol-!

Fig. 5| Model TiAIB clusters and the binding complexes of its global minimum
with exo-C;oHye. a Structures of TiAl,Bg clusters (1-7) with the corresponding
Boltzmann population at 750 K (sky blue) and relative energies (dark blue) with
respect to the global minimum structure (1). Except structures (4) and (6), all of the
modeled clusters possess enantiomers. b Different binding modes (A-I) of exo-
C;0Hy6 With the most stable TiAl,Bg cluster (1). Below the individual complexes,
their corresponding Boltzmann population at 750 K (sky blue) and relative energies
(dark blue) with respect to the global minimum structure (A) are mentioned.

MAS-NMR spectrum. As discussed earlier, the NMR data reveal a 3-fold
coordination of B—typical for the chemistry of boron clusters is also
seen in our cluster model. The experimentally detected higher coor-
dination number of B can be linked to the central B atom in our cluster
model. On the flip side, fractional positive charges on Ti and Al atoms
indicate an electrostatic interaction via charge transfer to B counter-
parts, as compared to extensive covalency predicted in pure B clusters.
This can be corroborated to the proximity and chemical effects of the
more electronegative element B in the nanopowder towards the
metals in their elemental states (with little alterations) as detected

experimentally. Additionally, the model cluster also deciphers the
presence of interatomic linkages (e.g., Ti-B, Al-B, etc.) assigned Raman
spectroscopically. However, the correlation of computed and experi-
mental charges is only qualitative, an exact comparison between them
is deemed to be overstated.

In the global minimum (1) and for the first two local minima (2,3),
the exterior Al atom remains close to the Ti center, but in the third,
fourth, and fifth local minima (4-6), the Al atom is far from the Ti
center. At the sixth local minimum (7), the asymmetric hexagonal
bipyramidal motif breaks and no higher-energy isomer has this motif.
Although, the isomers (1) and (2) apparently look similar, the position
of the exterior Al is significantly higher above the TiBs framework in
the latter and the distance from Ti atom is also 50 pm longer than the
global minimum (1). Analogous global optimization for the cluster of
double the size—Ti,Al4B;, (Supplementary Fig. 13), also reveals the
preference for the exposed titanium centers and shows separation of
Ti and Al atoms in the clusters with no sign of segregation. These
theoretical results on the elementary and double stoichiometries of
the cluster agree well with the fairly uniform elememental distribrution
in the nanopowder as disclosed in the STEM images (Fig. 1).

Binding modes of exo-C,oH;¢ on TiAl,Bg cluster

The first step of the interaction between the hydrocarbon exo-C;oHy¢
with the TiAlBg cluster is the adsorption of the substrate on the cat-
alyst surface. Notice that, for alkanes on cluster catalysts, it is rather
typical to not exhibit a physisorbed well on the free energy surface
while proceeding directly to chemisorption®*. Such binding complexes
involving the most stable TiAl,B¢ isomer (1) are also simulated, yielding
nine lowest energy geometries, which are further Boltzmann-weighted
at 750 K (Fig. 5). The global minimum (A) of the resulting TiAl,B¢ - exo-
Cy0Hy6 represents 58 % of the total population at 750K, where the
methylene (-CH,-) bridged C;H;o moiety of the hydrocarbon gets
symmetrically docked to the Ti-center of the cluster via the formation
of four C-H-Ti linkages. Apparently, the single atom-like structure of
the Ti in the cluster catalyst represents a perfect geometrical match
with the structure of exo-CyoH;6 allowing for simultaneous activation of
multiple (3, 4, or even 5) C-H bonds in a single molecule. Due to the
binding, the partial positive charge of the Ti center has been noted to
decrease from 0.651 to 0.033 (Fig. 6)—suggesting the acceptance of
electron density from participating C-H bonds. The average H-Ti dis-
tance is calculated to be 210 +9 pm which is much shorter than the
H-Ti bond length in the physisorbed hydrogen (H,) on pure Ti-clusters
(280 pm)*“%; this suggests a strong activation of the Ti center by the
neighboring Al and B atoms. Two five- (C-H-Ti-H-C) and two six-
membered (C-C-H-Ti-H-C) cyclic rings evolved during the binding
assures enhanced stability in the ensemble (A). In all the lowest energy
local minima (B-I), exo-C;oHy is attached consistently to the Ti center,
but the binding motif of the hydrocarbon differs, for example, in the
first local minima (B), the cyclic five-membered moiety (CsHg) of exo-
Cy0Hy is bound to Ti—forming five C-H-Ti linkages.

Reaction mechanism of exo-C;oH;¢ decomposition

The reaction mechanism (Fig. 7) for the catalytic decomposition of
exo-CioH6 generating five-membered hydrocarbon products (Fig. 3)
are computed by extending the electronic structure theory calculation
involving the lowest energy TiAl,Bg - exo-C;oH;6 binding complex. The
entropy-corrected relative free energies at 750 K of the intermediates
and transition states (TS, Supplementary Fig. 15) with respect to the
separated reactants (R) have been plotted to generate the free energy
profile. The corresponding potential energy surface (PES) at OK
(Supplementary Fig. 14) suggests the initial adsorbed complex il to be
bound by 117 k] mol™; however, the complexation being entropically
unfavorable, the il energy rises to 53 k) mol™ at 750 K, which is even-
tually surmountable at this elevated temperature. From il, the reaction
bifurcates into two possible paths—both indicate a Ti-mediated H-
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Fig. 6 | Charge distribution on the model cluster and changes due to complex formation. Natural population analysis (NPA) charges (positive charge: blue, negative
charge: red) on the global minima of a exo-C;oH;6, b TiAl,B, and the ¢ binding complex between exo-C;oH;6 and TiAl,Bg cluster.
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Fig. 7 | Free energy profile of the catalytic cycle at 750 K. Entropy-corrected free b desorption of the products from the TiAl,B cluster. The dotted connections are

energies of the intermediates (i) and transition states (TS) in the catalytic decom- uphill on the enthalpic potential energy surfaces and show no TS, while some of them
position of exo-CyoH;¢ on the global minimum structure of TiAl,Bg cluster (structure1  get strongly stabilized by entropy and appear significantly downhill (such as i6 - i7) in
in Fig. 5) at 750 K. The geometries of the TS’s are represented in Supplementary the free energy surface; the associated entropic barriers are not computed as they are
Fig. 15. The catalytic steps include - a C-H and C-C activations of exo-CioH;¢ and not expected to alter the reaction kinetics.
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Fig. 8 | Ab initio molecular dynamics (AIMD) simulation of the
dehydrogenation steps. AIMD simulation adopting the slow-growth approach for
the first H-transfer via the a distal side (Supplementary Movies 1, 2) and b the
proximal side (Supplementary Movies 3, 4) of exterior Al-atom to the ortho-B center
(DA1~ DA3 and DBL1 - DB3, respecectively), followed by the second H-transfer in
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the alternate directions (DA3 > DAS and DB3 - DBS, respecectively). Free energy
profiles for the c first and d second H-transfer steps are relative to the respective
intermediates (DA3 and DB3) bearing single H-transferred cluster (HTiAl,Bs) bound
to CyoHys. The blue and red lines represent the free energy profiles for trajectories
along path (a) and (b), respectively.

atom transfer to either of the adjacent B-centers (ortho position). In the
first path, il>i2 proceeds via a barrier of 30 kj mol™ (TS1) accom-
panied by the H-atom transfer to the ortho-B atom residing in the
opposite (distal) side of the exterior Al atom, whereas the second
possible path (i1->i3) evolves with a higher energy barrier of
56 k] mol™ (TS2), and the H-atom is transferred to the ortho-B atom
connected to the exterior Al atom (on the proximal side). The il - i2/i3
steps represent the pivotal first dehydrogenation step and the corre-
sponding transition state energies of 83 and 109 k] mol ™ also represent
the maxima in the free energy surface. Each of the intermediates i2 and
i3 can be portrayed as the binding complex of C,oH;s...HTiAl,Bg, where
the remaining hydrocarbon is docked via the Ti center.

Next, i2 and i3 undergo a subsequent H-atom shift to the ortho-B
centers of the cluster—one on the exterior Al side and the other
opposite to that, respectively, forming C;oHy4...H>TiAlLBg (i4), hence
completing the dehydrogenation of the hydrocarbon. The i4 inter-
mediate also consists of newly formed, direct Ti-C chemical bonds at
the expense of two abstracted H-atoms. The respective energy bar-
riers for i2/i3 > i4 are 49 and 27 k) mol™.. Further investigating these
initial dehydrogenation steps via ab initio molecular dynamics
(AIMD) simulation with the slow-growth approach simultaneously
incrementing the reactive C-H length and decrementing the resulting
B-H length reveals that the exterior Al-atom is highly fluxional (Fig. 8)
during the H-transfer stages to the TiAl,B4 cluster (Supplementary
Movies 1-4). Both of the sequential H-transfers are performed to the
Ti-adjacent B-centers consistent with the free energy profile as
shown in Fig. 7. DA2 and DB2 represent the free energy maxima of
the first H-transfer steps along the sides distal and proximal to the
exterior Al-atom, respectively, while DA4 and DB4 are the free energy

maxima for the second H-transfer steps. The AIMD simulation visits
ensembles of states unlike the discrete path of the NEB method, as it
samples accessible configurations of the system over time. For
example, our simulation shows a binding mode (DB1) of the hydro-
carbon with the model cluster for the first H-transfer proximal to the
exterior-Al side that essentially depicts one of the low-lying local
minima during complexation (Fig. 5). The energy barriers (42 and
45k) mol™) for the first H-transfer steps are quite similar for both
paths (i.e., proximal and distal to the exterior Al-atom), while the
second H-transfer step is much favored for the latter (42 versus
36 k) mol™), in agreement on the relative preference of paths with the
thermodynamic results. It is also noted that in the first step of
dehydrogenation via both directions, the interior Al-atom maintains
a typical distance of -250 pm from the B-center that receives the H-
atom, and the exterior Al-atom fluctuates across the B-cluster fra-
mework, which remains relatively stationary coordinated to Ti
(Supplementary Fig. 17). Interestingly, the Al-atoms eventually switch
their positions in the second step of the dehydrogenation stabilizing
the bound complex.

On the free energy profile of Fig. 7, as we move from i4 there
occurs a ring opening via B-scission in the -C;Hg cycle of the hydro-
carbon, followed by a twist of the existing five carbon (C5) cyclic ring
about the C-C bond which connects the newly formed C5 ring thus
generating i5. The corresponding transition state (TS5) possesses an
energy barrier of 47 k) mol™. The transformation from i5 - i6 depicts
the cleavage of ring-connecting C-C bond resulting in two distinct C5
cyclic rings, individually attached to the H,TiAl,Bg cluster. The inter-
mediate i6 denotes the evolution of the experimentally detected cyclic
C5 species in the chemisorbed state on the cluster and the steps from
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il to i6 collectively demonstrate the efficient catalytic C-H and C-C
bond activations by the model TiAIB cluster.

The product desorption into the gas phase and catalyst regen-
eration steps are shown in Fig. 7b continuing from i6. In the i6 - i7
step, 1,3-cyclopentadiene (c-CsHg) gets desorbed, while the cyclic-CsHg
remains attached to the H,TiAlB¢ cluster. This step is enthalpically
uphill and reaches a plateau for dissociated fragments (Supplementary
Fig. 16), but becomes exergonic by 11 k) mol™, with the inclusion of
entropy (note that the entropically-induced barrier, if any, is not cal-
culated, since the procedure is error-prone, while the barrier would be
kinetically inconsequential). On the flipside, highly exergonic deso-
rption (194 k) mol™) of cyclopentene (c-CsHg) occurs via circumvent-
ing a low barrier of only 5 k] mol™ along i6 > i8 step. Upon reaching i7
and i8, collectively, both the decomposed C5 products are released in
the gas phase. The intermediates i7 and i8 then connect to i9 via the
desorption of remaining c-CsHg and c-CsHg, respectively. Both pro-
cesses are strongly uphill and show no TS on the enthalpic PESs
(Supplementary Fig. 16) but get somewhat stabilized by entropy
(entropic barriers are not calculated). The i8>i9 step is highly
endergonic (195 k) mol™) as compared to i7 > i9 step (12 k) mol™) and
deemed to be less favorable. Through concerted steps, both the pri-
mary cyclic, unsaturated C5 products as identified in the experiments
are released in the gas phase at i9, revealing simultaneous dehy-
drogenation of the hydrocarbon exo-CyoH;¢. In the H,TiAl,Bg cluster,
the H-atoms remain attached to both of the ortho-B atoms (i9). How-
ever, either of the H-atoms gets transferred to the Ti center by
approaching both sides individually through parallel i9-il0 and
i9 - ill paths. The H-atoms are mutually placed in the same phase, but
above and below the TiBs motifin i10 and ill, respectively. Afterwards,
i10 and i1l merge to p1 yielding the native TiAl,B¢ cluster and hydro-
gen (H,) liberated in the gas phase, the latter is also identified
experimentally. The endergonic desorption (also uphill enthalpically
without a TS) of molecular hydrogen (i8 ~i12, 35kJ mol™) can also
occur prior to that of cyclopentadiene (c-CsHy); the latter undergoes a
highly endergonic desorption (i12 > p1, 201k) mol™) generating the
TiAl,Bg cluster. Comparing the energetics of i7/i8 > p1 steps, it can be
noted that the desorption of C5 hydrocarbons preferably occurs prior
to the molecular hydrogen desorption, evident from the low endoer-
gicity of ~30 k) mol™ for i10/il1 - p1 step compared to that of i12 > p1
path. Overall, the il to p1 steps depict the complete catalytic cycle of
the model cluster and demonstrate dehydrogenation followed by a
typical [4+2] retro-Diels-Alder reaction of the hydrocarbon exo-
CioHie.

Computationally, the effect of temperature can be very precisely
evaluated by comparing the free energy profiles at O K (Supplementary
Fig. 14) and 750 K (Fig. 7), where the initial step (R > il) is energetically
favored at low temperatures (-117 k] mol™); on the contrary, repre-
sents an entropically unfavorable barrier (53 kJ mol™) with the rise in
temperature to 750 K. However, at 0 K, the desorption steps from the
catalyst (i6 > P1) reveal high endoergicity (451 k] mol™), but lowered to
only 42kJmol™ at the elevated temperature of 750 K. Overall, the
reaction from (R~ P1) is unfavorable (endergonic by 176 k) mol™) at
0K, and eventually turns out to be spontaneous with an exoergicity of
-91kJ mol™ at 750K, corroborating the critical thermocatalytic prop-
erty of TiAIB nanopowder. The enhanced yield of cyclopentadiene (c-
CsHg) with the rise in temperature demonstrates that the desorption
from the TiAlLBs cluster becomes energetically much favorable
(i6 ~> p1) and abstraction of an additional H-atom from c-CsH¢ to the
model cluster is much likely to occur leading to the formation of
cyclopentadienyl (CsHs) radical, exclusively at high tempera-
ture (1050 K).

It is evident from the abovementioned computational findings
that the lone Ti atom acts as the pivotal docking center of the TiAIB
model cluster, where the approaching hydrocarbon gets anchored
efficiently via the formation of multiple Ti—hydrogen interactions. This

multitude of binding interactions is facilitated by the large size of Ti
and its high possible coordination number ranging up to eight®®*’.
Later in the free energy surface, Ti also forms direct Ti-C bonds to hold
the hydrocarbon fragments. This phenomenon is well recognized in
the case of alkene polymerization by Ti-containing Ziegler-Natta cat-
alysts, where the active catalyst undergoes Ti-C bond formation with
the inserted hydrocarbon during initiation and propagation steps of
the polymerization; however, the Ti-center in Ziegler-Natta happens to
be significantly more electropositive compared to that of the present
catalyst system®®.

The B, clusters have been proven to be an exclusive class of
inorganic ligands utilized as building blocks in material science and
chemistry®. Similarly, here the B¢ framework can be identified as the
host of the entire cluster structure. Besides, it also serves as the
hydrogen storage entity through stepwise H-atom transfer from exo-
CioH16—a property previously noticed for B clusters®®’.,

Finally, the Al atoms hold the structural integrity of the cluster via
large electron donation to the B cluster strengthening the electrostatic
interaction’®”. The position of Al on the cluster is apparently fluxional
as evident from both NEB and AIMD simulations, indicating little
coordination preference and purely an electrostatic coordination to
the B. The position of Al is changing throughout the reaction profile,
making space for stored H-atoms produced through dehydrogenation.
While Al acts as a stabilizing agent for the cluster, it appears to be
mechanistically important, in that it does not coordinate to the cluster
in a too specific a manner. It is possible that the fluxionality effect is
particularly pronounced in the small cluster model and would be more
modest in larger NPs. Thus, all components of the TiAIB cluster (and,
by inference, NPs) appear to play a role in efficient exo-CioHig
decomposition: Ti is the single atom active site, B is the hydrogen
storage unit, and Al is a catalyst stabilizer that yet makes space for the
reaction when needed. Extrapolation of the computational picture to
the bulk indicates that the catalysis occurs at the surface of the
material where exposed Ti and its adjacent exposed B (i.e., ortho-B)
centers are directly involved in the elementary C-H and C-C bond
breaking processes of the hydrocarbon.

Through the combined investigation of the molecular beam
emitting from the chemical microreactor by in situ, isomer-selective,
synchrotron single-photon ionization mass spectrometry and exten-
sive electronic structure theory calculation, the immense catalytic
potential of the sonochemically-generated amorphous TiAIB NP
towards low temperature decomposition of a saturated hydrocarbon
has been revealed. The theoretical treatment elucidates an initial for-
mation of binding complex between exo-C,oH;¢ and TiAl,B¢ model
cluster through docking of the hydrocarbon onto the Ti atom followed
by two successive hydrogen shifts from the C;oH;¢ molecule to the B
cluster atoms yielding a C,oH;4 moiety chemically bound to the Ti. The
hydrocarbon moiety then ring-opens via two consecutive carbon-
carbon bond cleavages in two steps ([4 + 2] retro-Diels-Alder reaction)
to dehydrogenated products as 1,3-cyclopentadiene (c-CsHg) and
cyclopentene (c-CsHg)—both of them are identified in the gas phase
experimentally. The recombination of the two H-atoms on the cluster
and release of molecular hydrogen into the gas-phase completes the
catalytic cycle.

This study demonstrates that Ti, which is otherwise insensitive
to C-H activation in its metallic state, in this case is a key participant
in the catalytic C-H activation when bound to readily available light
elements: B and Al, which all participate in the catalytic activation
process. The initial C-H bond cleavages prior to the retro Diels-Alder
reaction results into dehydrogenation, ultimately releasing mole-
cular hydrogen as detected experimentally, while lowering the
barrier of first C-H bond cleavage to only 83-109 kJ mol™ compared
to that of the homolytic cleavage of pure exo-CioH;¢ being
~-400 k) mol™. This multi-metal catalyst consists of terrestrially
abundant elements, thus making it potentially an inexpensive
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alternative to Pt and other noble metal catalysts. Clearly, additional
experimental and computational studies are required to expand the
aforementioned conclusions drawn from the present work. The
immense potential for low temperature C-H activation capabilities
of the mixed-metal, sonochemically-generated TiAIB nanopowder,
cannot be understated and subsequent work exploring catalytic
conversions of the light alkanes involving C-H bond cleavage as the
primary step—such as dehydrogenation of propane, ethane and
functionalizing methane—further yielding high value chemicals are
to be explored in imminent future. These projected studies are the
very first steps toward a comprehensive understanding of the low
temperature catalytic activity of the TiAIB NP, further exploring the
effects of the surface structure and elemental composition on the
onset of the decomposition, catalytic activation, and product
spectrum.

Methods

Experimental

Synthesis of titanium aluminum boron nanopowder. First, in a dini-
trogen (N,) atmosphere glovebox, TiCl, (10 g, 52.7 mmol) was added
to a standard 500 mL Schlenk flask and charged with 350 mL of Et,O.
Separately, in a custom 1L pearshaped reactor with a built-in con-
denser and a side arm-equipped with a ChemGlass Teflon-valve (size
20), LiBH4 (3.5g, 160.6 mmol) and LiAlH, (2 g, 52.7 mmol) were dis-
solved in 250 mL of Et,O. The reactor containing the LiBH4/LiAlH,
solution was connected to a Schlenk line and placed in a benchtop
sonicator bath and the TiCl, solution was transferred by cannula into
the sonicating solution of LiAlH, and LiBH,. Immediately upon addi-
tion, a black precipitate was formed, releasing large amounts of heat
and gas. This gas evolution acted to slow the rate of addition by can-
nula, ensuring that the reaction did not run away. The reaction was
allowed to sonicate overnight (18 h) with the solution reaching reflux
temperatures, and the reactor was constantly purged with N,. After
stopping sonication and cooling to room temperature, the reaction
vessel was brought into a N, glovebox and the reaction was gravity
filtered through a fine porosity-fitted glass funnel. The raw products
were processed by heating in vacuo at 100 °C overnight. After cooling,
the samples were washed with THF to remove leftover salts and dried
at room temperature under a dynamic vacuum®.

Solid state NMR and Raman spectroscopy. Solid-state nuclear
magnetic resonance (NMR) spectroscopy was performed on an Agilent
NMRS500 spectrometer using a 4-mm HXY triple resonance NMR
probe. The Al resonance frequency was 130.32MHz, and the "B
resonance frequency was 160.48 MHz. All spectra were obtained under
adry N, atmosphere at 30 °C. Spectra were analyzed in Matlab. Raman
spectra were collected with a Renishaw inVia Raman microscope
instrument equipped with a diode pumped solid state laser (532 nm—
green) with 2 cm™ spectral resolution. Typical data acquisition time
was 120 s per scan with 50x objective and 5 accumulations for aver-
aging. The laser energy was maintained at only 25mW to avoid any
destruction of the sample.

Details of the catalytic microreactor. The nascent gas phase pro-
ducts formed in the thermal decomposition of helium-seeded exo-
tetrahydrodicyclopentadiene (exo-CioHis) vapor through the
titanium-aluminum-boron nanopowder (TiAIB NP) packing at dis-
tinct temperatures from 300K to 1050K through the chemical
microreactor***’ (Supplementary Fig. 5) are detected in situ by using
single photon VUV photoionization (PI) mass spectrometry*’. The
experiments were carried out at the Chemical Dynamics Beamline
(9.0.2.) installed in Advanced Light Source (ALS).

Briefly, the microreactor was a resistively heated silicon carbide
(SiC) tube of 20 mm length and 1 mm inner diameter, which was tightly
packed with TiAIB NP about a length of 10 mm inside the SiC tube. The

packing was done in such a way that the interaction and residence time
of the hydrocarbon with the nanoparticle surface is enough to trace
the reactivity. A gas mixture at a pressure of 500 Torr with exo-CyoHi¢
(TCI America; 94%) in helium carrier gas (He; Airgas; 99.999%) was
prepared by bubbling helium gas through exo-CioH;¢ kept in a
stainless-steel bubbler at 300 K. The gas mixture was introduced into
the silicon carbide tube where the temperature can reach up to
1600 + 20 K as monitored by type-C thermocouple. After exiting the
reactor, the molecular beam containing the pyrolysis products, passed
a skimmer and entered a detection chamber, which housed the Wiley-
McLaren Re-TOF-MS. The products were photoionized in the extrac-
tion region of the spectrometer by exploiting synchrotron quasi-
continuous tunable VUV light from the Chemical Dynamics Beamline
9.0.2 and detected with a microchannel plate detector. Compared to
hard electron impact ionization, soft VUV-PI has the unique advantage
of an ideally fragment-free ionization of the neutrals. Further, by tun-
ing the VUV energy, structural isomers can be identified.

Here, mass spectra were recorded in 0.05eV intervals from
8.00 eV to 11.50 eV. A set of additional mass spectra was also measured
at15.4 eV to determine hydrogen and methane yields having ionization
energies of 15.4 eV and 12.6 eV, respectively, which cannot be ionized
below 11.5eV. The PIE curves, which report the intensity of a single
mass-to-charge ratio (m/z) versus the photon energy, were extracted
by integrating the signal collected at a specific m/z selected for the
species of interest over the range of photon energies in 0.05eV
increments and normalized to the incident photon flux. The PIE curves
were then fit with a linear combination of known PIE curves to isomer-
selectively identify the products.

For each experimental run, the TiAIB catalyst in the micro-
reactor was warmed up to a well-defined temperature (the maximum
being 1050K) and upon equilibration of the temperature, mass
spectra were recorded averaged over 5 million scans each which was
equivalent to about 30 min of scan time. Upon completion of the
data acquisition, it was cooled down to 293 K with pure helium flow
through the reactor tube (without seeded exo-C;oHy). This process
was repeated to acquire the next set of mass spectra, i.e., a total of
five sets of heating-cooling cycles. The experimental approach
mentioned via the repetitive heating-cooling-heating cycle of the
catalyst packing not only ensures the reproducibility, but also care-
fully inspects the catalyst performance over time and a broad range
of temperature.

Computational

The structure of exo-C;oH;¢ was geometrically optimized using Density
Functional Theory with Orca 5.0.47% BLYP functional”>’* was used with
the def2-TZVP basis set” and def2/) auxiliary basis set’. D3B) was the
method for the correction of dispersion forces””’%. The structure of
TiAIB NP was determined using stochastic structure search. Specifi-
cally, the PGOPT protocol was used for structure generation using the
BLDA algorithm’®, and over 700 unique structures of the chemical
formula: TiAl,B¢ were produced. Geometry optimization was done
using HF-3c, and refined using BLYP functional with def2-TVZP and
def2/] basis sets. D3BJ was used to correct for dispersion forces. Each
minimum was confirmed with vibrational frequency analysis. For the
resulting TiAlLB¢ cluster geometries, the Boltzmann population at
750 K was calculated.

Binding of the TiAl,B4 cluster with the hydrocarbon exo-CioH;¢
was also simulated using the obtained lowest energy TiAl,Bg isomers.
The orientation of exo-C;oH;¢ when docked to each of these lowest
energy TiAl,B isomers was randomly sampled, and the geometries of
the complexes were optimized using BLYP functional with def2-TVZP
and def2/) basis sets. D3BJ was used to correct for dispersion forces.
The resulting TiAl,B¢ - exo-C;oH;¢ ensembles were again Boltzmann-
weighted at 750 K. The lowest energy binding complex represents 58%
of the population at 750 K.
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Finally, the energetics of the reaction depicted in Fig. 7 were
calculated starting from the lowest energy TiAl,Bg - exo-C;oH;¢ binding
complex, using the nudged elastic band (NEB) method®*®'. The tran-
sition states were confirmed by having a single imaginary frequency
aligned with the reaction coordinate. All reactants, intermediates, and
products were confirmed to have no imaginary frequencies. When
calculating free energies, the entropy of the TiAl,Bg cluster was
accounted for differently than the entropy of gaseous species. The
TiAlLBg cluster is treated differently since it is a placeholder for the
TiAIB nanoparticle, which should have no translational and rotational
entropy. The entropy corrections of gaseous species were calculated
using ideal gas statistical mechanics as implemented in Orca 5.0.4. This
includes translational entropy based on the Sackur-Tetrode equation®,
vibrational entropy using the quasi-RRHO method®, and rotational
entropy computed according to Herzberg®. Entropy corrections for all
chemical species containing the TiAl,B¢ cluster consisted of only the
vibrational entropy calculated using the quasi-RRHO method.

To assess the dynamics of the cluster during dehydrogenation,
AIMD were performed in CP2K* using the BLYP”>”* functional and D3B)
dispersion correction’””® with TZVP-MOLOPT-SR-GTH basis set and
GTH pseudopotentials®**®” along with a Nose-Hoover Thermostat®® set
at 750 K. Intermediates from the free energy profile were placed in a
25A x 25 A x 25 A unit cell and pulled along the reaction coordinate by
constraints. Starting from i2 and proceeding toward il and i4, the
reactive C-H bond length and formed B-H bond length were incre-
mented or decremented accordingly by 0.0001 A/fs to arrive at the
same bond lengths as in il and i4. Similarly, the C-H and B-H distances
were incremented or decremented by 0.0001 A/fs from i3 to approach
the bond lengths found in il and i5. The slow-growth approach®” was
utilized to determine the free energy difference between two states, O
and 1, by integrating the constraining force over the reaction coordi-

nate &:
& /oF
AF = =] -d 1
/€(0> <65> ¢ @

Data availability

Data generated or analyzed during this study are included in the main
text and Supplementary Information. Source data are provided with
this paper. Molecular dynamics (AIMD) simulation results have been
deposited in the Zenodo repository under accession code https://doi.
org/10.5281/zenodo.15764927. All data are available from the corre-
sponding authors upon request. Source data are provided with
this paper.
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