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ABSTRACT Two-dimensional (2D) ultrathin (~0.5 nm) aluminosilicate bilayer films, consisting
of hexagonal prisms (a.k.a. double 6-membered rings D6R) with acidic bridging hydroxyl groups
exposed on the surface, have been previously synthesized on a Ru(0001) surface as a zeolite model
system. These structures are helpful for mimicking zeolite catalysts with D6R building blocks,
such as chabazite. We performed density functional theory calculations to investigate the
monomolecular cracking and dehydrogenation of n-butane molecules over the acidic hydroxyl
groups of the 2D model system and compared the reaction energetics with that in bulk chabazite.

The intrinsic activation energy barrier is the highest for dehydrogenation and lowest for central C-
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C bond cracking in bulk chabazite. The trend of intrinsic energy barriers for dehydrogenation,
terminal and central C-C bond cracking is reproduced on the 2D aluminosilicate film. Overall, the
activation barriers are higher on the 2D film than in bulk chabazite due to the lack of confinement
in the former. We further explored the effects of the zeolite channel size on the n-butane adsorption
and monomolecular cracking using different bulk nanoporous zeolite frameworks (TON, MEL,
MEI, and VFI). We found that as the confinement of channels decreases, n-butane adsorption
becomes weaker, and the intrinsic energy barrier of terminal C-C cracking increases. The
activation energy barriers (dehydrogenation, terminal and central C-C cracking) on the 2D bilayer
film surface, which may be considered as zeolite cages at the infinite cage size limit, are close to
that in VFI with a relatively large channel size. Comparing the reaction pathway of n-butane
terminal C-C cracking in 3D nano-cages and on the surface of the 2D aluminosilicate film revealed
that stabilizing the transition states in the 3D nano-cages is responsible for the decrease in the

intrinsic energy barriers for bulk zeolites.

1. Introduction

Zeolites are widely used industrial catalysts with nanoporous structures consisting of [AlO47]
and [S104] tetrahedra. Their channels are ideal for adsorbing molecules and hosting high density
of active sites'®. There are more than 200 identified framework structures of zeolites’. Among
different zeolite structures, the variation in channel sizes provides different degree of confinement
to relevant chemical processes (e.g., absorption, reaction and desorption). Chabazite is one of the
common types of zeolite, where 6-member rings (6MRs) and 8-member rings (SMRs) are present®.
The catalytically active hydroxyl group sites are located in the 8MR. As the active sites in bulk
nano-porous structures are inaccessible for surface science measurements, typically used for

detailed mechanistic studies, a well-defined 2D model zeolite framework with hydroxyl groups



exposed on the surface has been synthesized previously, providing opportunities for mechanistic

surface science studies of reactions catalyzed by Brensted acid sites’ '°.

There have been intensive research efforts devoted to these 2D silicate bilayer films. The

electronic properties of silica bilayer/Ru heterojunctions'! 12

were studied, and the heterojunctions
were proposed for trapping Ar, Kr, Xe and CO'*'>. Au and Pd atoms were deposited on the silica
film, in an attempt to study the catalytic properties of Pd nano-clusters on silica film'®. The
interactions between molecules (CO and C2H4) and the exposed hydroxyl groups from (Si-OH-Al)
were also studied by Infrared Reflection-Absorption Spectroscopy (IRAS) and density functional
theory (DFT) to compare the properties of hydroxyl groups in 3D and 2D zeolites'®. The
aluminosilicate bilayer (zeolite model system) has the same tetrahedral [SiO4] and [AlO, ]

building blocks and D6R secondary building units as chabazite. However, the catalytic properties

of the 2D-zeolite model system have not been fully understood.
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Figure 1. Atomic structures of n-butane adsorbed (a) in the nano-cage of chabazite (HA1Si11024)
and (b) on the bilayer aluminosilicate film (HAI3Sis016). Color code: Si (yellow), Al (grey), O

(red), C (cyan), and H (white).

A major difference between the 3D CHA with the 2D aluminosilicate is the degree of the

confinement around the active site (Bronsted acid). Figure 1 shows the atomic structures of butane



molecule adsorbed within a chabazite pore [Figure 1(a)] and on the bilayer aluminosilicate surface
[Figure 1(b)]. Chemical reactions take place within the small pore in 3D CHA, while the 2D
aluminosilicate can be treated as having an infinitely large pore. The pore size can have a
significant effect on the catalytic activity of zeolite. However, the atomic level details are still
lacking. For example, a change in the pore size can affect the interaction between the pore and
small molecules trapped inside. As far as the pore size is larger than the van der Waals (vdW)
radius of the trapped molecules, a smaller pore size leads to larger vdW interactions between the
absorbate and the pore, which results in a more negative adsorption energy and therefore helps to
stabilize the molecular species in the chemical reaction. One may argue that such a confinement
effect should apply to both the adsorbed state and the transition state, the net effect of the nano-
cage does not alter the intrinsic activation energy barrier (£a), which is defined as the energy
difference between the adsorbed state and the transition state. However, recent experimental and
quantum mechanics/molecular mechanics (QM/MM) studies reveal that the confinement effect of
zeolite nano-cages with different pore sizes can modify both the adsorption energy of butane
molecules and the intrinsic butane cracking and dehydrogenation energy barriers!” '8. Therefore,
it is important to gain insight on the confinement effect of 2D/3D zeolites at atomic level using

first principles methods.

We focus on the monomolecular cracking and dehydrogenation of the n-butane molecule as an
exemplary case to compare the reaction mechanism on the 2D aluminosilicate films and in bulk
chabazite. We discuss the adsorption geometry and energy of a butane molecule and determine the
reaction pathway and Ea of butane dehydrogenation and cracking. Our results show that the 2D

zeolite model system could reproduce the trend in Ea compared with bulk chabasite. We further



compare Eaof butane cracking in VFI, MEI, MEL, and TON with various channel sizes to quantify

the confinement effect.

2. Computational methods

DFT calculations were performed using the projector augmented wave method implemented
in the Vienna Ab initio simulation package (VASP)'%?°. The vdW-b86B functional was used to

treat the non-local vdW interactions®'??

. The 2D-zeolite model system consists of the
aluminosilicate bilayer adsorbed on 3 layers of Ru atoms in a 10.784 A x 9.339 A x 27 A cell. The
Brillouin zone was sampled with 2x2x1 and a kinetic energy cutoff of 800 eV was used. The
aluminosilicate bilayer, chemisorbed O atoms and top two layers of Ru atoms were allowed to
relax in the structural optimization until forces were smaller than 0.01 eV/A. The initial atomic
structures of the bulk zeolite are taken from the zeolite database.” One Si atom inside the nano-
channel is replaced by an Al atom to build the aluminosilicate bilayer model, following the

procedure established in our previous work!2. All atoms and the unit cell size were allowed to relax

in the structural optimization for bulk zeolite.

The reaction pathways and energy barriers are calculated using the climbing image nudged
elastic band method (CI-NEB)* implemented in VASP. The silica bilayer, chemisorbed O atoms
and top two layers of Ru atoms were allowed to relax in the CI-NEB calculations until forces were
smaller than 0.03 eV/A. To obtain the free energy for intrinsic activation (Ga) along the reaction
pathway, we calculated the vibrational contribution to the internal thermal energy (Ev) and entropy
(Sv) (supporting information).?> The vibrational frequencies are calculated using the finite

differences method implemented in VASP with the displacement step size of 0.015 A. The H atom



from the zeolite framework and the butane molecule are allowed to move and the zeolite

frameworks are kept fixed during the vibrational frequency calculations.

3. Results and discussions

3.1 Butane adsorption, dehydrogenation and monomolecular cracking over the 2D-

zeolite model

Butane molecules have multiple adsorption orientations on the aluminosilicate film. Four
different adsorption orientations (Figure S1) are compared, which were made possible by rotation
and translation of the butane molecules. The adsorption energy is defined as AEuds = Ezeo+butane —
E-co — Ebutane, where the energies are calculated for relaxed structures of the whole system and
subsystems of 2D-zeolite model and a butane molecule. AEqq4s of the four configurations are close
to each other (within 0.07 eV), indicating that the absorbed butane molecules may adopt different
rotation angles on the aluminosilicate bilayer surface. The orientation of Conf. 4 shown in Figure
S1 is chosen as the initial state for the following discussions as it results in both lower adsorption
energy (AEads) and lower intrinsic activation energy barrier for dehydrogenation (£a) than other

orientations.

Monomolecular cracking and dehydrogenation of alkane molecules occur at very low
conversion where the Bronsted acid sites are mostly unoccupied.?%2” The reaction mechanism and
reaction rates in different zeolite frameworks have been reported.!” ¥ Monomolecular cracking
mechanisms of alkane molecules in zeolites has been widely studied from theoretical

26, 28, 29

calculations and experiments®®. The reaction mechanism of butane cracking and

dehydrogenation is illustrated in Scheme 1.2° In dehydrogenation, the C-H bond interacts with the



proton from the Bronsted acid site to produce Hz2 and butene (C4Hs). There are two different types
of C-C bonds in butane: the terminal C-C bond and the central C-C bond. Terminal cracking of

C4Hio produces CH4 and C3Hs, while central cracking produces C2He and C2Ha.

H,+ CH;CHCH,CH;* + CHA-  —»  H,+ CH3CH,CH=CH, + H-CHA (1)
CiHyp+H-CHA ——  CH,+ CH,CH,CH,* + CHA- —>  CH,+CH;CH=CH, + H-CHA  (2)

C,Hg+ CH3CH,* + CHA- —>  C,Hg+ CH,=CH, + H-CHA (3)

Scheme 1. Reaction pathways of n-butane dehydrogenation (1), terminal C-C cracking (2), and central C-
C bond cracking (3).

We start with discussing the dehydrogenation reaction of n-butane. The minimum energy
pathway for the dehydrogenation is calculated using the CI-NEB method and the corresponding
transitions state (TS1) and the final state (FS1) is illustrated in Figure 2 (a) and (b). During the
reaction, the proton from the hydroxyl group breaks the C-H bond in the internal methylene group
and combines with the hydrogen to form a hydrogen molecule, leaving a carbocation (C4Hg") with
the negatively charged aluminosilicate bilayer (AlsSisO;g ). Then the proton from C4Hg" is
detached from the molecule and bonds to the O atom in Al3Sis0,4 re-forming the hydroxyl group.
The product is a butene molecule and a hydrogen molecule with Ea of 2.26 eV. The butane
dehydrogenation on 2D silicate film features a late transition state, where the H2 molecule is nearly
formed, which is also consistent with butane cracking on other zeolite frameworks.?’ We also
explored the reaction when the proton attacks the C-H bond from the terminal methyl group and
found an E, of 2.65 eV, which is a less preferred pathway. This is consistent with Ref.?° that shows

the butane dehydrogenation prefers the methylene pathway over the methyl group on MFI.
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Figure 2. The structures of the transition states and final states geometries for dehydrogenation (a,

b), terminal cracking (c, d), and central cracking (e, f). Color code: Si (yellow), Al (grey), O (red),

C (cyan), and H (white).

The rate limiting step in terminal monomolecular cracking is associated with the proton from
hydroxyl groups breaking the terminal C-C bond [Figure 2(c)] to form a methane (CH4) and a
propene (C3He) molecule [Figure 2(d)]. Ea in this reaction is 2.00 eV, which is 0.26 eV lower than
the dehydrogenation. When the hydrogen molecule breaks the central C-C bond [Figure 2(e)], it
leads to the formation of an ethane molecule and a C2Hs" cation, which eventually loses a proton
and forms an ethylene molecule [Figure 2(f)], with an even lower Ea of 1.80 eV. We determine the
transition state to be the protonation of the butane molecules where the C-H-C bonding forms
[Figure 2(c) and 2(e)]. The same transition states were discovered for butane terminal and central
cracking in MFI?%*! and H-ZSM-5%. A similar mechanism was also reported for propane cracking

where the transition state is associated with the direct attacking of H from the zeolite frameworks



to the C-C bond>!*. Propane cracking on the freestanding 2D aluminosilicate was investigated in
Ref.3?, where the C-H-C transition state was not identified and a lower activation barrier was
reported as compared to the FAU framework. We note that besides the difference in butane and
propane cracking, the freestanding bilayer model used in Ref.** with a relatively low Al/Si ratio
(1/47) could also play a nontrivial role in determining the transition states and activation barriers.

These aspects are worth further exploration in future works.

Comparison between 2D aluminosilicate with bulk chabazite

In the prevision section, we have discussed the reactions on the 2D aluminosilicate bilayer. It
is important to compare the reaction barriers in the 2D aluminosilicate model system with those in
bulk chabazite. The butane molecules are adsorbed within the pores of chabazite close to the OH
group. Due to the confinement effect from the nano-cages, the butane molecule is closer to the
framework in bulk chabazite, at a distance of 2.91 A compared to the 3.26 A in the 2D-zeolite
model. The butane-aluminosilicate distance is defined as the distance between the O atom from
the OH group in zeolites and the closest C atom to the aluminosilicate film (dc-0). As shown in
Figure 1, AFEqds of the bulk chabazite is -1.04 eV while AEqas of the 2D aluminosilicate film is -
0.45 eV. The relation between dc-o and AEqqs suggests that the confinement effect of the bulk
chabazite stabilizes the adsorbed butane molecule. The PBE-D23* functional and the PBE*> %
functional were also used to calculated AEuqs. As shown in Figure 1, the adsorption energy of
butane in bulk chabazite using the PBE+D2 functional is -0.82 eV, which is 0.36 eV lower than
the 2D aluminosilicate bilayer (4Eqis = -0.46 eV). PBE functional yields a much smaller AEqas,

which is -0.15 eV for bulk chabazite and -0.10 eV for 2D aluminosilicate film. The PBE adsorption



energies is similar in 2D and bulk chabazite, meaning that nano-cages of 3D-CHA help stabilize

the adsorption of butane via vdW forces.

The free energy for adsorption (AGuads) is defined as AGads = AHads - TASads, and the enthalpy
of adsorption is calculated as AHuds = AEaas + AEv+ APV, where the vibrational (AEv) contribution
to the internal thermal energy and APV = —kaT are included.?> The vibrational contribution is
included in the adsorption entropy (ASuds). We note that, for alkane adsorption in zeolites, certain
rotational and translational degrees of freedom of adsorbed alkane molecules are likely preserved,
which results in a smaller entropy loss as compared to the standard immobile physisorption
picture.?”- 3 In addition, since the main focus of this study is to identify trends of the reaction
energetics of m-butane monomolecular cracking in zeolite with different pore sizes, the
translational and rotational contributions to the free energy of gas phase n-butane are the same for
all the systems and neglecting them will not affect our conclusion. Therefore, the translational and
rotational contributions to the free energies are neglected in this work. The vdW-b86B functional
yields AHuds = -0.96 eV, TASaas = -0.15 eV, and AGass = -0.81 eV at 348 K. We note that the
calculated AHaas = -0.96 eV is lower than the experimental values, which are in the range of -0.47
eV to -0.66 eV in bulk chabazite.3* ** The vdW-b86B functional overestimates the adsorption
enthalpy while the adsorption energy predicted by the PBE-D2 functional agrees better with the
experimental values, which is consistent with the trend in the adsorption energies of shorter alkane
molecules in chabazite*"*#2. As one focus of our study includes the Ru/aluminosilicate system, we
adopted the vdW-b86B functional, which reproduces well the experimental lattice constants of
both bulk Ru and chabazite,'" 1> and show good agreement with experiments for reactions at the

silicate/Ru interface.* #
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The potential energy surface of butane dehydrogenation and monomolecular cracking is
summarized in Figure 3 (a). The solid lines represent 2D aluminosilicate film and the dashed lines
represent bulk chabazite. The trend in Ea for dehydrogenation and monomolecular cracking is
similar in 2D and bulk chabazite. The energy barrier is the highest for dehydrogenation and lowest
for central C-C bond cracking. We also included the vibrational contribution to calculate the free
energy of intrinsic activation (Ga), which generate the same trends in both 2D aluminosilicate and
3D chabazite, where the intrinsic barrier is the highest for dehydrogenation and lowest for central
C-C bond cracking (Figure 3b-3d). This trend is also consistent with previous studies of butane
dehydrogenation and cracking calculated by QM/MM in zeolites with different channel size.!”> %’
Due to the confinement effect from the 3D nano-cages, Ga is lowered by 0.40 eV for
dehydrogenation, by 0.19 eV for terminal C-C cracking, and by 0.02 eV in central C-C bond
cracking. We note that our results are based on static calculations at the semi-local DFT level, and
more accurate results may be obtained using ab initio molecular dynamics or higher-level

methods.26’ 33,45-47

It is interesting to point out that while the three reaction pathways are similar in energy for the
3D structure, larger differences are obtained for the 2D case. This would result in potentially higher
selectivity toward central C-C bond cracking in the 2D case. For example, for the 3D chabazite
structure, the difference in Ga between terminal cracking and dehydrogenation is 0.06 eV while
for the 2D-zeolite model this difference is 0.27 eV. This can be understood as the dehydrogenation
is more affected by the confinement effect. From the transition state structures shown in Figure
3b-3d, we found that the dehydrogenation features late transition states where H> molecules are
nearly formed and C-C cracking resembles more of the reactants than the products for both 2D

and 3D chabazites. The dehydrogenation reaction is therefore more sensitive to the van der Waals
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interaction with the neighboring environment like the pores in zeolite.” This is also consistent with

butane cracking on other zeolite frameworks.'”> %’
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Figure 3. (a) Potential energy surface for butane dehydrogenation and cracking on 2D
aluminosilicate (left) and in 3D chabazite (right). Structures of transition states for
dehydrogenation (b), terminal C-C bond (c) and central C-C bond cracking (d) in 2D and 3D
chabazite. The numbers in parenthesis are the calculated free energies of intrinsic activations (Ga).

Color code: Si (yellow), Al (grey), O (red), C (cyan), and H (white).

3.3 Effects of zeolite spatial confinement
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As the activation energies for dehydrogenation and cracking of butane are affected by the
confinement, we further explored four more zeolite frameworks with different channel sizes (dcn)
to quantify the effect from confinement. The adsorption and cracking of butane have been studied
on TON and MEL frameworks experimentally.'” To study a wider range of the confinement effect,
we chose two more zeolite frameworks with larger channel sizes (MEI and VFI) that can be
experimentally synthesized*® #° and have been previously used to study confinement effects via
theoretical computations.’® >! Figure 4 shows the structures of butane molecules adsorbed in the
channels of the zeolites, with the channel sizes increasing from 5.4 A (TON), 6.2 A (MEL), 8.1 A
(MEI), to 13.2 A (VFI). The channel size (de) is calculated as dech = do-o — do, where do-o is the
0-O distance at the opposite sides of the channel and do = 1.46 A is the covalent diameter of the
O atom.>? As the degree of confinement decreases, dc.o increases from 3.36 A (TON), 3.51 A
(MEL), 3.68 A (MEI), to 4.11 A (VFI). The adsorption energies (AE.ds), consequently, reduces in
magnitude from -1.31 eV (TON), -0.94 eV (MEL), -0.69 eV (MEI), to -0.52 eV (VFI). At a typical
reaction temperature T = 673K, the adsorption enthalpy (AHads) is -1.31 eV (TON), -0.93 eV
(MEL), -0.68 eV (MEI), and -0.52 eV (VFI). The adsorption entropy calculated at 7' = 673K
(TASads) is -0.26 eV (TON), -0.25 eV (MEL), -0.23 eV (MEI), and -0.26 eV (VFI). AGaas of butane
adsorption is -1.05 eV (TON), -0.68 eV (MEL), -0.45 eV (MEI), to -0.26 eV (VFI). dch and dc.o
are plotted against (A4F.is) in Figure 5 (a) and 5 (b). The trends can be fitted to deh =
186.55e5124Eads + 544 (A) [Figure 5 (a)] and dc-o = 7.71e*5%4Fads + 3.36 (A) [Figure 5 (b)],

which illustrate that the adsorption energy becomes less negative as confinement decreases.

13
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Figure 4. The structures of the adsorbed states for butane molecules in (a) TON, (b) MEL, (c) MEI

and (d) VFI. Color code: Si (yellow), Al (grey), O (red), C (cyan), and H (white).
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Figure 5. The channel size (dch) (a), butane-zeolite distance (dc-o) (b), and intrinsic activation
energy barriers (c) and free energy of activation (d) for terminal C-C bond cracking (blue) and
central C-C bond cracking (orange) plotted against the adsorption energy for TON, MEL, MEI,

and VFI.

The activation energies of the terminal and central C-C bond cracking are calculated. Figure
S2 shows the transition states for terminal and central C-C bond cracking in different zeolite
frameworks studied in this work. The structures are similar in these zeolites, where are carbon

cations are formed by a proton detached from hydroxyl groups and adsorbed to the butane
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molecule. Fa is plotted against AEuqs in Figure 5 (¢), which decreases from 2.06 eV (VFI), 1.64 eV
(MEI), 1.67 eV (MEL) to 1.62 eV (TON) for terminal C-C cracking with fitted curve of F. =
4.14e*884Eads 4+ 1,60 (eV) and from 1.71 eV (VFI), 1.48 eV (MEI), 1.52 eV (MEL) to 1.50 eV
(TON) for central C-C cracking with fitted curve of E. = 14.71e84%4Eads + 1,49 (eV). To
evaluate the effect from confinement to the free energy of activation, we also plotted Ga evaluated
at 7= 673 K against AEq4s in Figure 5 (d). Including the vibrational contribution, the activation
enthalpy (Ha) is 1.98 eV (VFI), 1.60 eV (MEI), 1.62 eV (MEL) and 1.57 eV (TON) for terminal
C-C cracking and 1.60 eV (VFI), 1.41 eV (MEI), 1.44 eV (MEL) and 1.41 eV (TON) for central
C-C cracking. The entropy contribution calculated at 7= 673 K is 0.17 eV (VFI), 0.13 eV (MEI),
0.14 eV (MEL) and 0.10 eV (TON) for terminal C-C cracking and 0.11 eV (VFI), 0.13 eV (MEI),
0.11 eV (MEL) and 0.18 eV (TON) for central C-C cracking. Ga decreases from 1.81 eV (VFI),
1.47 eV (MEI), 1.48 eV (MEL) to 1.47 eV (TON) for terminal C-C cracking with fitted curve of
Ga = 2.94e*764Eads + 1,44 (eV) and from 1.49 eV (VFI), 1.28 eV (MEI), 1.33 eV (MEL) to 1.23
eV (TON) for central C-C cracking with fitted curve of Ga = 0.98e3944Eads + 1.23 (eV).
Consistent with the QM/MM result, the central C-C bond cracking is less affected by the
confinement effect than the terminal C-C bond'®. At a channel size greater than MEL, the
confinement affects both the adsorption energy and the intrinsic energy barrier. The confinement
will reach a plateau under small dch, where only adsorption energies are slightly affected. This is
consistent with previous studies that found the activation enthalpies of frameworks with small
channel sizes are not significantly dependent on the confinement effect.*’ The Ea and Ga of butane
cracking on 2D-zeolite model system is close to the that of VFI, indicating that the values of
intrinsic activation energies from bilayer model system could be compared to zeolites with a

relatively large channel or pore sizes.
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Conclusion

We studied the reaction mechanisms and activation energy barriers of butane dehydrogenation
and monomolecular cracking on a well-defined 2D-zeolite model system using density functional
theory. The results are compared with bulk chabazite to understand the role of confinement effects
in these reaction pathways. The 2D-zeolite model system reproduces the trend in energy barriers,
where the dehydrogenation has the highest barrier and central C-C bond cracking has the lowest
barrier. However, the difference in energy barrier between the pathways increases as confinement
effects are eliminated for the 2D case. The central C-C bond cracking is less affected by the
confinement effect than the dehydrogenation reaction. We further calculated the energy barriers
for butane cracking in multiple channels VFI, MEI, MEL, and TON with varying sizes, and we
found that the confinement within the bulk zeolites reduces the adsorption energy as well as the
intrinsic energy barriers. The activation energy barriers for the 2D-zeolite model are close to those
of the VFI framework, which has the largest channel size among the structures addressed in this

work.

Supporting Information

See supporting information for additional information about adsorption configurations of butane
molecules on aluminosilicate/Ru, structures of the transition states for butane terminal and central
cracking, and computational details for the vibrational contribution to the internal thermal energy

and entropy.
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