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ABSTRACT: Density functional calculations applying peri-
odic boundary conditions have been performed to investigate
adsorption and cracking of light alkanes (C;—Cg) on zeolite
H-ZSM-S. Intrinsic energy barriers were obtained from single-
point calculations by applying the revised form of the PBE
functional (RPBE) to structures optimized on the PBE
potential energy surface. Dispersion interactions were
accounted for by adding a damped dispersion term to the
PBE energies. The dependence of the adsorption enthalpy on
the carbon number is in agreement with experimental
observation. From intrinsic energy barriers, intrinsic rate
coeflicients were calculated by means of transition state theory.
The dependence of the intrinsic enthalpy and entropy of
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activation on the carbon number is discussed and compared to experimental observations. Transition path sampling was
employed to unravel qualitatively the reaction mechanism for cracking of butane. Monte Carlo simulations in the canonical
ensemble were conducted to estimate the temperature dependence of the adsorption enthalpy and entropy of propane to n-
hexane. These quantities are not constant, as is often assumed in the interpretation of experimental data but become less negative
with increasing temperature. It is shown how the selection of adsorption parameters influences the extraction of intrinsic rate
parameters from experimental rate data. Based on the present analysis, an alternative partitioning of the experimentally accessible
apparent entropy of activation into contributions from adsorption and intrinsic reaction is proposed.

I. INTRODUCTION

Zeolitic materials are being extensively employed in petroleum
refining, petrochemicals production and pollution control, to
catalyze a variety of reactions such as alkéylation, aromatization,
and isomerization of hydrocarbons.'™® They exhibit both
Bronsted and Lewis acidic properties.” Basic zeolites have
generated interest because of their selectivity in catalysis and
their adsorption properties.” The cracking of alkanes at
Bronsted acid centers in zeolites is a reaction of major
importance in the production of fuels from crude oil. The
primary sources of propylene have been steam cracking (as a
byproduct) and fluid catalytic cracking (FCC) units. Currently,
about 30% of the world’s propylene is supplied by FCC
operations, 60—65% is coproduced from steam cracking, and
the remaining is produced on-purpose using metathesis or
propane dehydrogenation.®

For understanding the details of catalytic reactions, quantum
chemical calculations, in particular those based on density
functional theory (DFT) combined with statistical thermody-
namics and transition state theory have been employed
successfully over the past few years.””'> Previous studies on
n-alkane cracking in zeolites have mainly been conducted on
small cluster models of the active site,'* > leading to several
artifacts such as a dependence of the intrinsic energy barrier on
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the size of the computational model, which makes conclusions
about the degree of convergence difficult. Also, especially for
larger alkanes, steric effects caused by the confinement within
the zeolite pores are not well captured by small cluster models.
Moreover, the long-range crystal potential is not well
represented suggesting that it would be best to employ
periodic boundary conditions. Note that in some recent
work, cluster models in the context of QM/QM and QM/
MM approaches were used successfully to calculate accurate
adsorption energies and energy barriers for hydrocarbon
conversion reactions on zeolites.”*** Calculations using
periodic boundary conditions are of increasing interest in the
study of zeolite catalyzed reactions®*~>° and are feasible as long
as the size of the adsorbate molecules is small compared to the
dimensions of the simulation cell such that interactions with
periodic images can be kept small. Previous periodic DFT
calculations for propane cracking on ZSM-S showed that the
intrinsic entropy of activation was more negative (—68.1 J/(mol
K)) compared to cluster calculations (—34.9 J/(mol K)).” In a
recent periodic DFT study reported by Butko et al.* a similar
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intrinsic entropy of activation (—71.0 J/(mol K)) was
calculated by means of dynamical sampling techniques applied
to the cracking of propane on zeolite chabazite. These results
differ noticeably from recent experimental work in which
intrinsic activation entropies were estimated from measured
apparent kinetic parameters by assuming a temperature
independent entropy of adsorption, leading to intrinsic
activation entropies that are more positive than the calculated
ones by 60—80 J/(mol K).>’7>* The objective of the present
study is to contribute to a molecular level understanding of the
monomolecular®® cracking of short chain alkanes on zeolite H-
ZSM-S. Intrinsic kinetic parameters are obtained directly by
means of DFT calculations in combination with transition state
theory and indirectly from experimental rate data using
enthalpies and entropies of adsorption at reaction temperature
determined from Monte Carlo (MC) simulations (see Figure 1
for the definition of apparent and intrinsic barriers in the
context of alkane cracking).
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Figure 1. Energy diagram for the formation of the first transition state
in zeolite-catalyzed monomolecular cracking of alkanes: (1) Reactant
in the gas phase. (2) Adsorption of the alkane in the zeolite channels.
(3) Adsorption on the Bronsted site. (4) Formation of the transition
state. The quantity measured experimentally is the apparent barrier, to
which the appropriate energy of adsorption has to be added to get the
intrinsic barrier (see also ref 45).

On the basis of the present results, we propose an alternative
partitioning of the measured entropy of activation into
contributions from adsorption and intrinsic reaction.

Il. COMPUTATIONAL DETAILS

A. DFT Calculations Applying Periodic Boundary
Conditions. The DFT calculations were carried out using
the groigram VASP (Vienna Ab Initio Simulation Pack-
age), 7=% Where the electronic wave functions have been
expanded into plane waves up to an energy cutoff of 400 eV,
and a projected-augumented-wave (PAW)*' scheme has been
used to describe the interactions between the valence electrons
and the nuclei (ions). To avoid interactions between periodic
images of molecules, a relatively large cubic box (25 X 25 X 2§
A%) has been used for the simulations of the molecules in
vacuum. As a consequence of the supercell size, only one single
K-point, the Gamma point, was necessary to span the Brillouin
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zone. The minimum energy configurations for the molecules in
vacuum were considered to be converged when the forces on
each atom of the molecules were less than 0.0001 eV/A.

The structural model of ZSM-5 consists of an orthorhom-
bic*™** unit cell with fixed edge lengths of a = 20.157 A, b =
20.033 A, and ¢ = 13.473 A, which result from optimization of
an all-silica unit cell.*® To create an acidic site, one of the 96 Si
atoms in the unit cell was replaced by an Al atom at the T12
site*® and the resulting negative charge was compensated by a
proton bonded to one of the neighboring framework oxygens.
The siting of Al in the ZSM-S framework is neither random nor
controlled by the stabilization energy of the Al atoms in the
framework but depends mainly on the conditions of the zeolite
synthesis.*’~* Therefore, the choice of the T-site in the
computational model is subject to some ambiguity. A large
body of computational studies investigating reactions in ZSM-5
choose the T12 site because it is the most spacious T-site and
due to some weak evidence that this site is preferred.’**" In the
present work we follow this approach, also to be consistent
with our earlier study on alkane cracking on H-ZSM-5.

Minima on the PBE potential energy surface were located
using the conjugate gradient algorithm with fully relaxed atomic
positions. Convergence was considered to be achieved when
forces were below 107 eV/A. Energies were converged to 1073
eV in all the cases. Transition states were localized using the
improved dimer method.>> Convergence was considered to be
achieved when forces were below 0.05 eV/A. Stationary points
found were characterized by harmonic frequencies obtained by
diagonalization of the full dynamical matrices. The force
constants were obtained by numerical differentiation of forces
with a step size of 0.02 A. No scaling factor was applied for the
frequencies.

Single-point energy calculations employing the revised form
of the PBE functional proposed by Hammer et al.>> (RPBE)
were conducted for each reactant and transition state to
improve the estimate of intrinsic energy barriers relative to the
PBE results.

Adsorption energies at T = 0 K were calculated from the PBE
energies as

AEalcls = Ecornplex - (Ea]kane + EZSM—S) (1)

where E ey is the total (electronic) energy of the adsorption
complex, E .. is the total energy of the alkane with optimized
structure in vacuum, and Ezgs is the total energy of the
unloaded zeolite. Zero point corrected vibrational adsorption
energies were obtained from

modes modes

1 1
AEads,O = AE 4 + Z zhwip - Z Eh(‘) is
ip is
modes 1
- Z —hw,,
a 2 (2)

where z;;"dm/z(hwip) are the vibrational frequencies corre-
sponding to the adsorbed system, > %!/ (hw,) are the
vibrational frequencies corresponding to the ZSM-S surface and

modesl/ (haw;y) are the vibrational frequencies corresponding
to the gas phase molecule.

For molecules in the gas phase, the rigid-rotator harmonic
oscillator approximation®* was used when the finite temper-
ature correction to the adsorption enthalpy was calculated. For
all adsorbate and transition state complexes, corrections for

finite temperatures were calculated assuming immobile
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adsorption, that is, complete conversion of frustrated rotational
and translational degrees of freedom into vibrations. As far as
enthalpies are concerned, this approximation is justified because
their sensitivity to variations in the harmonic frequency values
is weak.>>*® However, for the calculation of adsorption
entropies this treatment usually overestimates the entropy
loss during adsorption.>>>” Moreover, the latter approach uses
the information of only one point on the potential energy
surface. Therefore, we employed a Monte Carlo sampling
approach to compute the adsorption parameters as function of
temperature as outlined in section ILD.

Intrinsic rate coeflicients were calculated from conventional
transition state theory®®~%

k(T) = ICB—TQL(T) exp[—ET'/RT]

h Qg(T) ©)

where kg is Boltzmann’s constant, h is Planck’s constant, T is
the absolute temperature, and E* is the difference in electronic
energies between the transition state and reactant state. With
Qs and Qg, we denote the partition functions of the transition
state and the reactant state, respectively evaluated using only
vibrational modes.

B. Dispersion Corrections to PBE Results. van der Waals
(vdW) interactions between atoms and molecules caused by
long-range electron correlation contribute significantly to the
alkane heat of adsorption and may affect both the mechanism
and the kinetics of alkane conversion.®*> However, functionals
which can be used efficiently in periodic solid-state simulations
do not groperly account for long-range dispersion inter-
actions®>®* and are subject to the self-interaction error.®5%8
Many of the computational approaches that can be used to
describe dispersion interactions such as the treatment of
dynamical correlations within the random phase approximation
(RPA) connected with the fluctuation dissipation theorem,**”°
the Langreth method,”" or MP2 calculations are hardly feasible
for extended systems such as zeolites. A computationally less
demanding approach consists of adding a pairwise interatomic
C¢R™® term to the DFT energy.””””° Here we adopted the
semiempirical approach of Grimme.”>””* The total energy can
be written as

Erorar = Eppe + Episp 4)

where Epgy is the electronic energy and Epgp is an empirical
dispersion correction term.
For periodic systems it involves the evaluation of

1 C¢

Episp = DY z Z liéﬁfd (lRij - LI)

L ijeL=0 R; — LI (5)
where CJ denotes the dispersion coefficients, R; are the
interatomic distances, fd(Kj) represents the damping function,
and L is the direct lattice translation vector, while i and j are the
atoms within the central unit cell with the condition i # j for L
=0.

In the present work eq S was evaluated by means of lattice
sums*® using the transferable Cg-parameters reported by
Grimme.”®> This approach has been applied successfully to a
variety of guest molecules in a diverse set of host structures,
including several studies of zeolites,””****™® leading us to
conclude that this semiempirical approach can also be used
successfully to estimate adsorption energies of alkanes in
zeolites.

C. Transition Path Sampling. There are several methods
available for obtaining reaction pathways. The traditional
approach has been to find transition states, or local saddle
points, and then follow the imaginary mode to find the
reactants and the products associated with the transition state.*®
A more comprehensive approach would involve sampling
various dynamic pathways that are representative of the true
reaction process,® such as realized in transition path sampling
(TPS).**' Other path finding algorithms, including the
recently developed transition-path theory (TPT) are discussed
by E and Vanden-Eijnden.”

In the TPS method, the reactive trajectory is an equilibrium
object defined as an ordered sequence of states (i.e., atomic
positions and corresponding momenta) connecting reactant
and product. Here we have used the TPS implementation
described in refs 61 and 62. The initial trajectory has been
obtained by forward and backward integration of the equations
of motion starting from a configuration close to the transition
state and randomly generated momenta. The simulations were
performed in the canonical ensemble.

D. Monte Carlo Simulations. The enthalpy and entropy of
adsorption were estimated for rigid all-silica and acidic
representations of ZSM-S using the Widom test insertion
method.” The interactions of a single adsorbate molecule with
the all-silica zeolite framework were modeled with a Lennard-
Jones-type potential using the force-field parameters of
Dubbeldam et al.”**> To model the effect of the presence of
Bronsted-acid sites in the zeolite framework, we performed a
set of simulations with certain framework oxygen atoms given
interaction parameters meant to approximate the stronger
interaction of alkanes with the acid site compared to the rest of
the framework. One of the 12 T-sites was selected and the four
oxygens bonded to it were replaced with pseudoatoms
possessing larger well-depth (&) parameters in the Lennard-
Jones potential. The distance (o) parameters for all interactions
remained the same. The numerical values of these e-parameters
for the CH,—O and CH;—O interactions were taken from ref 9
(see Supporting Information, Table S.3 therein). In the latter
work the parameters were adjusted to reproduce the observed
enhancement of the heat of adsorption of n-hexane in H-ZSM-
5 at lower temperatures of about —10 kJ/mol relative to the
pure-silica form of the structure.”®®’ Simulations were
performed for each of the 12 T-site symmetries providing the
influence of the particular T-site location on the adsorption
enthalpy and entropy.

For each temperature two simulations were performed, one
in an ideal gas phase and one in the adsorbed state. Ensemble
averages were computed from 50 million insertions at each
temperature. The original Widom test particle method relates
the free energy to the energy of a test particle. For chain
molecules it is more convenient to use a similar expression in
terms of Rosenbluth factors”'®

AA = —RT log ﬂ

W) (6)

where AA is the change in Helmholtz free energy and (W) and
(W) are the Rosenbluth factors of the adsorbate in the zeolite
and in an ideal gas phase (no interactions with the zeolite).
With R and T we denote the gas constant and the absolute
temperature, respectively. The entropy of adsorption was
obtained from
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_(Aau-aa) Uy — (G (w)y

(W)

AS, 4

+ R log

(7)
where AU denotes the difference in the average host—guest
((Upg)) and gas phase energies ((U,)). The enthalpy was
obtained from

AI_Iacls = <Uhg> - <(Jg> — RT

(8)
lll. RESULTS AND DISCUSSION

A. PBE Adsorption Energies. Table 1 summarizes the
PBE and dispersion contributions to the adsorption energies of

Table 1. DFT (PBE) and Dispersion Contributions (in kJ/
mol) to Reactant Adsorption Energies®

molecule AE,;(PBE) AE,4(vdW) AE, 4 (PBE+D)
CiH, -87 -395 —482 (~47.9)
C,H,o —9.2 —54.6 —63.8 (—62.6)
C(H,, -82 713 —79.5 (~783)
CeHy, -53 -873 —92.6 (=91.0)

“Zero-point energy corrected values are reported in parentheses.

all reactants on the acid site. The absence of imaginary
frequencies confirmed that all stationary points were true
minima. Although the PBE interaction energy does not show a
distinct chain length dependence, the dispersion contribution
strongly increases, as expected. Table 2 compares adsorption

Table 2. Dispersion Corrected Adsorption Enthalpies for
Reactant Molecules

molecule T [K] AH,4(DFT+D) [kJ/mol] AH, 4(exptl)? [kJ/mol]

CyH, 573 —40.1 —40 (c0), —43? (35)
773 -36.8

CH, 573 —-54.9 -490 (o), =62 (35)
773 -51.6

CH, 573 -70.5 —-58® (137), —74® (35)
773 —67.2

CH,, 573 -8338 —69® (137), =92 (35)
773 —80.7

“Experimental data from (1) Sun et al,'®> (2) Narbeshuber et al.'”!
and (3) Denayer et al.'®® The Si/Al ratio is reported in parentheses.

enthalpies, calculated from the dispersion corrected adsorption
energies by adding zero-point vibrational energies and thermal
corrections evaluated from PBE frequencies, with available
experimental data. In the low-coverage regime, experimental
adsorption enthalpies strongly depend on the Si/Al ratio and
the synthesis method of the zeohte sample, leading to a
significant scatter across the literature.”® The experimental data
selected for Table 2 are representative for zeolites with high
(less than one acid site per unit cell) and low (about three acid
sites per unit cell) Si/Al ratios.'”’"'® For propane the
agreement with experiment is remarkable whereas for the
longer alkanes the calculated numbers are between the
experimental numbers showing an overall good agreement.
Note that a more detailed quantitative comparison is difficult
because the calculated value refers to one particular acid site
and adsorbate configuration, chosen such that the adsorbate
can maximize its interaction with the proton and the zeolite
surface, whereas the experimental sample contain a distribution

of sites over different crystallographic positions. Keeping in
mind these uncertainties, it can be concluded that eq S offers a
computationally efficient route to estimate the heat of
adsorption of alkanes in zeolites.

B. Intrinsic Rate Parameters. Table 3 reports intrinsic
energy barriers for monomolecular cracking of propane to

Table 3. DFT (RPBE) Results for Intrinsic Energy Barriers
(Without Dispersion) for Monomolecular Cracking®

reactant E* [k]/mol] products

C.H, 195.6 (172.8) CH, + C,H,
C.H,, 197.4 (175.7) CH, + C4H,
CHy, 187.4 (169.8) C.H, + GH,
CeHy, 189.8 (167.2) C4H; + CsH,

“PBE results are reported in parentheses.

methane and ethene, n-butane to methane and propene, n-
pentane to propane and ethene, and n-hexane to propane and
propene. The frequency analysis revealed the presence of
exactly one imaginary frequency for all transition states.
Visualization of the normal modes corresponding to the
imaginary frequencies was used to confirm that they indeed
corresponded to the expected motion of atoms. The transition
state structures are displayed in Figure 2. The PBE energy
barriers are about 20 kJ/mol lower than the ones obtained
using the RPBE functional, the latter allowing for a more

’ M ""ar

ﬂ""iJv

,,{‘z b
f"v
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Figure 2. Transition state for cracking of (a) C;Hg, (b) CyH,y, (c)
C¢Hy,, and (d) C4H,,. Interatomic distances are given in A. Colors:
carbon, dark gray; hydrogen, white; oxygen, light red; silicon, light
orangel; aluminum, purple.
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Table 4. Intrinsic Activation Enthalpy, Entropy, Gibbs Free Energy, and Rate Constant for Monomolecular Cracking of C;Hs,

C,H,o, CsHy,, and C6H14a

reactant T [K] AH:(DET) [kJ/mol] AS:(DFT) [J/(mol K)]
C,H; 573 179.7 —67.0
773 179.0 —68.1
C,Hy, 573 180.9 —64.2
773 180.1 —65.4
CsHy, 573 1713 —343
773 170.6 -352
CeHyy 573 175.8 -19.0
773 175.1 —-20.1

AGE(DFT) [kJ/mol] ki (DET) [1/s] AHE (exptl)? [kJ/mol]

218.1 0.15 X 107°

231.6 0.35 x 1072 1871, 192
217.7 0.17 x 107°

230.7 0.42 x 1072 191®

190.8 0.48 x 10™*

197.7 0.70 x 10° 188

186.7 0.12 x 1073

190.6 021 x 10*! 191®

“Dispersion contributions are not included in the reported energies. ®The intrinsic enthalpies of activation were obtained from reported intrinsic
energies of activation, E,, using the relation'® AHE, = E, — RT with RT ~ 6 kJ/mol at 773 K. The experimental values for E, were taken from (1)

Xu et al.'® and (2) Narbeshuber et al.'®".

realistic estimation of barriers heights, as is shown in Table 4.
This table summarizes intrinsic enthalpy barriers obtained from
the RPBE energy barriers after applying zero-point vibrational
energy and thermal corrections, intrinsic activation entropies,
Gibbs energies, and rate coeflicients. The comparison to
experimental data'®"'® requires an assumption about the
appropriate enthalpy of adsorption used to convert measured
(apparent) energy barriers to intrinsic ones. The results
reported by Narbeshuber et al.'®" suggest a virtually constant
intrinsic energy barrier consistent with the results of the present
study, bearing in mind that variations of about 10 kJ/mol
between the calculated energy barriers are within the
uncertainties of these numbers. Assuming a different set of
adsorption enthalpies, intrinsic energy barriers would be
obtained that show a decrease of about 5 kJ/mol per CH,
unit. However, in the case of propane this ambiguity has the
smallest effect such that we restrict a more detailed comparison
to this molecule. Here, the use of the RPBE functional to
estimate barrier heights provides a significant improvement
compared to the PBE results, with a remaining underestimation
of about 10 kJ/mol. We attribute this discrepancy to the known
shortcomings of GGA functionals to estimate barriers
heights'°*'%” and to uncertainties introduced by the restriction
to one particular acid site. The first point could in principle be
remedied by the use of sophisticated correction schemes, such
as the MP2:DFT hybrid method presented by Tuma and
Sauer.'®® Applying the latter approach to a variety of
hydrocarbon reactions in zeolites™*>'% has demonstrated
that barrier heights can be estimated with high accuracy
following an elaborated computational protocol. The second
point was addressed recently by Zimmerman et al.''® who
showed that the sensitivity of the cracking barrier to the acid
site position (T12 vs T3) can be as large as 13—25 kJ/mol for
the cracking of propane and hexane on zeolite H-ZSM-S,
respectively. We therefore conclude that the reasons for the
residual discrepancy between calculated and experimental
energy barriers are well understood but the elimination of
them requires a significant computational burden, beyond the
scope of the present work.

Regarding intrinsic entropies of activation for alkane cracking
in ZSM-S there is less consensus in the computational and
experimental literature. Computational difficulties arise from
the fact that harmonic transition state theory (TST) is often
not a correct model due to strongly anharmonic hindered
rotations and translations of the adsorbed molecules and a
usually strong coupling of reactive and vibrational motion in the
barrier region,'"" making more demanding dynamical sampling

techniques necessary. However, such calculations are subject to
serious convergence issues for systems as large as the ones
studied in the present work. For propane cracking in chabazite
though, an intrinsic activation entropy obtained from
thermodynamic integration over free-energy gradients, eval-
uated by constrained ab initio MD simulations along a path
connecting initial and transition state, was reported by Bucko et
al.*® The remarkable agreement between the value from the
latter work, ASE, = —71.0 J/(mol/K), and the value obtained in

int =

the present work on the basis of harmonic TST, AS}, = —68.1
J/(mol K), points toward the applicability of harmonic TST for
this particular case. To further validate (or invalidate) the
intrinsic entropies of activation obtained in the present work,
we made use of the results from Monte Carlo simulations as
outlined in the next section.

C. Monte Carlo Analysis. The theoretical results for the
intrinsic activation entropy for the monomolecular cracking of
propane reported in ref 30 and in the present work are in
apparent disagreement with recent experimental work,>'~>°
reporting intrinsic entropies of activation in the range of —8.6
to +16 J/(mol K). The latter estimates are based on measured
(apparent) entropies of activation and literature data for the
entropy of adsorption of propane at 350 K, AS,4 = —103 J/
(mol K),”” using the relation ASf, = ASE... — AS,q.

However, the underlying assumption of a temperature
independent entropy of adsorption is questionable considering
the qualitative difference in the adsorption process at low and
high temperatures. At present there are no experimental data to
support this assumption, but molecular simulations on all-silica
MFI have shown that there is a significant temperature
dependence.''” For the acid form of MFI, at lower temper-
atures, the presence of these acid sites lead to an additional
stabilization of the adsorbed molecule of the order of 10 kJ/
mol”” that will also cause a more negative entropy of adsorption
compared to purely siliceous zeolites. At higher temperatures
the molecule becomes more and more detached from the acid
site, which will lead to a first decrease in the magnitude of the
entropy loss due to adsorption, by approximately the difference
between H-ZSM-S and silicalite. The significant scatter in
experimental entropies of adsorption for propane in silicalite
does not allow for an exact quantification of this difference but
the reported values, ranging from —80 to —44 J/(mol
K),'"*~"'% are substantially different from —103 J/(mol K).
An additional decrease in the magnitude of the entropy of
adsorption will be caused by an increased mobility of the

adsorbate.
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Figure 3. Parameters related to the adsorption of propane (squares), n-butane (triangles up), n-pentane (circles), and n-hexane (triangles down) in
silicalite and H-ZSM-S. (a) Heat of adsorption as function of temperature. The open symbols represent the MC simulation results for silicalite (blue)
and H-ZSM-5 (green); the filled symbols represent experimental data (references are given in brackets). (b) Entropy of adsorption as function of
temperature. The open symbols represent the MC simulation results for silicalite (blue) and H-ZSM-S (green); the filled symbols represent
experimental data (references are given in brackets). (c) Free energy of adsorption as function of temperature. The open symbols represent the
results obtained from simulated enthalpies and entropies for H-ZSM-5 according to AG,4(T) = AH,4(T) — TAS,4(T) (green) and AG,4(T) =
AH,4,(298) — TAS,4,(298) (red). The filled symbols represent the free energy of adsorption for propane based on constant experimental values for
AH,4 and AS,g, as used in refs 31—3S to analyze measured kinetic data. (d) Adsorption equilibrium constant K = exp(—AG,q,/(RT)) as a function
of temperature. The open symbols represent the results obtained using AG,4(T) = AH,4(T) — TAS,4(T) (green) and AG,q(T) = AH,4,(298) —
TAS,4,(298) (red). The filled symbols represent the adsorption equilibrium constant for propane based on constant experimental values for AH, g4,
and AS,4 as used in refs 3135 to analyze measured kinetic data.

Table S. Extraction of Intrinsic Entropies of Activation for the Monomolecular Cracking of C; to Cg4 alkanes at 773 K*

K [-] ASE, [J/(mol K)]
this work (MC) ref 31 this work (MC) ref 31
carbon no. TOF? T-dep T-indep? T-indep® T-dep T-indep T-indep
3 131 x 1073 4.02 0.90 0.005S —63.4 =S1.1 —8.6
4 5.80 x 1073 4.87 0.77 0.0051 —-54.0 —38.6 +3.0
N 223 X 1072 6.00 0.99 0.0046 —48.4 —334 +11.0
6 6.00 X 1072 7.61 122 0.0046 —38.3 -23.0 +23.0

“The analysis is based on eq 9 using the intrinsic activation energies reported by Narbeshuber'®' and adsorption equilibrium constants obtained
from temperature dependent (T-dep.) or temperature independent (T-indep) enthalpies and entropies of adsorption. “Turnover frequencies in [mol
(mol H*)™" s7" bar™"] taken from ref 31. “Note that this analysis relies on the numerical identity of the dimensionless thermodynamic adsorption
equilibrium constant K = exp(—AG/RT) and the Langmuir equilibrium constant K; = K/P° with the unit of [bar™'] and a standard state pressure of
P° = 1 bar, as discussed for example in refs 56, 122, and 123. “Adsorption enthal(?y and entropy fixed to simulated values obtained at 298 K.
Adsorption enthalpy and entropy fixed to experimental values obtained at 350 K.**°’

The temperature dependence of the enthalpy, entropy and showing that the interactions between the acid site and the
free energy of adsorption as well as of the adsorption alkane are relatively nonspecific and insufficient to keep the
equilibrium constant obtained from Monte Carlo simulations alkane localized at the acid sites. The calculated enthalpies of
are displayed in Figure 3. The results show that both enthalpy adsorption at 298 K are in good agreement with experimental
and entropy become less negative with increasing temperature. data."®""'7 Experimental data for adsorption entropies are more
The temperature dependence of AH,4 and AS, becomes diverse than those for adsorption enthalpies.”” 371151187121
stronger for longer chains, in agreement with earlier Monte Therefore, we restrict the comparison to propane. Our
Carlo simulations for longer alkanes.''® The presence of calculated values for propane are in reasonable agreement
Bronsted sites in the Monte Carlo model has a substantial effect with those reported in refs 114 and 115, but they differ
on the calculated enthalpy and entropy of adsorption at lower significantly from those reported in ref 97. However, the latter
temperature. At 298 K the enthalpies are more negative by value of AS,4 = —103 J/(mol K) together with an adsorption
3.4—72 kJ/mol when proceeding from propane to hexane enthalpy of AH, = —45 kJ/mol was used in recent
whereas the entropies are more negative by 5.7—10.7 J/(mol experimental studies to extract intrinsic rate parameters from
K) (values for Bronsted sites averaged over all positions). measured reaction rates,>' ~>° assuming that these adsorption

These differences decrease with increasing temperature, parameters are temperature independent (illustrated by the
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dotted line in Figure 3). The consequences of this assumption
are displayed in panels ¢ and d of Figure 3. Assuming
temperature independent adsorption parameters, the slope of
the free energy of adsorption as function of temperature is
larger (red curves in Figure 3c) than in the case of temperature
dependent parameters (green curves in Figure 3c). As a result,
the adsorption equilibrium constants (shown in panel d)
assuming temperature independent parameters are smaller than
the ones obtained from temperature dependent parameters.
Also shown in panels ¢ and d are the free energy of adsorption
and equilibrium constant obtained using constant adsorption
parameters of AS,; = —103 J/(mol K) and AH,4 = —45 kJ/
mol for propane.’' ~3*

The adsorption equilibrium constants calculated in the
present work allow for a reinterpretation of measured rate data
in terms of the underlying intrinsic rate parameters for
monomolecular cracking of propane® ~*° to hexane.>"** This
reanalysis is presented in Table S on the basis of the apparent
rate coeflicients and intrinsic energy barriers used in ref 31. The
underlying equation used in ref 31 to extract intrinsic activation

entropies from apparent rate coefficients, k., reads

ASi _ 1l Kapp ( kT )_1
R K exp(—E*/RT) \ h ©)

where K denotes the adsorption equilibrium constant, E* is the
intrinsic energy barrier, kg is the Boltzmann constant, and  is
the Planck constant. Note that an implicit assumption hidden
in this analysis is that once an alkane is adsorbed it immediately
forms an adsorption complex with the Bronsted site, ie., is in
the reaction state. We showed in previous work that this
assumption is a strong simplification because the probability of
being in the reaction state decreases with increasing temper-
ature.” Butko et al. showed that at 800 K the calculated
likelihood to form an adsorption complex for propane in
chabazite has decreased to 18% compared to 68% at 300 K (see
Figure 4 in ref 30 and Figures S and 6 in ref 124). However, the
present analysis focuses on the influence of the selected
adsorption parameters on the extracted intrinsic entropy of
activation and therefore neglects the lower probability, also to
be comparable with ref 31.

The adsorption equilibrium constants calculated in this work
from temperature dependent adsorption parameters are larger
than those used in ref 31 by a factor of 730—1655 when
proceeding from propane to hexane. As a result, the intrinsic
entropies of activation are more negative by 55—61 J/(mol K).
When performing the same analysis with temperature
independent parameters (fixed to the values calculated at 298
K), we obtain smaller adsorption equilibrium constants, leading
to intrinsic entropies of activation that are less negative by 12—
15 J/(mol K) compared to the values obtained using
temperature dependent parameters. From this analysis it
becomes evident that the selection of an appropriate value of
AS, 4, is most important followed by the consideration of the
temperature dependence.

To the best of our knowledge there are no experimental data
that can confirm whether our MC predictions of the entropies
of adsorption (or, equivalently, whether the assumption used in
refs 31—35) are correct. One argument in favor of the present
results is the remarkable agreement between the intrinsic
entropy of activation for propane calculated by means of
transition state theory and the one calculated independently
from the analysis based on eq 9. Also for the longer alkanes the

agreement between the two methods is good and both
approaches predict an increase of the intrinsic entropy of
activation with increasing carbon number.

We therefore suggest an alternative partitioning of the
apparent entropy of activation for monomolecular cracking of
short alkanes in favor of a significantly more negative
contribution from the intrinsic reaction than usually
assumed.’' 7>° Note that the sum of AS,4, ~ —40 J/(mol/K)
and AS}, ~ —65 + 3 J/(mol K) obtained in this work is in
good agreement with the reported® apparent entropy of
activation of ASk.., = —99 + 8 J/(mol K) for the cracking of
propane.

D. Transition Path Sampling. In the present work we
have used the TPS approach to study qualitatively the cracking
of n-butane on ZSM-5. Figure 4 shows a series of snapshots
highlighting structural changes along the reaction path. The
TPS calculations have been performed at a temperature of T =
800 K.

e Figure 4a shows the butane molecule adsorbed on the
ZSM-5 surface. The distance between the acidic proton
and the zeolite is d(O-+H) = 0.95 A, whereas the
distance between the acidic proton and the closest
carbon atom is d(H--C) = 2.02 A.

e Figure 4b shows the a-bond approaching the acidic
proton. In this snapshot, the O—H distance is d(O---H)
= 1.20 A and the C—H distance is d(C---H) = 1.78 A.

e Figure 4c illustrates the moment at which the proton is
almost transferred from the zeolite acid site to the a-
bond. The interatomic distances are d(O--H) = 1.38 A
and d(H--C) = 1.62 A.

e Figure 4d shows the penta-coordinated alkanium ion'
forming the transition state. The interatomic distances
are d(O-+H) = 1.85 A and d(H--C) = 1.31 A.

e Figure 4e illustrates how the alkanium ion decomposes
toward the product state.

e Figure 4f shows the two cracking products (CH, +
C3Hy) present in the intersection region after a proton
has been transferred back to the zeolite lattice.

S

These results indicate that the reaction mechanism studied at
0 K, ie., the interaction of the acidic proton with the C—C
bond to be broken, leading to the formation of bonds with both
a methyl group and a methylene group, also occurs at reaction
temperature. However, TPS simulations performed by Bucko et
al.>® show that the alternative mechanism, i.e., the interaction of
the acidic proton with a terminal methyl group followed by a
shift of a different hydrogen atom from the terminal carbon
toward the C—C bond to be broken, takes place simultaneously
and is even the dominant one in the case of propane cracking in
chabazite.

IV. CONCLUSIONS

Monomolecular cracking of short alkanes on H-ZSM-5 was
analyzed by a combination of density functional calculations
employing periodic boundary conditions and Monte Carlo
simulations in the canonical ensemble with the aim to shed
light on the interpretation of measured (apparent) entropies of
activation in terms of contributions from adsorption and
intrinsic reaction. The results from the Monte Carlo
simulations suggest that the entropy of adsorption at reaction
temperature is significantly less negative than at temperatures
usually employed to measure adsorption parameters, and that
its value becomes less negative with increasing temperature.
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Figure 4. Transition path sampling calculations for butane at T = 800
K. (a) Butane interacts with the Brensted acid site via the methyl
group. (b) The distance between the butane molecule and the surface
decreases. (c) A proton transfers to the a bond. (d) The five-
coordinate alkanium ion is created (TS configuration). (e) The
alkanium ion decomposes to the product state. (f) The product state is
generated (C3Hg + CH,). Colors: carbon, dark gray; hydrogen, white;
oxygen, light red; silicon, light orange; aluminum, purple.

Intrinsic rate parameters obtained from transition state theory
show that the intrinsic enthalpy barrier for monomolecular
cracking is virtually independent of the alkane chain length,
whereas the intrinsic entropy of activation increases with the
carbon number. On the basis of the present analysis, we suggest
a partitioning of the apparent entropy of activation for propane
cracking into a contribution from adsorption of about —40 J/
(mol K) and from intrinsic reaction of about —65 =+ 3 J/(mol/
K). For longer alkanes the results from Monte Carlo
simulations suggest that each additional CH, group leads to a
decrease of the entropy of adsorption of about —10 J/(mol K)
and an increase of the intrinsic entropy of reaction of about 6—
10 J/(mol K). The direct quantification of the latter

contribution by means of DFT calculations for alkanes longer
than propane requires appropriate averaging over all possible
reaction pathways, possibly with the need to go beyond the
harmonic transition state theory and will be an important topic
for future work.
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