
Mechanisms and Kinetics of the Dehydrogenation of C6−C8

Cycloalkanes, Cycloalkenes, and Cyclodienes to Aromatics in H‑MFI
Zeolite Framework

Hansel Montalvo-Castro, Mykela DeLuca, Lauren Kilburn, and David Hibbitts*

Cite This: ACS Catal. 2023, 13, 99−112 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: This work employs periodic density functional theory
to elucidate dehydrogenation mechanisms of C6−C8 cycloalkanes,
cycloalkenes, and cyclodienes into aromatics during methanol-to-
olefin (MTO) chemistries in H-MFI zeolites. Aromatic compounds
act as co-catalysts that predominantly form ethylene over propylene
products and lead to site-blocking polyaromatic compounds; thus,
understanding the formation of aromatic compounds during MTO is
critical to understanding its selectivity and catalyst stability. Ring
dehydrogenation reactions occur via sequential hydride transfer
followed by deprotonation. The rate-controlling hydride transfer
reactions were investigated with surface-bound protons (Z−H) and
alkyls (Z−CnH2n+1) as hydride-accepting species. Hydride transfers
via proton-mediated routes occur with intrinsic free energy barriers
(623 K) of 215 kJ mol−1 for C6H12, 164 kJ mol

−1 for C6H10, and 141 kJ mol
−1 for C6H8, whereas methyl-mediated counterparts

occur with intrinsic free barriers of 101, 95, and 81 kJ mol−1, respectively. Transition states for hydride transfer reactions prefer
channel intersections within MFI networks, and their activation barriers suggest that methyl-mediated routes are favored over
proton-mediated counterparts during MTO. Methyl substituents on hydrocarbon rings generally increase activation barriers for
hydride transfers that occur proximal to the −CH3, partly because of steric hindrances between the hydride acceptor and ring-bound
−CH3. Rapid double-bond isomerization within cyclohexenes and cyclohexadienes allows hydride transfer reactions to occur away
from sterically hindering methyl substituents in methylated and dimethylated C6 ring hydrocarbons. The impact of carbocation
substitution in hydride-accepting species was explored by contrasting barriers of methyl (Z−CH3), ethyl (Z−C2H5), 2-propyl (Z−

C3H7), and tert-butyl (Z−C4H9) surface-bound alkyls. Intrinsic activation barriers decrease with increasing substitution of the alkyl
hydride acceptor, consistent with those alkyls forming more stable carbocations. However, when accounting for steric hindrances
associated with the co-adsorption of hydrocarbon rings near surface-bound alkyls, apparent free barriers are larger for more-
substituted alkyls. Taking these apparent barriers into account, we predict that methyl-mediated hydride transfer reactions are
responsible for the aromatization of hydrocarbon rings during MTO, leading to the CH4 formed during MTO reactions as the
aromatic pool is enriched.

KEYWORDS: methanol-to-hydrocarbons, cyclization, dehydrogenation, hydride transfer, zeolites, aromatics, carbocation, sterics

1. INTRODUCTION

Olefins are the preferred chemical building blocks to produce
many consumer goods, and their demand is mainly supplied
from the steam cracking of naphthenes and alkane gas
mixtures. Alternative strategies for their production include
methanol-to-olefin (MTO) chemistries in proton-form zeo-
lites. MTO reactions proceed via a hydrocarbon pool
mechanism where two catalytic cycles�olefin-based and
aromatic-based1−6

�cooperate to form C2−C4 alkenes
(Scheme 1).1,7−14 Methylating agents such as methanol
(CH3OH, MeOH) and dimethyl ether (CH3OCH3, DME)
methylate zeolite surfaces, olefins, and aromatics in pathways
that lead�directly or indirectly�to the observed products.
For example, olefins can grow by subsequent methylation

reactions until they reach sizes capable of cracking (C6+) to
form C≥3 alkenes. These alkenes, in turn, may either diffuse
from the zeolite as gas-phase products or reincorporate into
the olefin-based cycle.2,6,15,16 Alternatively, alkenes may react
with other alkenes or methanol (via formaldehyde-assisted
routes) to form alkanes and dienes.17−19 Dienes can cyclize to
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cycloalkenes and subsequently dehydrogenate to form
aromatic compounds,20−22 which can cocatalyze the formation
of olefins through isomerization and dealkylation reactions in
the aromatic cycle.1,7,16,23,24 Additional cyclization reactions
may occur between dienes and aromatics to form polyaromatic
compounds that cause catalyst deactivation by blocking sites
and diffusion pathways.25−29 Hence, elucidating specific
pathways that form aromatic compounds is crucial to
understanding the relative propagation of the olefin- and
aromatic-based cycles and catalyst deactivation.
The formation of aromatic species during MTO chemistries

follows the formation of dienes, which are precursors to
cyclization events.20−22,30,31 Dienes can be formed from olefin-
mediated and formaldehyde-mediated (CH2O) hydride trans-
fers but typically proceed by CH2O-mediated routes at MTO
conditions as evidenced by (1) the detection of dienes during
co-reaction of CH2O with alkenes

32−38 and (2) lower density
functional theory (DFT)-predicted barriers for diene for-
mation via CH2O-mediated routes compared to alkene-
mediated routes.39−42 Furthermore, co-feeding CH2O during
MTO chemistries results in higher selectivity toward dienes,
aromatics, and ethylene with concurrent decreases in catalyst
lifetimes.18,30,43 For example, cofeeding CH2O with methanol
(H-ZSM-5, Si/Al = 90, 171 mbar MeOH, 9 mbar CH2O, and
60 mbar H2O at 750 K) increases the selectivity toward dienes
(0.7% vs 0.4% with pure MeOH) and aromatics (12.2% vs
2.4% with pure MeOH) with only slight changes in alkane
selectivity (3.1% vs 2.8% with pure MeOH), suggesting that
the observed increases of diene and aromatic selectivity are a
result of direct reaction between alkenes and CH2O.
Fast scrambling of methanol with 13C-labeled CH2O

disallows isotopic tracking of 13CH2O, as suggested from
similar 13C fraction across all MTO products. However, co-
feeding 1-butene with 13CH2O and 12CH3OH lowers the
extent of scrambling reactions, allowing for 13CH2O tracing.
This work showed the highest 13C content in dienes (10.5%
butadiene, 7.4% pentadiene), aromatics (11.6% xylene, 10.3%
trimethylbenzene), and ethylene (4.7%; highest among all
alkenes).5 These results suggest that CH2O co-feeds transform

into dienes, aromatics, and ultimately ethylene through the
aromatic-based cycles. These shifts in the relative rates of these
two cycles can also be observed by co-feeding small
concentrations of aromatics with methanol on H-ZSM-5.5

The role of formaldehyde and dienes in the formation of
aromatic species is also supported by previous studies on
catalyst lifetimes. Co-feeding H2 during MTO chemistries
enhances catalyst lifetimes for a variety of topological
frameworks, including CHA and MFI.44,45 This is likely
because H2 selective decreases the concentration of hydrogen
poor compounds (such as formaldehyde and dienes) via
hydrogenation reactions,45,46 limiting the formation of
aromatics and thus the propagation of aromatic-based cycle
as measured by a decrease in ethene-to-propene ratios within
H-ZSM5.44,45 This is supported by theoretical work that
suggests apparent barriers of butadiene, hexadiene, and
formaldehyde are 10−30 kJ mol−1 lower than those of C2−
C4 alkenes in both MFI and CHA.

47 CH2O co-feeds in the
presence of CH2O-scavenging Y2O3 species during MTO
reduce deactivation rates in CHA,48 which�as an alternative
method to reduce formaldehyde concentrations�further
indicates that formaldehyde facilitates aromatic formation
and thus enhances deactivation. These observations are
rationalized by DFT calculations demonstrating that at
conditions relevant to MTO, dienes are predominantly formed
via CH2O-assisted routes over alkene disproportionation
routes, implying that formaldehyde influences aromatic
formation as a precursor to the formation of dienes.39

Cyclization events during MTO chemistries (Scheme 1,
yellow) have been proposed to occur via (1) direct cyclization
of unsaturated compounds,20−22,49,50 (2) Diels−Alder cyclo-
addition reactions,51−54 and (3) formaldehyde-mediated
routes55,56 via the formation of polyene alcohols, which
undergo dehydrocyclization into diene rings�each of which
can form C6 rings of varying saturation. DFT calculations on
direct cyclization of 1,5-hexadiene on bare and embedded
cluster (single T12-site) models suggest that C5 and C6
hydrocarbon rings may form from secondary and primary
surface-bound dienes, respectively.21 These studies were
extended to C7 and C8 diene precursors, and it was found
that the activation barriers for 1,6-cyclization routes trend
opposite with degree of methylation C6 > C7 > C8,

22

suggesting that cyclization pathways may also form methylated
hydrocarbon rings such as methylcyclohexene and dimethylcy-
clohexene. Experimental investigations have shown that trienes
can also lead to the formation of cyclic hydrocarbons (e.g.,
cyclohexadiene) and that cyclization is exothermic and
irreversible.50,57−61 Diels−Alder reactions, similarly, could
lead to the formation of cyclic species from reactions of
dienes and alkenes, although these have only been studied on
non-acidic zeolites as the reaction is typically not associated
with Brønsted acid sites.62−65 Alternatively, dehydrative
reactions of dienes with formaldehyde can result in the
formation of cyclopentadiene (C5H6) via 1,3-butadien-1-ol as
an intermediate. C5H6 has been identified during MTO

66,67

and has been proposed to be a precursor to deactivation either
by interacting with aromatics68 or by undergoing alkylation,
isomerization, and hydride transfers that yield deactivating
species,66,69,70 potentially via C6 intermediates. In summary, all
cyclization pathways can lead, directly or indirectly, to the
formation of six-member ring compounds with varying degrees
of saturation�but do not directly lead to aromatic
compounds.

Scheme 1. Olefin-Based (Blue) and Aromatic-Based (Red)
Cycles of Methanol-to-Olefin Chemistriesa

aCyclization and dehydrogenation (yellow) events connect the two
cycles. Blue arrows indicate dehydrogenation reactions to form dienes,
the green arrow indicates an arene methylation event, and purple
arrows indicate cracking from large olefins into their smaller
counterparts.
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Hydrocarbon rings must undergo dehydrogenation upon
formation to form aromatics.71 The specific pathways that
govern the dehydrogenation of hydrocarbon rings, however,
are still to be elucidated. This work employs DFT to explore
dehydrogenative aromatization of C6−C8 cycloalkanes, cyclo-
alkenes, and cyclodienes in the MFI (ZSM-5) framework.
Dehydrogenation occurs through hydride transfer reactions
between cyclic hydrocarbons and surface-bound alkyl species
formed by the demethylation of reactant methanol and DME
(methyls) or protonation of product alkenes (e.g., to form
ethyl). The extent of surface alkyl involvement depends on
their relative surface concentrations and thus the conversion
and time on stream. Hydride transfer barriers are lower in the
MFI channel intersections than in the straight channel,
reflecting transition states that are too large (7−10 C atoms
in the reactions studied here) to be effectively solvated by the
smaller MFI straight channels. Methyl substituents on the rings
generally increase barriers for hydride transfer reactions
occurring at proximal positions, while C�C double bonds
generally decrease barriers for nearby hydride transfer
reactions. The dehydrogenation of C7−C8 hydrocarbon rings,
however, is thermodynamically favored from double-bond
isomerization events among cyclohexenes and cyclohexadienes.
Finally, substituted alkyls are better hydride acceptors than
unsubstituted alkyls, suggesting that reaction barriers are
governed by the relative stability of carbocations derived from
these surface alkyls.

2. METHODS

Periodic DFT calculations were performed using the Vienna ab
initio simulation package72−75 in a fully periodic MFI unit cell,
as implemented in the computational catalysis interface.76

Plane-wave basis sets were constructed with the projector
augmented wave potentials with an energy cutoff of 400 eV.
The exchange and correlation energies were estimated with the
Perdew−Burke−Ernzerhof (PBE) form of the generalized
gradient approximation.77−79 The DFT-D3 method with Becke
and Johnson (D3BJ) damping corrected for dispersive
interactions.80−82

Gas calculations were performed in a 15 Å × 15 Å × 15 Å
vacuum unit cell. Gas calculations involving charged species
(e.g., carbocation formation energies; see SectionS5 in the
Supporting Information) were performed with a uniform
compensating background charge with dipole and quadrupole
corrections. Structures with unpaired electrons were optimized
spin polarized.
The MFI-zeolite structure was obtained from the exper-

imental results of van Koningsveld83 to minimize restructuring
artifacts that may influence energy estimates.84 The T- and O-
site indices referenced in this work follow the international
zeolite association convention.85 The shape and lattice
parameters for MFI (a = 20.090 Å, b = 19.738 Å, and c =
13.142 Å) were fixed across all calculations. All calculations
were performed at T11, to provide access to the straight
channel and the channel intersection. Previous work suggests
that surface methylation (a key elementary reaction within the
context of this work) occurs with lower activation barriers at
T11 relative to T3, T10, and T12 in MFI.86 Moreover, recent
work exploring the Al location within MFI suggests that T11 is
among the most favorable Al site locations,87 thus justifying its
selection for modeling in this work.
Structures were optimized in a two-step procedure, which is

more efficient than traditional single-step optimizations.76 In

the first step, structures were electronically converged so that
energies varied by <10−4 eV between iterations, and the
maximum force on each atom was <0.05 eV Å−1. In the second
step, structures were further optimized so that energies varied
by <10−6 eV between iterations, and the maximum force on
each atom was <0.05 eV Å−1. Forces for the first and second
steps were computed using a fast Fourier transform grid with
cutoffs of 1.5-times and 2.0-times of the plane-wave cutoff,
respectively. The Brillouin Zone was sampled at the Γ-point.88

Transition state searches were initiated using the nudged
elastic band method (NEB),89 with 16 images along the
reaction coordinate. NEBs were converged so that the
maximum force across all atoms in all images was <0.5 eV
Å−1. Following NEB convergence, transition state structures
were isolated using the Dimer method90 and optimized until
the maximum force on all atoms was <0.05 eV Å−1. Dimer
calculations were also performed using a two-step method
analogous to that described for optimizations.
Vibrational frequencies for reactant, product, and transition

states were calculated by using a fixed displacement method in
which all adsorbate atoms (including protons), the framework
Al atom, and the four O atoms attached to the Al atom were
displaced. Vibrational frequencies are used to estimate zero-
point vibrational energy and temperature-corrected free
energies (G) and enthalpies (H) for all states (more details
provided in Section S1 in the Supporting Information). Similar
to previous works,39,47,86,91 vibrational modes <60 cm−1 were
replaced with 60 cm−1 (except for imaginary modes along the
reaction coordinate in transition states) as these low-frequency
modes�traditionally associated with frustrated or hindered
motions�are inaccurate and significantly contribute to
vibrational entropy estimates.
There are four O atoms surrounding T11: O14, O16, O24,

and O25. Previous work shows that O24 is inaccessible by
reactants of interest in this work92�hence, O24 was not
considered here, while the other three O atoms were examined
for all steps. Zeolite-catalyzed reactions are influenced by the
different shapes and sizes of the confining voids near catalytic
active sites. All adsorbate and transition state calculations were
therefore examined in both the straight channel and
intersection environments. The aim of this work is to identify
the trends that govern cyclic dehydrogenation reactions, and
DFT-D3 level theory is sufficient to describe such trends while
avoiding the computational expense of more physically
accurate AIMD or higher-level calculations (e.g., MP2). One-
off static DFT calculations, however, do not sufficiently probe
the potential energy surface of reactant, product, or transition
states; as such, all reactant, product, and transition states were
systematically reoriented based on their relevant interactions
with the zeolite framework, explained in detail in our prior
work,92 followed by the aforementioned two-step optimization
procedure. Systematic reorientations increase the likelihood of
identifying the global energy minima and the lowest-energy
saddle-point connecting those minima. Previous work shows
that systematic reorientations can lower DFT estimated
energies by ∼10−50 kJ mol−1.92 These differences are
significant as they may either include irrelevant pathways or
exclude relevant ones; hence, systematic reorientations
(enhanced sampling) improve the accuracy of DFT calculated
energies while being ∼100 times more computationally
efficient than AIMD simulations or alternative global
minimization strategies while also being applicable to
transition state searches.
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3. RESULTS AND DISCUSSION

3.1. Contrasting Proton- and Methyl-Mediated De-

hydrogenation of C6 Hydrocarbon Rings in MFI. The

dehydrogenation of a cyclic hydrocarbon by hydride transfer

may proceed via a proton-mediated pathway (Scheme 2, inner)
to form H2 and a carbocation

+ + +
+C H Z H C H Z H (g)

m m6 6 1 2 (1)

where m is 12 for cyclohexane, 10 for cyclohexene, and 8 for
cyclohexadiene, and Z is the zeolite framework (including the
O atom to which the proton binds). The C6Hm−1

+ carbocation
will then deprotonate to restore the Brønsted acid site

+ +
+

C H Z C H Z H
m m6 1 6 2 (2)

Carbocation ring deprotonation occurs with activation free
energies (ΔGact) < 15 kJ mol

−1, suggesting that this step is
kinetically irrelevant. This is consistent with experimental work
showing rapid double-bond isomerization and equilibrium
among double-bond isomers for alkenes at conditions similar
to MTO;93,94 as such, protonation and deprotonation will be
assumed facile in the remainder of this work.
Surface methylation reaction occurs readily at high temper-

atures (>623 K)95−98

+ +ROCH (g) Z H ROH(g) Z CH3 3 (3)

where R is H or CH3 for methanol and DME as methylating
agents, respectively. These surface-bound methyls can react
with hydrocarbon rings in hydride transfer reactions via a
methyl-mediated pathway (Scheme 2, outer)

+ + +
+C H Z CH C H Z CH (g)

m m6 3 6 1 4 (4)

followed by deprotonation of C6Hm−1
+ as shown in Eq 2. Here,

we compare proton-mediated and methyl-mediated dehydro-
genation routes for cyclohexane (C6H12), cyclohexene
(C6H10), and cyclohexadiene (C6H8).
During MTO conditions, protons and surface-bound alkyls

are expected to readily transfer between O atoms at a given T-
site; as such, all reactions in this work were investigated at the
three accessible O atoms of T-11 (O14, O16, and O25), and
activation energies, ΔGact (623 K), of proton-mediated and
methyl-mediated hydride transfers are reported in Figure 1.

Additionally, transition states were investigated in both the
straight channel and the channel intersection to probe different
local confinements, also reported in Figure 1. Comparing O
atoms, ΔGact values are generally comparable for transition
states interacting with O16 and O25, because both O sites
have similar environments. The barriers at O14 are, on average,
higher than those at O16 and O25 because O14 resides
primarily in the straight channel with limited access to the
channel intersection. Dehydrogenation reactions occur more
favorably in channel intersections than in straight channels for
all examined pathways and reacting species at each of the three
examined oxygens. This suggests that the smaller straight
channel environment imposes steric constraints on bulkier
transition states and makes these transition states less
favorable. Moreover, the preference for the MFI intersection
is greater for bulkier methyl-mediated transition states than for
proton-mediated transition states. This is consistent with prior
studies of arene methylation reactions,92 where activation
barriers for surface methylation reactions (a relatively small
transition state) were found to be lower when transition states
were in the straight channel, whereas transition states for arene
methylation�which involves a bulkier reagent�occur more
favorably in intersections. This preference for reactions to
occur in channel intersections is seen throughout this work.
Free energy barriers (relative to the ring adsorbed near the

surface-bound methyl or proton, 623 K) are 114, 69, and 60 kJ
mol−1 lower for methyl-mediated hydride transfer reactions
than for proton-mediated hydride transfer reactions with
cyclohexane, cyclohexene, and cyclohexadiene, respectively
(Figure 2a−c). These barrier differences can be rationalized
from structural inspection of the corresponding transition

Scheme 2. Sequential Routes for Proton-Mediated
Dehydrogenation (Inner Cycle) and Methyl-Mediated
Dehydrogenation (Outer Cycle)a

aThe relevant transition states (i.e., the hydride transfers) for each
route are indicated with single-directed arrows.

Figure 1. Free energy barriers as a function of T-site oxygen zeolite
environment for C6H12 (blue), C6H10 (green), and C6H8 (red)
dehydrogenations via proton- (circles) and methyl-mediated
(squares) pathways. Free energy values are reported at 623 K and
relative to the best overall reactant state, respectively. Enthalpy (H),
entropy (S), and free energy (G) values are reported in Table S1 in
the Supporting Information with corresponding structures shown in
Figures S10−S15.
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states (Figure 3). The transition states for proton-mediated
hydride transfer reactions (Figure 3a−c) show a hydride far
from the carbocation ring (1.6−1.8 Å) and closely coordinated
with the proton from the zeolite (0.8−0.9 Å), a “late”
transition state. Thus, it is likely that the cation is situated
primarily on the ring and relatively far from the negatively

charged surface. Conversely, methyl-mediated transition states
(Figure 3d−f) were found to resemble a SN2 transition state
with a planar CH3

+ carbocation between the hydride of cyclic
species and the framework O atom. In this transition state, the
cation is likely centered on CH3

+, which is more closely
coordinated with negatively charged zeolite (2.0−2.1 Å).
These differences contribute to the lower activation energies
for methyl-mediated pathways compared to proton-mediated
paths.
The rate of proton-mediated hydride transfer can be written

as

= [ ]r k K P Z HZ H HT,Z H ads,Z H C Hm6 (5)

where kHT,Z−H is the hydride transfer rate constant, Kads,Z−H is
the equilibrium rate constant for ring adsorption near a proton,
PCd6Hdm

is the gas-phase pressure of the ring species, and [Z−H]

is the surface concentration of protons, respectively. Similarly,
the rate of hydride transfer via the methyl-mediated pathway is

= [ ]r k K P Z CHZ CH HT,Z CH ads,Z CH C H 3m3 3 3 6 (6)

where kHT,Z−CHd3
is the hydride transfer rate constant and

Kads,Z−CH3 is the equilibrium rate constant for ring adsorption
near a surface methyl. Taking the ratio of Eq 5 to Eq 6 yields

= ·
[ ]

[ ]

=
[ ]

[ ]

r

r

k K

k K

G

RT

Z H

Z CH

exp
Z H

Z CH

Z H

Z CH

HT,Z H ads,Z H

HT,Z CH ads,Z CH 3

app

3

3 3 3

i

k

jjjjj

y

{

zzzzz (7)

where ΔΔGapp represents the difference in free energy barriers
between methyl-mediated and proton-mediated dehydrogen-
ation. This ratio is independent of the C6Hm pressure, and the
(Kads,Z−H/Kads,Z−CH d3

) ratio accounts for any interactions

between the adsorbed ring and Z−H or Z−CH3. The kinetic
relevance of proton-mediated and methyl-mediated dehydro-
genation will be a function of the relative concentrations of Z−

H and Z−CH3 during MTO chemistries; eq 7 allows for direct
comparison between methyl- and proton-mediated transition
states as a function of the relative concentrations of Z−CH3
and Z−H (Figure 2d). For equal concentrations of Z−CH3

Figure 2. Reaction coordinate diagram for proton- (solid) and methyl-mediated (dashed) dehydrogenation of (a) cyclohexane, (b) cyclohexene,
and (c) cyclohexadiene. Free energy barriers (ΔG in kJ mol−1) for each hydride acceptor species are reported at 623 K and referenced to their
reactant state (ring adsorbed into proton- or alkyl-form zeolite). (d) Ratio of the rate of proton- to methyl-mediated dehydrogenation of
cyclohexane (blue), cyclohexene (green), and cyclohexadiene (red) as a function of relative concentration of Z−H to Z−CH3. Enthalpy (H),
entropy (S), and free energy (G) values for transition states are reported in Figure 3. Additional values for reactant, product, and intermediate states
are provided in Table S2 in the Supporting Information, with corresponding structures shown in Figure S16.

Figure 3. Lowest energy transition states for proton- (a−c) and
methyl-mediated (d−f) dehydrogenation of cyclohexane, cyclo-
hexene, and cyclohexadiene, respectively, with views down the
straight (top) and sinusoidal (bottom) channels. Enthalpy (ΔH in
kJ mol−1), entropy (ΔS in J mol−1 K−1), and free energy (ΔG in kJ
mol−1) barriers are reported at 623 K and relative to their
corresponding most preceding state.
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and Z−H, the relative rates of proton-mediated pathways are
>106 times smaller than those of methyl-mediated pathways.
Given that surface-bound methyls are expected to be abundant
surface intermediates during MTO, it is unlikely that
dehydrogenation of ring compounds proceeds via proton-
mediated hydride transfer, even at very early times on stream,
and this prediction is consistent with that of most MTO
studies not reporting H2 as a product, while alkanes are
observed including at low times on stream associated with the
formation of aromatic compounds in the hydrocarbon
pool.2,18,99−106 The remainder of this work will emphasize
alkyl-mediated hydride transfer pathways and examine the
effects of ring saturation, ring substitution, and hydride
acceptor substitution.

3.2. Contrasting Cycloalkane, Cycloalkene, and
Cyclodiene Dehydrogenation Reactions. Cyclization of
unsaturated species during MTO will form C6 rings or
methylated C6 rings of varying saturations that subsequently
dehydrogenate to form aromatic species (Scheme 3). For both

proton- and methyl-mediated routes, dehydrogenation barriers
increase with the increasing degree of saturation (C6H12 >
C6H10 > C6H8). The effects of saturation are more pronounced
for the proton-mediated route, where Figure 2 shows trends in
activation barriers of 215 > 164 > 151 kJ mol−1 for C6H12,
C6H10, and C6H8, respectively. In proton-mediated routes, the
positive charge of the transition state is located close to the
ring, and more substituted rings can more effectively stabilize
the cationic transition state, leading to lower barriers. The
electronic gas-phase formation energies of these carbocations
via hydride removal

+
+C H C H H (g)

m m6 6 1 (8)

of C6H11
+, C6H9

+, and C6H7
+ are 1058, 994, and 931 kJ mol−1,

respectively. These energies trend with the corresponding
activation barriers, suggesting that the greater ability of the
dehydrogenated rings to accommodate positive charges leads
to lower barriers. Conversely, in methyl-mediated routes, the
cationic charge is mostly centered at the hydride-accepting
species (CH3

+), so the ability of the ring to stabilize positive
charges becomes less relevant. This, in turn, results in less
significant trends of activation barriers (101 > 95 > 81 kJ
mol−1) with ring desaturation.
A sequential reaction coordinate diagram for the conversion

of cyclohexane into benzene is shown in Figure 4, for both
MeOH (blue) and DME (red) as surface methylating agents.
We chose cyclohexane and a surface methyl as a starting point,
simply to show the broadest possible dehydrogenation
sequence, and not as an endorsement of any cyclization

mechanism in MTO. Apparent free energy barriers, ΔGapp, of
hydrogenation are 101, −14, and −110 kJ mol−1 for C6H12,
C6H10, and C6H8, respectively, when DME acts as a surface
methylating species (Figure 4). The large decreases in
transition state formation energies suggest that at conditions
relevant to MTO, the dehydrogenative aromatization of
cyclohexane into benzene is exothermic and irreversible,
irrespective of surface methylating species. The decrease in
ΔGact (Figure 4, italics) with increasing ring saturation suggests
that the rate-limiting step of the dehydrogenation sequence
will be the first hydride transfer, regardless of whether the
sequence begins at a cycloalkane, cycloalkene, or cyclodiene.
This conclusion that all hydride transfers are irreversible is also
supported by maximum rate analysis examining the reversi-
bility of each step over a broad range of potential reaction
conditions (shown in Section S4 of the Supporting
Information).

3.3. Dehydrogenation of C7 and C8 Hydrocarbon
Rings: The Role of Methyl Substituents. Methylated cyclic
compounds may also be formed from cyclization of C7 or C8
precursors that subsequently dehydrogenate to form methyl-
benzenes (Scheme 3). Here, we explore the dehydrogenation
of methyl (C7)- and dimethyl (C8)- substituted rings to
understand the role of methyl substituents on the dehydrogen-
ation barriers of cycloalkanes, cycloalkenes, and cyclodienes.
We examined all double-bond isomers of C7 and C8 rings

because the location of the methyl substituents and double
bonds influences nearby hydride transfer reactions. For
example, as shown in Figure 5, the C−H activation in
methylcyclohexane may occur from a carbon atom at the
geminal, ortho-, meta-, and para-positions relative to the
methyl substituent. The corresponding activation free energies
for these are 116−110 kJ mol−1 > 86−90 kJ mol−1,
respectively, suggesting that hydride transfers occur more
favorably 2+ C atoms away from the methyl substituent. These
findings trend opposite with gas-phase carbocation stabilities
(Figure S5 in the Supporting Information), which suggest that
carbocations are more stable when the cation is centered at the
methylated carbon. Dehydrogenation barriers are governed by
a combination of factors including carbocation stability and
transition state interaction with the surrounding environment.
These results suggest that additional methyl substituents do
not offer enough additional carbocation stabilization (beyond
ring conjugation) to overcome the steric hindrances between
methyl substituents and hydride-accepting species (CH3

+); as

Scheme 3. Chemical Pathways for the Formation of
Hydrocarbon Ringsa

aPotential methyl substituents are shown in blue.

Figure 4. Reaction coordinate diagram for methyl-assisted dehydro-
genation of cyclohexane to benzene with CH3OH (blue) and
CH3OCH3 (red) as surface methylating agents in MFI. Free energies
(kJ mol−1, 623 K) are reported referenced to physiosorbed C6H12
near a Z−CH3. Enthalpy (H), entropy (S), and free energy (G) values
are reported in Table S2 in the Supporting Information.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.2c03360
ACS Catal. 2023, 13, 99−112

104

https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c03360/suppl_file/cs2c03360_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c03360/suppl_file/cs2c03360_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c03360/suppl_file/cs2c03360_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c03360?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c03360?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c03360?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c03360?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c03360?fig=fig4&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c03360/suppl_file/cs2c03360_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c03360?fig=fig4&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.2c03360?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


such, methyls proximal to dehydrogenation transition states
increase barriers. Moreover, as discussed in Section 3.1, the
transition state positive charge of methyl-mediated dehydro-
genations is centered at the hydride-accepting species instead
of the ring as in proton-mediated pathways; the carbocation
placement of methyl-mediated dehydrogenation renders ring
carbocation stabilities less relevant to transition state energies.
Barriers are also lower for hydride transfers away from methyl
substituents for reactions of all methylcyclohexene isomers and
most methylcyclohexadiene isomers.
For the case of C8 rings, we considered all skeletal and

double-bond isomers. Hydride transfers generally occur with
the lowest activation barriers away from the methyl
substituents; there are exceptions, however, that suggest that
steric hindrances govern barriers to a lesser extent. The
convolution of effects caused by changes in sterics, carbocation
stabilities, and the preferred shape of the transition states

within these confining zeolite environments leads to weak
correlations with the position of methyl substituents for C8
species. Averaging the estimated barriers (shown in blue,
Figure 5) shows that methyl substituents only slightly raise
dehydrogenation barriers. These averaged values, however, do
not account for potential double-bond isomerization events.
The interconversion between cycloalkene and cyclodiene

double-bond isomers is governed by relative stability of each
isomer, thus influencing the kinetically relevant pathways for
hydrocarbon ring aromatization. Methylcyclohexane dehydro-
genation occurs most favorably at the meta-position relative to
the methyl substituent to form 4-methylcyclohexene (Figure
6). 4-Methylcyclohexene can either undergo a hydride transfer

at the meta to the methyl substituent and ortho to the double
bond (Figure 5) with a barrier of 87 kJ mol−1 or isomerize to
form more stable 1-methylcyclohexene and subsequently
dehydrogenate at the position meta to the methyl with a
lower barrier (77 kJ mol−1). The dehydrogenation of 1-
methylcyclohexene forms 1-methyl-1,3-cyclohexadiene, the
most stable methylcyclohexadiene isomer, which dehydrogen-
ates to toluene with a ΔGact of 73 kJ mol

−1. The overall route
(Figure 6), involving hydride transfer, deprotonation, and
double-bond isomerization, forms toluene with lower hydride
transfer barriers (86, 77, and 73 kJ mol−1) than that observed
for the dehydrogenation of cyclohexane to benzene (101, 95,
and 81 kJ mol−1), despite steric hindrances. Ultimately, while
methyl substituents discourage hydride transfer reactions at
geminal and ortho positions relative to the substituent, this
does not slow aromatization because double-bond isomer-
ization avoids the need to ever perform a hydride transfer
reaction at either of those positions. Indeed, the hydride
transfer reactions of these C7 species occur at positions meta,
meta, and para to the methyl substituent. These conclusions
are consistent for the aromatization of C8 cycloalkanes

Figure 5. Free energy barriers for methyl-mediated dehydrogenation
of cycloalkane, cycloalkene, and cyclodiene isomers in MFI. Barriers
are shown next to the carbon atom participating in the C−H
heterolytic cleavage that precedes the hydride transfer event. All
unique locations were considered, except for cyclohexenes, where only
those occurring immediately next to a double bond were considered.
Enthalpy (H), entropy (S), and free energy (G) values for each
transition state are reported in Table S3 of the Supporting
Information, with corresponding structures shown in Figures S18−
S21.

Figure 6. Reaction coordinate diagram for methyl-assisted dehydro-
genation of methylcyclohexane to toluene with CH3OH as the surface
methylating agent in MFI. Free energies (kJ mol−1, 623 K) are
reported referenced to physiosorbed C7H14 near Z−CH3. The most
favorable pathway is highlighted in black, with alternative pathways in
gray. Reaction scheme shows both the conversion from C7H14 into
C7H8 and the isomerization between C7H12 and C7H10 double-bond
isomers. Enthalpy (H), entropy (S), and free energy (G) values for
reactant, product, and transition states are reported in Table S4 in the
Supporting Information, with corresponding structures shown in
Figures S17 and S18.
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(Figures S7−S9 in the Supporting Information), where
double-bond isomerization allows dehydrogenation steps to
occur away from the methyl substituents.

3.4. Alkyl-Mediated Pathways: The Role of Degree of
Substitution from Hydride Transfer Acceptors on
Dehydrogenation Barriers. Olefins, formed as products
during MTO, can covalently bind to the framework as surface-
bound alkyl species (Z−CR3) and participate in further
reactions. Previous work in MFI investigating C1−C4 alkyls
as hydride acceptors in hydride transfer reactions with
methanol and 2-butene found that increasing alkyl substitution
stabilized the carbocation transition state, but this benefit is
mitigated by steric penalties as the alkyl chain length
increases.39 Methanol preferentially reacts with tertiary tert-
butyl, and 2-butene prefers to react with secondary 2-propyl
even at respective Z−CR3 concentrations 10

−10 times lower
than that of Z−CH3, suggesting that olefin products facilitate
hydride transfer of methanol (to form formaldehyde) and 2-
butene (to form butadiene). Here, we will investigate the effect
of carbocation substitution of the hydride acceptor on
dehydrogenation rates with cyclohexane, cyclohexene, and
cyclohexadiene.
Alkenes can adsorb into zeolite environments to form H-

bonded alkenes that interact with Brønsted acid sites through
π-bonding, can protonate to form charged alkenium species, or
form a covalent C−O bond and exist as a surface-bound alkyl
(see Figure S22 in the Supporting Information). The relative
stability between these three binding modes�surface-bound
alkyls, alkeniums, and H-bonded alkenes�was studied for
small alkenes in H-FER using hybrid DFT and molecular MP2
calculations (PBE + D2 and ΔCCSD(T))107 and in MFI using
ab initio molecular dynamics.108 These studies predict different
binding modes as the most thermodynamically favorable;
however, experimental studies in MFI indicate that double-
bond isomerization is facile relative to C−C bond formation
(473−856 K),94,109−111 suggesting that interconversion
between the three binding modes should occur readily. The
dehydrogenation of hydrocarbon rings may also be mediated
by these product-derived species. The role of carbocation
substitution on dehydrogenation barriers was investigated by
exploring ethene, propene, and isobutene species as these yield
primary (C2), secondary (C3), and tertiary (C4) carbocations.
Adsorption free energies (ΔGads, 623 K, 1 bar) shown in

Figure 7 suggest that ethene binds as a H-bonded species with
an adsorption energy (27 kJ mol−1) that is ∼10 kJ mol−1

higher (less stable) than as a surface-bound ethyl species
(ΔGads of 17 kJ mol

−1). For propene, in contrast, the H-bound
species is (ΔGads of 24 kJ mol

−1) approximately 5 kJ mol−1

more stable than the secondary alkyl (30 kJ mol−1), which is
more stable than the primary alkyl (36 kJ mol−1). For
isobutene, our calculations suggest that H-bonded alkene is the
most stable form, similar to propene, with the next most stable
being the primary alkyl, followed by the sterically hindered
tertiary alkyl, and finally the free carbocation. Across all three
species, our ΔGads values suggest that bound species are less
stable compared to values reported in MFI (for C4)

108 and
TON (C2−C4).

111 Some differences may arise from different
confining voids (TON vs MFI) or different T-sites within MFI
(T11 in our work and T12 in the prior work examining
isobutene in MFI). This work, however, reports values as the
most stable alkyl or H-bound alkene referenced to the most
stable proton structures, regardless of the O atoms involved in
either species. The most stable proton at T11 in our work is at

O16 and forms an H-bond to nearby framework O-atoms that
must be broken to form a H-bound alkene, alkyl, or
carbocation. This intraframework H-bond contributes to the
higher ΔGads and is not observed without a rigorous sampling
of the potential energy surface (see Section 2).
Regardless of the binding mode of these olefins, they can act

as hydride-accepting species during ring dehydrogenation. The
transition state structures for alkyl-mediated cyclohexane
dehydrogenation are shown in Figure 8, with analogous figures
for cyclohexene and cyclohexadiene dehydrogenation shown in
Figure S23 in the Supporting Information. These transition
state structures show that larger alkyls (more stable as
carbocations) are more loosely coordinated to the conjugate
base of the zeolite, thus resulting in larger C−O distances
between the center (sp2 C) of the carbocation and the nearest
O atom of the conjugate base (AlO4

−).
The ΔGact values for alkyl-mediated routes, referenced to the

hydrocarbon ring adsorbed near the corresponding Z−CR3
state, decrease as the alkyl becomes more substituted (circles
in Figure 9), consistent with more substituted alkyls forming
more stable carbocations. These intrinsic barriers, however, do
not account for the preference of propene and isobutene to
exist as H-bound alkenes rather than adsorbed alkyls.
Reporting ΔGact values relative to these H-bound alkenes
increases barriers for those reactions by 15−80 kJ mol−1

(squares in Figure 9). Furthermore, these ΔGact values do
not account for steric penalties associated with the colocation
of the ring and the alkene (C3 and C4) or alkyl (C1 and C2)
species. These steric effects are included by reporting a barrier
referenced to the most stable alkyl or H-bonded alkene and a
desorbed ring species (here called an apparent free energy
barrier; diamonds in Figure 9). These apparent barriers show
that the steric effects are generally larger for more substituted
species, with the most dramatic repulsions felt near cyclo-
hexane. Comparing apparent barriers, which are most relevant
to the relative rates of these reactions, cyclohexane prefers to
react with methyl and ethyl species, cyclohexene with propene,
and cyclohexadiene with t-butyl. These trends may be

Figure 7. ΔGads (kJ mol
−1, 623 K) relative to a bare site and the

corresponding gas-phase alkene (ethene, propene, or isobutene) for
C2, C3, and C4 surface-bound alkyls (−, +, and * respectively), H-
bonded alkenes (circles), and alkeniums (squares). Values from this
work are shown in blue along values from prior works on MFI108 and
TON111 shown in green and purple, respectively. Enthalpy (H),
entropy (S), and free energy (G) values for each binding mode are
reported in Table S5 in the Supporting Information, with
corresponding structures shown in Figure S22.
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rationalized from a competition between carbocation stability
of hydride-accepting species and the sterics associated with the
size from both the hydride acceptor and hydrocarbon ring
species.
For example, cyclohexadiene dehydrogenation occurs

preferentially with tert-butyl (ΔGact = 82 kJ mol
−1), the most

stable carbocation among the explored hydride acceptors. For
cyclohexene, however, steric hindrances outweigh the favor-
ability of the tert-butenium cation, rendering a slight preference
for reaction with propene. For cyclohexane, carbocation
stabilities are nullified even further, resulting in a preference
for reaction with methyl and ethyl. Overall, reactant- and
product-derived species act as hydride acceptors during the

dehydrogenation of hydrocarbon rings, and their preferences
are dictated by the hydrocarbon ring size, which in turn
influences the competition between sterics and carbocation
stabilities.
The implications of trends in activation barriers can be

kinetically explored by the rate ratio between Cn-alkyl-
mediated pathways to those mediated by methyls, given by
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where kHT,Z−CN is the rate constant for the hydride transfer
reaction to a CN carbocation (barriers shown in Figure 9),
Kads,Z−CN is the adsorption equilibrium constant for the ring
reactant to a site adjacent to the CN species, and [CN] is the
concentration of the CN species (present as either a H-bonded
alkene, carbocation, or covalently bound alkyl species). Thus,
as with the rate ratio shown in Figure 2d, this rate ratio will
include coadsorbate interactions between ring reactants and
the CN species.
Figure 10 shows the ratio of rates for alkyl-mediated routes

to their methyl-mediated counterpart, as a function of their
relative surface coverages; methyl-mediated routes are favored
at values below unity, while alkyl-mediated routes are favored
at values above unity. At equal concentrations of all surface-
bound species (Z−Cn/Z−CH3 = 1), cyclohexane dehydrogen-
ation occurs with ethyl as the hydride acceptor, and the relative
rates of cyclohexane dehydrogenation decrease as the degree of
substitution on the hydride acceptor increases. tert-Butyl-
mediated dehydrogenations dominate over methyl-mediated
ones only at high relative coverages of tert-butyl to methyl
(>100×) despite barriers of tert-butyl-mediated hydride
transfer, when referenced to an alkyl with co-adsorbed
cyclohexane, being lower than methyl-mediated routes.
Hydride transfer reactions benefit from increasing hydride
acceptor substitution as well as suffer from steric hindrances of
bulkier transition states. The aforementioned reference state
does not capture sterics associated with forming bulkier
transition states and, as such, incorrectly predicts the most
favorable hydride acceptor. Instead, the ΔGapp value of Eq 9,
referenced to an adsorbed alkyl and gas-phase ring,

Figure 8. Lowest energy transition states: (a) methyl-, (b) ethyl-, (c) 2-propyl-, and (d) tert-butyl-mediated dehydrogenation of cyclohexane with
views down the straight (top) and sinusoidal (bottom) channels. Enthalpy (ΔH in kJ mol−1), entropy (ΔS in J mol−1 K−1), and free energy (ΔG in
kJ mol−1) barriers are reported at 623 K and relative to the gas-phase ring and the corresponding best binding mode for alkene. Barriers relative to
the ring near the surface-bound alkyl are reported in italics. Enthalpy (H), entropy (S), and free energy (G) values for cyclohexene and
cyclohexadiene transition states are reported in Table S6 in the Supporting Information, with corresponding structures shown in Figure S23.

Figure 9. Free energy barriers for cyclohexane (blue), cyclohexene
(green), and cyclohexadiene (red) dehydrogenations as a function of
degree of substitution of hydride-accepting species. Free energies are
reported at 623 K and relative to the ring near the adsorbed alkyl
(circles), ring near the best alkene-binding mode (squares), and gas-
phase ring + best binding mode (diamonds). Enthalpy (H), entropy
(S), and free energy (G) values for each transition state are reported
in Table S6 in the Supporting Information with corresponding
structures shown in Figure S23.
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incorporates both benefits from increasing hydride acceptor
substitution and steric hindrances of adsorbing a ring and is a
more appropriate reference state to use in these reactions. In
the case of cyclohexane, the steric hindrances associated with
bulky transition states outweigh any benefits conferred by a
more stable hydride acceptor�making methyls and ethyls the
most favorable acceptors. Cyclohexadiene, however, is smaller
than cyclohexane, which alleviates some of the sterics during
reaction of C3 and C4 hydride acceptors and shows rate ratios
above unity for both propyl and t-butyl even at relatively low
concentrations to that of methyl (10−1 and 10−2, respectively).

4. CONCLUSIONS

The dehydrogenation of saturated C6 hydrocarbon rings via
proton-mediated and alkyl-mediated routes was investigated in
MFI framework zeolites. Dehydrogenation reactions occur by
sequential hydride transfer followed by deprotonation
reactions. Reactions were examined using protons as hydride
acceptors as well as surface-bound alkyls (e.g., methyl groups).
Activation barriers from proton-mediated routes trend with the
degree of ring saturation, which can be rationalized by the
relative stabilities of the transition-state carbocations (C6H7

+ >
C6H9

+ > C6H11
+). The same trends are also observed for

methyl-mediated routes, however, to a lesser extent because
the positive charge of the transition state is at the hydride-
accepting species (CH3

+) rather than at the ring. Hydride
transfers via methyl-mediated routes occur with free energy
barriers >60 kJ mol−1, which is lower than proton-mediated
routes. These large differences in free energy barriers suggest
that, once a hydrocarbon pool is present, proton-mediated
hydride transfer reactions do not occur at relevant rates.
Free energy barriers for dehydrogenation of C6 rings with a

single methyl substituent are sensitive to the location of the
methyl substituent relative to the hydride transfer event. When
methyl substituents are at the geminal and ortho-positions,
hydride transfer activation barriers are 32 and 26 kJ mol−1, that
is, larger compared to the non-methylated counterpart. Methyl
substituents at the meta- and para-positions have little impact
on hydride transfer barriers. The larger barriers associated with
steric hindrances at geminal and ortho-positions, however, do
not delay rates of C7 dehydrogenation. Instead, rapid double-
bond isomerization occurs, which allows the reactions from
methylcyclohexane to toluene to proceed without sterically
hindered hydride transfer events that govern the predominant
pathways that yield methylbenzenes. The addition of a second

methyl substituent (i.e., in hydride transfer reactions of C8
species) yields no clear correlation between the location of
methyl substituents with estimated activation barriers. This is
likely due to other competing aspects during ring dehydrogen-
ation events, such as the relative carbocation stabilities and
more pronounced confinement effects from the zeolite
framework that are inherent in bulkier molecules.
MTO mainly produces ethylene and propylene; however,

larger alkenes can also be formed from subsequent methylation
reactions, and all these larger hydrocarbons can serve as
hydride acceptors. As such, we also examined ethyl-, propyl-,
and t-butyl-assisted dehydrogenations of cyclic compounds.
Dehydrogenation free energy barriers, relative to an adsorbed
ring and alkyl, generally decrease as the hydride acceptor
becomes more substituted and, thus, a more stable
carbocation. However, steric effects between the ring and
hydride acceptor do penalize the relative rates of hydride
transfer reactions involving larger hydride acceptors. Rate
ratios suggest that the preferred alkyl hydride acceptor depends
on the size of the ring compound: C6H12 dehydrogenation
preferentially occurs with methyl and ethyl hydride acceptors,
while C6H8 reacts with propyl and tert-butyl. The dehydrogen-
ation of cyclization products during MTO occurs favorably via
both reactant- and product-derived species (surface-bound
methyls and larger alkyls, respectively), with relative rates
governed by the unsteady-state evolution of the abundant
surface intermediates and the relative concentrations of
potential hydride-accepting species.
The conclusions presented here provide the fundamental

rationale of the governing parameters that mediate ring
dehydrogenation over H-MFI zeolites: a competition between
the (1) inherent carbocation stability from hydride accepting
species and (2) steric hindrances that occur between the
hydrocarbon ring and hydride-accepting species. The extent to
which these two parameters compete is likely governed by
zeolite topology; smaller voids will exacerbate steric
hindrances, while larger voids will likely favor more stable
carbocations. These dehydrogenation reactions will be
combined with subsequent studies on cyclization reactions to
elucidate the kinetically relevant steps that mediate the
interconversion between olefin- and aromatic-based cycles in
MTO.

Figure 10. Ratio of the rate of ethyl- (red), 2-propyl- (orange), and tert-butyl (green)-mediated to methyl-mediated dehydrogenation of (a)
cyclohexane, (b) cyclohexene, and (c) cyclohexadiene as a function of ratio of surface-bound species (Z−CN) to methyls (Z−CH3). Rates are
reported at 623 K.
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