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For its unique position in the coal chemical industry, the methanol to olefin (MTO) reaction has been a hot
topic in zeolite catalysis. Due to the complexities of catalyst structure and reaction networks, many questions
such as how the olefin chain is built from methanol remain elusive. On the basis of periodic density functional
theory calculations, this work establishes the first complete catalytic cycle for MTO reaction via
hexamethylbenzene (HMB) trapped in HSAPO-34 zeolite based on the so-called side chain hydrocarbon
pool mechanism. The cycle starts from the methylation of HMB that leads to heptamethylbenzenium ion
(heptaMB™) intermediate. This is then followed by the growth of side chain via repeated deprotonation of
benzenium ions and methylation of the exocyclic double bond. Ethene and propene can finally be released
from the side ethyl and isopropyl groups of benzenium ions by deprotonation and subsequent protonation
steps. We demonstrate that (i) HMB/HSAPO-34 only yields propene as the primary product based on the
side chain hydrocarbon pool mechanism and (ii) an indirect proton-shift step mediated by water that is always
available in the system is energetically more favorable than the traditionally regarded internal hydrogen-shift
step. Finally, the implications of our results toward understanding the effect of acidity of zeolite on MTO

activity are also discussed.

1. Introduction

As a promising alternative for the synthesis of light olefins,
the catalytic conversion of methanol to olefin (MTO) on zeolite
catalysts has attracted much recent attention in both industrial
and academic communities.'~'? It was shown that zeolites such
as HSAPO-34 and ZSM-5 can efficiently catalyze MTO with
high selectivity toward ethene and propene, and the amounts
of ethene and propene in the product are generally comparable.> 41214
Despite the huge efforts devoted to elucidating the carbon—carbon
bond formation mechanism from methanol, the central step in
the MTO reaction,'*!3~17 some important issues are still poorly
understood due to the complexities of both the catalyst structure
and the reaction itself. A better atomic-level understanding on
the zeolite-catalyzed MTO reaction is therefore urgently required.

As for the mechanism of olefin production, a number of
possible reaction intermediates have been suggested in the
literature.> Most naturally, it was long believed that the C—C
chain is built by the direct coupling of C1 species, including
carbenium (CH;%), carbene (:CH,), methyl radical ("CH3), or
even oxoniumylide (R;R,OTCH, ™). But nowadays these direct
mechanisms are out of favor because of the high energy barriers
needed for the formation of the C—C bond.!*!872! Theoretically,
Lesthaeghe calculated the oxoniumylide mechanism based on
a pentatetrahedral (5T) cluster model, which showed that the
ylides are highly unstable and the barriers are very high for the
C—C bond formation.'®? As an alternative, an indirect hydro-
carbon pool mechanism has gleaned more and more experi-
mental and theoretical support,””>7>2 in which olefins were
suggested to be obtained by the elimination from the side chain
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of methylated organic intermediates trapped in zeolites. In
particular, polymethylbenzenes encapsulated in zeolites identi-
fied in the MTO reaction were proposed as the active organic
centers.>>?

As for the catalytic role of organic active centers, it is
suggested to be the species from which the alkyl side chain
can be formed or be eliminated into olefins.?? This suggested
mechanism is known as the side chain pathway, which have
been proved to be the predominant route for the MTO reaction
on zeolites.’! Theoretically, Haw et al. studied the thermody-
namic aspects of the side chain pathway based on simplified
cluster models using polymethylbenzenes as the active species,
including p-xylene, tetramethylbenzene, and hexamethylben-
zene.* It was indicated that the organic intermediates with an
exocyclic double bond are relatively unstable. More recently,
the role of zeolite topology for the gem-methylation step
involved in the side chain pathway on three different zeolites
(BEA, CHA, and MFI) was investigated with QM/MM meth-
ods.* It was shown that the cage of CHA can better stabilize
the heptamethylbenzenium ion than the other two cages, which
was proposed as the key intermediate for the MTO reaction.

Despite the great progress made in recent years, some key
issues in the field remain unclear. In particular, it is not known
whether the two main products, ethene and propene, follow a
similar reaction pathway or one of them is in fact produced
later in the sequence, e.g., from a secondary process.”’3° In
addition, the key factors affecting the zeolite catalytic activity,
such as the acidity of the zeolite and the effect of cofeed such
as water, have been hotly studied to optimize the activity and
selectivity.”>** The physical origin of their effects is however
not clear as the detailed kinetic information on the rate-
determining step is required. State-of-the-art theoretical simula-
tion can be an ideal approach to explore this complex catalytic
conversion. To reduce the computational load, zeolites were
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traditionally modeled by finite cluster and more recently by QM/
MM methods, which suffers from the limitation of accuracy in
treating the zeolite framework effect. As an alternative, the first-
principle periodic calculations can be a better choice as both
the short- and long-range interactions between zeolite framework
and reaction center can be taken into account.*® Therefore, a
full exploration of the mechanism of the MTO reaction by the
first-principle periodic calculations is timely required for the
design of better catalysts for the MTO reaction.

In this work, we utilize periodic density functional theory
calculations to verify the side chain hydrocarbon pool mecha-
nism of the MTO reaction via hexamethylbenzene intermediate
over HSAPO-34 zeolite. We focus on the following two key
questions on reaction kinetics: (i) Can a complete catalytic cycle
via the side chain mechanism indeed be established and, if yes,
what is the selectivity to ethene and to propene in this
mechanism, and (ii) what is the rate-determining step and how
would this step be affected by the acidity of zeolite? This paper
will be organized as follows. In Section 2, the calculation details
and the modeling will be briefly summarized. Our results for
the whole reaction map will be addressed in Section 3. This
will be followed by discussions in Section 4 on the activity
and selectivity in the context of experimental findings. The
conclusions are drawn in Section 5.

2. Computational Methods and Modeling

All density functional theory (DFT) calculations were per-
formed with the DMol3 package with the double numerical
polarization (DNP) basis set and the generalized gradient
corrected Perdew—Burke—Ermzerhof (GGA-PBE) functional.» >’
The real space cutoff distance was 5.0 A. The core electrons of
all atoms were represented by semicore pseudopotentials
(DSPP).%® The reciprocal-space integration over the Brillouin
zone was approximated by summing over a finite set of k-points
witha grid separation of 0.05 A ™! according to the Monkhorst—Pack
scheme.” The convergence criteria for energy, force, and
displacement were 1 x 107* hartree, 4 x 1073 hartree/A, and
5 x 1073 A, respectively. To determine the reaction barrier of
reactions, the method combing the linear synchronous transition
(LST) and the quadratic synchronous transition (QST) search
was employed, which was followed finally by transition state
optimization through the eigenvector following method based
on vibrational analysis.®®! The calculated reaction energies of
2CH;0H — C,H, + 2H,0 and 3CH;0H — C3;Hg + 3H,0 are
0.03 and —0.60 eV, respectively, which are consistent with the
previous calculated results.*

Acid silicoaluminophosphate HSAPO-34 catalyst has a cha-
bazite-related (CHA) structure with cages 1 nm in dimension
and a small channel of 0.38 nm.>%27% Qur optimized HSAPO-
34cell(@a=b=c=9421 A, = =y = 94.2°) is depicted
in Figure la, which was modeled through the substitution of
all Si atoms in the CHA framework by P and Al atoms
alternatively, and then one P atom replaced by an Si atom. This
model contains one Brgnsted acid site per cage. In our
simulation of reactions, all atoms in the supercell are allowed
to relax with the lattice constants of the supercell being fixed.

3. Results

The organic active center used in our modeling is hexam-
ethylbenzene (HMB) and the optimized structure of it in
HSAPO-34 is shown in Figure 1b. As shown, HMB lies inside
the cages of HSAPO-34 with a quasiplaner structure. The
shortest distance between HMB and the framework of zeolite
is 2.5 A, which is the distance between the H atom in the methyl
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Figure 1. Structures of HSAPO-34 zeolite (a) and hexamethylbenzene
in HSAPO-34 (b). The shape of the cage and composited rings of
HSAPO-34 are highlighted in part a.

group and a framework O atom. In this structure, the HMB
cannot rotate easily inside the cage due to the steric effect.

As proposed by experiment, HMB can act as the center for
the growth of the C—C chain following the so-called side chain
hydrocarbon pool mechanism. We have explored this mecha-
nism thoroughly by locating all the likely transition states of
the elementary steps. Our determined pathway is summarized
in Scheme 1 and the corresponding energy profile is shown in
Figure 2. As shown, this side chain pathway involves the
propagation of side chain by the methylation step, that is M4
— M5 and M9 — M10, and the elimination of side chain by
the internal H-shift or indirect proton-shift step, which includes
steps M5 — M7 and M10 — M12. The pathway leading to
propene differs from that leading to ethene at the stage of M5,
where the former continues the chain growth by M5 — M8
while the latter undergoes H-shift to M7.

Among the intermediates, the benzenium ions M2, M5, and
M10 were believed to be the key intermediates. Arstad et al.
suggested that olefins are eliminated from the side chain by the
internal H-shift step.* However, we found that the internal 1,3-
H-shift step is highly kinetically hindered while a two-step
deprotonation/protonation with the participation of zeolite acid
site is much lower in the reaction barrier. In this two-step indirect
pathway, our calculations identified two new intermediates M6
and M 11, which feature the spiro structure composed of a three-
membered carbon ring and a six-membered carbon ring. They
are in fact the most unstable intermediates leading to the
production of ethene and propene, respectively, and they thus
determine largely the barrier height of olefin formation.

In the following, we will go through our results in detail by
focusing on the energetics and the structures of each elementary
step as those reported in Scheme 1 and Figure 2.

3.1. M1 — M5: Formation of Ethyl Group in the Side
Chain. The capture of methanol by the acid site of zeolite is
the first step to initiate the MTO reaction. The adsorption energy
of methanol in HSAPO-34 zeolite is calculated to be 0.90 eV
and the adsorption structure is shown in Figure 3 (M1). There
are two obvious H-bondings for methanol interacting with the
zeolite framework. The first one involves the solid-acid proton
from zeolite interacting with the hydroxyl O of methanol. This
interaction is strong, as reflected by the extremely short
ZOH---OHMe distance, 1.23 A, indicating that the methanol
near the acid site can be considered as a protonated methanol
CH;OH,™. This may explain why the calculated adsorption
energy of methanol is large, being much stronger than that
typical H-bonding can afford. The second hydrogen bonding is
rather typical, through ZO-+-HOMe linkage with a distance of
1.89 A. Our optimized structure of methanol on HSAPO-34 is
similar to that of methanol on CHA.%
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SCHEME 1: Catalytic Cycle of the Side Chain Hydrocarbon Pool Mechanism for the MTO Reaction®
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Figure 2. Energy profile of the side chain hydrocarbon pool mechanism for MTO reaction on the HMB/HSAPO-34 model (also see Scheme 1 for
the structure of each state). All energies are referenced to the energy of HMB/HSAPO-34 and three methanol molecules in the gas phase (IS).

In the presence of HMB species inside the cage of zeolite,
the adsorbed methanol can attack HMB species through a Sy2-
type transition state (TS1-2). After the TS, the heptamethyl-
benzenium ion (heptaMB™) and the water molecule are pro-
duced. The involved initial (M1), transition state, and intermediate
(M2) structures are shown in Figure 3. This methylation step
needs to overcome an energy barrier of 1.17 eV, and is
endothermic by 0.35 eV. At TS1-2, the central methyl group
adopts a quasiplanar structure. The breaking O—C bond is 2.20
A and the forming C—C bond is 2.23 A with the O—C—C angle
being about 173° (geometry close to linearity). Such structural
features are typical for SN2-type reactions.

The formed heptaMB™ can lose its proton from the side chain
methyl group to the framework of HSAPO-34, which yields
the intermediate HMMC (M3) as shown in Figure 3. We found
that there are two possible pathways of deprotonation for
heptaMB™. In the first scenario (see Figure 3 (TS2-3-D)),
heptaMB™ loses its proton to the zeolite framework directly.
The calculated energy barrier equals 1.28 eV, and the reaction
is endothermic by 1.24 eV. This indicates that the intermediate
HMMC is unstable and can decay back to heptaMB™ easily.
However, if a water molecule is added into the cage, the proton
passing between organic species and zeolite framework can be
significantly facilitated. The calculated reaction barrier from M2
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Figure 3. Initial, transition state, and intermediate structures for the formation of M5. The unit of labeled interatomic distances is A.

to M3 decreases to 0.80 eV, and the reaction is only endothermic
by 0.69 eV. The energy of M3 is about 1.04 eV higher than
that of M1. The TS (TS2-3 in Figure 3) is final-state-like with
a much-lengthened C—H distance of 1.50 A but a much shorter
H—OH, distance of 1.19 A.

It is evident that water can function as a bridge between
organic species and the zeolite framework. It decreases signifi-
cantly the barrier of proton shift. This may be understood as
water can better stabilize the final state than the initial state.
The change in endothermicity of the reaction helps to reduce
the reaction barrier. From our calculations, it can be seen that
at the final state the ZOH+++OH, distance is as short as 1.35 A,
consistent with the large adsorption energy (0.92 eV) of H,O
at the intermediate M3.

The next step is the methylation of HMMC, which involves
a second methanol to attack the exocyclic double bond of
HMMC to form a side ethyl group. The formed intermediate is
1,1,2,3,5,6-hexamethyl-4-ethylbenzenium ion (MS5). The step
needs to overcome an energy barrier of 0.92 eV, and is
exothermic by 0.92 eV. The energy of M5 is about 0.20 eV
higher than that of M1. By comparing with the first methylation
step from M1 to M2, we can see that the methylation of the
exocyclic double bond is slightly easier than that of the ring
carbons of HMB. The structural features of the transition state
TS4-5 are similar to those of TS1-2 except that the breaking/
forming bond distances (O—C: 1.91 A; C—C: 235 A) are
slightly varied. It should be mentioned that the propagation of
the side chain as achieved in this methylation step is not the
most difficult kinetic step and thus should not be the rate-
determining step for olefin formation. Starting from the common
intermediate M5, the routes leading to ethene and propene
bifurcate and they will be elaborated individually.

3.2. M5 — M7: Production of Ethene. To produce ethene,
one ending H of the side ethyl group has to be shifted to the
ring carbon. The reaction is traditionally regarded to occur
through a direct internal H-shift step. Our calculated results,
however, indicate that the barrier of this internal H-shift step is
as high as 2.89 eV. At the transition state (TS-D-C2H4 in Figure
4), the breaking C—H in the CH; group is much elongated to
1.80 A, while the C—C interatomic distance between the ethyl
and ring carbon is 1.70 A.

In parallel to the direct mechanism, an indirect pathway of
H-passing is in fact energetically more likely, which involves
M35 first deprotonation to the zeolite, M5 — M6, and the return
of the proton to the ring carbon from the zeolite, M6 — M7.
Both steps are mediated by a nearby H,O. The corresponding
intermediate (M6), transition state structures (TS5-6, TS6-7) for
the elimination of ethene are shown in Figure 4. As can be seen
from Figure 2, the reaction barriers for the deprotonation and
protonation steps are 1.67 and 1.23 eV, respectively. Because
the barrier of M6 back to M5 is only 0.50 eV, much lower than
that of M6 to M7, it is conceived that the production of ethene
needs to overcome an overall 2.40 eV energy barrier from M5
to M7, which is 0.49 eV lower than the direct H-shift
mechanism.

The organic intermediate M6 features a side spiro structure
with the angles of the three-membered ring being 58.5°, 61.4°,
and 60.1°, respectively. Because of the imposed strain of the
small ring, M6 is relatively unstable, and the energy of M6 is
about 1.36 eV higher than that of M1. For the structure of
transition state TS5-6, the distances of C3—H in the CH; group
and C3—Cl are 1.44 and 1.74 A, respectively. At the TS6-7,
the two key C—C distances, C2C1 and C3Cl, are lengthened
to 2.28 and 1.74 A, respectively.
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Figure 4. Intermediate and transition state structures for the production of ethene. The unit of labeled interatomic distances is A.

It is of interest to ask why the indirect proton-shift step for
the elimination of ethene is energetically more feasible than
the internal H-shift. From the structural features, we found that
this may be attributed to the structural distortion energy cost at
the transition state. In Figure 4, we showed that the bond angle
C3C2C1 at TS-D-C2H4 is 71.2°, while the bond angle C2C3C1
is 92.7° at TS6-7. The former has a larger deviation from
standard sp® hybridization angle. It is conceivable that the strain
at the side chain of TS-D-C2H4 results in the high energy barrier
for the elimination of ethene via the internal H-shift step.

3.3. M5 — M12: Production of Propene. Different from
the route to ethene, propene is produced via the deprotonation
of the CH, of the side ethyl group in M5, as shown in Figure
5. The intermediate 1,2,3,3,4,5,-hexamethyl-6-ethylidene-1,4-
cyclohexadiene (HMEC) with an exocyclic double bond is
formed (M5-R — MBS). This step requires an energy barrier of
1.29 eV and is endothermic by 1.09 eV. The energy of M8 is
about 1.16 eV higher than that of M1. The side chain can then
propagate (M9 to M10) through the methylation of the exocyclic
double bond in HMEC by a third adsorbed methanol molecule.
For the methylation step, the transition state structure (TS9-10)
and the reaction barrier (0.93 eV) bear great similarity with those
in previous methylation steps (M4 — MS), as shown in Figure
5.

Similar to those found in the ethene production route, the
production of propene also prefers the indirect proton-shift
pathway. The direct pathway of the H-shift from M10 to M12
is hindered by a reaction barrier of 2.05 eV and the transition
state structure is as shown in Figure 5 (TS-D-C3H6). By
contrast, the indirect pathway involves the deprotonation of M10
to M11 and the protonation of M 11 that leads to the elimination
of propene. The former reaction needs to overcome an energy
barrier of 1.50 eV, and is endothermic by 0.92 eV, while the
latter reaction is relatively facile with the barrier of 0.68 eV.
Overall, the barrier from M10 to propene is 1.60 eV in the
indirect pathway, being 0.45 eV more favorable than the direct
internal H-passing pathway. It is noticed that the geometry
structure of M11 is very similar to that in M6, featuring a side
spiro structure. The energy of M11 is about 1.18 eV higher
than that of M1.

By comparing the step of M6 — M7 in the ethene production
pathway and M11 — M12 in the propene production pathway,
we can see that the barrier to propene (0.68 eV) is much less

than that to ethene (1.23 eV). This can be attributed to the
stability of the transition state structure where a hydrocarbon
cation is forming through the protonation at the side chain 3-C.
For the propene formation (TS11-12) the 5-C is a secondary
carbon, while that in the ethene formation (TS6-7) is a primary
carbon. Therefore, it is not surprising that TS11-12 is energeti-
cally more stable than TS6-7.

3.4. Regeneration of Hexamethylbenzene. The elimination
of ethene and propene from M5 and M10 leaves the 1,1,2,3,5,6-
hexamethylbenzenium ion in the HSAPO-34 cage. The hex-
amethylbenzene can be regenerated by methyl shifts and proton
shift in order to complete the catalytic cycle. Our calculated
energy profile and some represented transition state structures
are shown in Figure 6. The energy barriers for the shifts of
methyl on the carbon ring are in the range of 0.79—0.91 eV,
which is consistent with the previous calculation where the 1,2-
methyl shift activation energy was calculated to be 0.90 eV for
the gas phase heptaMB™.*® The formed 1,2,3,4,5,6-hexameth-
ylbenzenium ion can finally lose a proton from its benene ring
to regenerate HMB. The energy barrier of this step is only 0.12
eV. Since all these reaction barriers are generally lower than
those required for olefin formation, it can be concluded that
organic reaction center HMB in the cage of the HSAPO-34
zeolite can easily be regenerated at reaction conditions.

4. General Discussions

The side chain hydrocarbon pool mechanism explored here
by periodic DFT calculations indicated that the intermediates
with an exocyclic double bond are relatively unstable species
among all the intermediates except the new proposed spiro
intermediates M6 and M11. This is consistent with the calculated
results for the stability of intermediates in the gas phase.** As
can be seen from the periodic DFT calculated results, the
methylation energy barrier of HMB in HSAPO-34 zeolite is
1.17 eV. It should be mentioned that the energy barrier of this
HMB gem-methylation step on CHA zeolite is 0.63 eV by QM/
MM methods.*® This energy barrier difference may be related
to the composition and modeling of zeolite.

As can be seen from Figure 2, the rate-determining step for
the production of ethene is the protonation of organic intermedi-
ate M6, while that for the production of propene is the
methylation of an exocyclic double bond in M9. It was
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Figure 6. Energy profile and representative transition state structures for the regeneration of HMB in HSAPO-34 zeolite.

calculated that the overall energy barrier of the rate-determining through the side chain hydrocarbon pool mechanism for the
step for the production of ethene is 2.40 eV (from M5 to M7), MTO reaction catalyzed by HMB in the HSAPO-34 zeolite.
and that for the production of propene is 2.14 eV (from M5-R Furthermore, both rate-determining steps are related to the ability

to M10). The propene is therefore a preferential olefin product of zeolite to donate protons. It can thus be concluded that the
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activity of the MTO reaction by HMB/HSAPO-34 can be
improved by the increase of acidity of the HSAPO-34 zeolite
considering that the energy barriers of protonation and methy-
lation of organic species should be reduced by the increase of
zeolite acidity.

Another important feature from our calculations is that water
has to take part in the indirect proton-shift reaction for the
elimination of olefins. It is difficult for a proton to shift directly
from zeolite framework to the carbon ring (M6 — M7 and M11
— M12) in the absence of water. This can be attributed to the
structural feature of the zeolite cage. First, the distance between
the shifted proton in the zeolite framework and the ring carbon
of organic intermediates is quite long (about 4 A). Second, the
rotation of the organic intermediates in the pore of zeolite is
also hindered by the steric effect. Our results are consistent with
the experimental findings that the addition of water to the feed
with methanol can help to maximize the selectivity to olefins
over the HSAPO-34 zeolite.>*>* It should also be noticed that
one of the main products of the MTO reaction is water and the
promoting role of water with feed becomes indistinguishable
as the reaction continues.

5. Conclusions

The side chain hydrocarbon pool mechanism for the MTO
reaction by hexamethylbenzene encapsulated in HSAPO-34
zeolite was thoroughly investigated by the periodic density
functional theory method. Two new intermediates are identified
for the elimination of ethene and propene in order to overcome
the high energy barriers in the internal H-shift steps. These two
intermediates feature the side chain spiro structure, and are very
unstable compared to the benzenium ion in the HSAPO-34
zeolite. Our results indicate that HMB/HSAPO-34 selectively
produce propene, not ethene. It is shown that the MTO activity
of HMB/HSAPO-34 is largely determined by the efficiency of
the protonation of organic intermediates and the methylation
of exocyclic double bonds involved in the side chain route. Both
steps are related to the acidity of zeolite. The promoting role of
water is also identified. Water can act as the bridging species
to facilitate the proton shift between organic species and the
zeolite framework and also as a hydrogen-bonding acceptor to
stabilize the solid acid.
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