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As an attractive alternative to produce light olefins, methanol-to-olefins (MTO) conversion catalyzed by
zeolites or zeotype materials was recently proposed to follow a hydrocarbon pool mechanism. In this
contribution, the effect of the structure of methylbenzenes (MBs) in the pore of HSAPO-34 catalyst on
the MTO activity and selectivity is investigated by first-principle calculations and kinetic simulations.
We demonstrate that MBs with five or six methyl groups are not more active than those with fewer
methyl groups. Propene is intrinsically more favorable than ethene when the reaction is not diffusion lim-
ited based on the side-chain hydrocarbon pool mechanism. Our theoretical results are consistent with
some experimental observations and can be rationalized based on the shape selectivity of key reaction
intermediates and transition states in the pore of catalyst.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

The conversion of MTO over zeolites or zeotype materials such
as HZSM-5 and HSAPO-34 provides an attractive alternative to pro-
duce light olefins without the involvement of fossil oil [1]. Both
experimental and theoretical studies have been conducted to
understand the key step in the process, namely the formation of
the first carbon-carbon bond from methanol [2-20]. Recently, a
reaction scheme known as the hydrocarbon pool mechanism was
proposed. In the mechanism, certain organic reaction centers
trapped in the pore of catalysts such as MBs serve as scaffolds/
cocatalysts, where methanol is added and olefins are eliminated
in a closed catalytic cycle [2-4]. It is therefore indicated that the
interplay between the inorganic framework and the organic reac-
tion centers dictates the activity and selectivity. As for the evolu-
tion of hydrocarbon pool species in the MTO reaction, two
possible routes, namely the side-chain route and the paring route,
have been suggested. The side-chain route involves the stepwise
growth of alkyl side chain on MBs and the subsequent elimination
of the side chain into light olefins, while in the paring route, olefins
are yielded via the contraction of MB ring [4].

To date, it remains to be a significant challenge to unravel the
structure-activity relationship in the MTO reaction not least
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because of the complexities of the catalyst structure and the
reaction network [7,21-25]. Song et al. in their early experiment
suggested that both the MTO activity and propene selectivity in-
creases with the average number of methyl groups per benzene
ring catalyzed by MBs in HSAPO-34 catalyst [7]. This was sup-
ported by their thermodynamics calculation on the elimination
of side alkyl chains based on 8T (octatetrahedral) cluster model
of HZSM-5 [18]. More recently, Lesthaeghe et al. investigated some
crucial reaction steps of side-chain route using both small and
large zeolite cluster models of HZSM-5 [25]. They suggest that eth-
ene cannot be eliminated from the side chain. One of the key issues
in the field is therefore to pinpoint how the structure of MBs inside
the pore of catalysts affects the activity and selectivity of the MTO
reaction from the atomic level.

Here, we utilize first-principle calculations together with ki-
netic Monte Carlo simulations to elucidate the activity and
selectivity of MBs (the number of side methyl groups is from
2 to 6) in HSAPO-34 catalyst. By exploring the energy variations
of the key elementary steps with respect to the number and the
position of methyl groups, we reveal that MBs with five or six
methyl groups are not more active than those with four or few-
er methyl groups. Propene is always the preferred product
when the reaction is not diffusion limited. Importantly, we
demonstrate from the atomic level how the kinetics of key
elementary steps is affected by the pore topology of zeotype
catalyst, which is of general importance in zeolite catalysis
[18-20,26-28].
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Scheme 1. Side-chain hydrocarbon pool mechanism for the MTO reaction catalyzed
by MBs in acid zeotype catalyst (HZ).

2. Computational methods and modeling

All density functional theory (DFT) calculations were performed
using DMol> package with all-electron double-numerical basis sets
with polarization functions (DNP) [29-31]. The exchange-correla-
tion functional utilized was at the generalized gradient approxima-
tion (GGA) level known as Perdew-Burke-Ernzerhof (PBE)
functional. The real space cutoff distance was 5.0 A. The reciprocal
space integration over Brillouin zone was approximated by sum-
ming over a finite set of k-points with a grid separation of
0.05 A~! according to the Monkhorst-Pack scheme [32]. The eigen-
vector following method based on vibrational analysis was em-
ployed to search for the transition state [33]. The Bortz-Kalos-
Lebowitz (BKL) kinetic Monte Carlo algorithm was used to calcu-
late the turnover frequencies (TOFs) at 700 K [34]. The DFT-D
method was employed to correct the energy of a system by taking
the dispersion effects into account [35,36].

The unit cell of HSAPO-34 zeotype catalyst (a=b=c=9.421A,
o= p=7=94.2°) is derived from CHA structure (all Si atoms are
equivalent by symmetry), in which all Si atoms are first substituted
by P and Al atoms alternatively, and one P atom then is replaced by
a Si atom to generate one Brgnsted acid site per cage. In our simu-
lation of reactions, all atoms in the cell are allowed to relax with
the lattice constants being fixed.

3. Results and discussion

Our exploration of the reaction paths is based on the side-chain
hydrocarbon pool mechanism, which is summarized in Scheme 1.
The whole catalytic cycle is initiated by the gem-methylation of
MBs to form methylbenzenium cations (M1 — M2, the first meth-
ylation step). This is then followed by the growth of the side chain
via repeated deprotonation of benzenium cations (M2/M5 — M3/
M8 for ethene/propene paths, respectively) and methylation of
exocyclic double bond intermediates (M4/M9 — M5/M10, the
second and third methylation steps). Ethene/propene can finally
be released from the side ethyl/isopropyl groups of benzenium cat-
ions by the elimination steps via deprotonation (M5/M10 — M6/
M11) and subsequent protonation (M6/M11 — M7/M12) steps.
The intermediates M6 and M11 feature spiro structure at the side
chain. It was shown from theory that water should directly be
involved in the reaction to facilitate the frequent proton shift
between inorganic framework and organic intermediates [37].

Six different MBs have been considered in this study, including
p-xylene (PX), 1,2,4-trimethylbenzene (TriMB), 1,2,3,5-tetrameth-
ylbenzene (TMB), 1,2,4,5-tetramethylbenzene, pentamethylben-
zene (PMB), and hexamethylbenzene (HMB). As illustrated in
Fig. 1, all these MBs can fit inside the cage of HSAPO-34 catalyst
with the optimized ring structure being plane-like. HSAPO-34
has a chabazite-based (CHA) structure with large cavities (9.4 A
in diameter) connected by small eight-ring pore openings
(3.8 x 3.8 A) and is currently the preferred catalyst for the MTO
reaction [38]. Nine different pathways have been investigated,
which can be distinguished by the structures of benzenium cations
involved, as shown in Fig. 1. For the initial stage of the reaction
where methanol adsorbs at the acid site of HSAPO-34 (M1), the cal-
culated adsorption energies of methanol range from 0.87 to
0.93 eV, which are little affected by the presence of MBs in the cat-
alyst. The M1 state is thus a good reference state for the compari-
son of activity among different pathways.

The reaction profiles for nine pathways were then determined
and that for the PX pathway as a representative was shown in
Fig. 2 (the others were shown in Supplementary material). In gen-
eral, the most stable intermediate species in the reaction pathway
are benzenium cations. Compared to the M1, the first methylation
products, the benzenium cations (M2) are generally less stable. The
benzenium cations (M5, M10) produced from the second and third
methylation are more stable than M2 due to the charge donation
effect of the growing side chain. The least stable species feature
either an exocyclic double bond (M3, M4, M8, M9) or a spiro struc-
ture (M6, M11), which are formed by the deprotonation of benze-
nium cations. The relative stability of intermediates with side ethyl
or isopropyl groups and with exocyclic double bond is consistent
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Fig. 1. Optimized structure of 1,2,3,5-tetramethylbenzene in HSAPO-34 catalyst (left) and the represented methylbenzenium cations in each pathway (right). R can be methyl

(M2), ethyl (M5), or isopropyl (M10) groups.
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Fig. 2. Energy profile of the pathway PX in the side-chain hydrocarbon pool mechanism on HSAPO-34 catalyst. All energies are referenced to the energy of PX/HSAPO-34 and

three methanol molecules in the gas phase (IS).

with those calculated in the gas phase [18]. In the following, we
will elaborate on the kinetics of the pathways with special empha-
sis on the effect of the structure of MBs on the MTO activity and
selectivity.

P-xylene (PX) is the smallest MB which can act as the reaction
center for the MTO reaction according to the side-chain mecha-
nism. As shown in Fig. 2, the reaction barriers are 1.30, 0.97, and
1.03 eV for the first, the second, and the third methylation step,
respectively. Our results from periodic DFT calculations are similar
to those calculated using MFI structure by ONIOM model (1.37 and
1.03 eV for the first and the second methylation steps, in which
exocyclic double bond is located in the ortho position relative to
the gem-methylated site) [25,27]. The formation of the exocyclic
double bond by deprotonation is generally facile with the reaction
barriers of about 0.50 eV due to the promotion effect of water [37].
The elimination steps to form propene and ethene are endothermic
by 0.92 and 1.28 eV, respectively, and thus are difficult kinetically.
The values are in the same trend with those calculated using 8T
cluster model of HZSM-5 (0.98 and 1.14 eV for propene and eth-
ene) [18]. The barrier to propene (1.19 eV, M10 — M12) is much
lower than that to ethene (1.83 eV, M5 — M7). According to the
PX pathway, it can be seen that the slow reaction steps include
three methylation steps and two final elimination steps, as shown
in Table 1, where the calculated values for all the other pathways
are also listed for comparison. The reaction barriers corrected by
the DFT-D method to include the dispersion energy are shown in
the Supplementary material, Table S1. We found that the inclusion
of dispersion interactions slightly decreases the reaction barriers in
the methylation and deprotonation steps while increases those in
the elimination steps systematically. The trend for the catalytic

activity of different MBs as concerned in this work is not affected
by the dispersion energy.

It should be mentioned that the first methanol molecule ad-
sorbs at the image acid site in our model [37]. The reason that
we adopt this model is to avoid the rotation of bulky cyclic inter-
mediates inside the cage of HSAPO-34 catalyst. On the other hand,
our model is compatible with the real situation since the concen-
tration of acid sites is as high as three per cage in some HSAPO-
34 samples, and the structure of AIPO-34 (the prototype of HSA-
PO-34 model) is highly symmetrical [17]. Nevertheless, we also
checked the reaction barrier in the first methylation step of PX
when methanol is at the acid site, which is calculated to be
1.27 eV, in consistent with 1.30 eV when methanol is at the image
position. This indicates that the methylation barrier is less affected
by the position of the acid site where methanol adsorbs.

With reference to the PX pathway, it is possible to reveal the ef-
fect of additional methyl groups on the reaction barrier of the ele-
mentary step. First, we found that the methyl groups meta to the
departing alkyl (ethyl or isopropyl) group can lower the reaction
barriers of the first methylation step (M1 —» M2: PX> TriMB-
A>TMB-A, TriMB-B >TMB-C > PMB-A, and TMB-B>PMB-B >
HMB) by about 0.20 eV. By contrast, the deprotonation steps to
form exocyclic double bond (M2 — M3, M5 — M8) become more
difficult with meta methyl groups as the barriers increase up to
0.40 eV for M2 - M3 and 0.80eV for M5 — M8. These can be
attributed to the enhanced stability of benzenium cations (M2,
M5) in the presence of additional meta methyl groups, considering
that methyl groups can help stabilize the cation via the resonance
structures. Very recently, the deprotonation barriers (M2 — M3)
were calculated using a 5T cluster model [25]. It was found that

Table 1
Reaction barriers of identified key steps in the side-chain hydrocarbon pool mechanism for the MTO reaction catalyzed by MBs in HSAPO-34 catalyst. The unit is eV.
M1->M2 M2-M3 M4-M5 M5-M6 M6-M7 M5-M7 M5-M8 M9-MI0O MI10-MI11 Ml1l->MI12 M10 - M12

PX 1.30 0.48 0.97 1.16 1.44 1.83 0.56 1.03 0.97 0.87 1.19
TriMB-A 1.22 0.74 1.21 1.22 1.37 1.88 0.86 1.17 1.25 0.79 1.40
TriMB-B 145 0.38 0.92 1.26 1.27 1.94 0.27 0.96 1.29 0.84 1.53
TMB-A 1.10 0.83 1.26 1.36 1.48 217 1.36 1.20 1.39 0.83 1.61
TMB-B 1.35 0.46 0.91 1.29 1.16 1.86 0.50 0.92 1.27 0.85 1.51
TMB-C 1.29 0.71 1.09 1.44 1.16 2.06 0.81 1.07 143 0.79 1.61
PMB-A 1.24 0.78 0.99 1.59 1.24 2.31 0.95 1.02 1.61 0.85 1.87
PMB-B 1.24 0.68 1.01 1.57 1.18 2.20 1.14 0.89 1.32 0.67 1.32
HMB [37] 1.17 0.79 0.92 1.67 1.23 240 1.28 0.93 1.50 0.68 1.60
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the deprotonation barriers increase with the number of methyl
groups on the ring, which are however much lower than our calcu-
lated results (e.g. ~0.30 and 0.79 eV in HMB pathway for cluster
model and our periodic model, respectively). It is expected that this
is mainly due to the absence of electrostatic stabilization of the cat-
ions in the 5T cluster model [25].

Second, the methyl groups at the ortho position can affect
strongly the reaction barriers in the second and third methylation
steps. A systematic decrease in the reaction barriers of M4 — M5
and M9 —» M10 could be identified with the increase of ortho
methyl groups (PX > TriMB-B > TMB-B, TriMB-A > TMB-C > PMB-B,
and TMB-A > PMB-A > HMB). The magnitude is up to 0.34 eV for
the second methylation step and 0.27 eV for the third methylation
step (we will show later that the effects of the ortho methyl groups
are in fact related to the pore geometry of HSAPO-34). In this case,
the meta methyl groups have a role to further tune the impact of
the ortho methyl groups: the more the meta methyl groups, the
larger the effect of the ortho methyl groups is. For example, the
magnitudes of the barrier reduction in the second methylation step
are 0.06, 0.20, and 0.34 eV corresponding to zero, one, and two
meta methyl groups, respectively.

Finally, we examined the effect of the methyl groups on the
elimination steps (M5/M10 — M7/M12). Regarding the deprotona-
tion steps for the formation of intermediates with spiro structure
(M5/M10 — M6/M11), the reaction barriers increase with the addi-
tion of meta methyl groups, and this trend is similar to the effect
observed above for the formation of exocyclic double bond inter-
mediates. The barriers of the subsequent protonation step
(M6 - M7 and M11 — M12) are less sensitive to the additional
methyl groups. Overall, it can be seen that the elimination barriers
of ethene (M5 — M7) and propene (M10 — M12) from side ethyl
and isopropyl chains increase upon the addition of meta methyl
groups (see Table 1). More importantly, the elimination barriers
of ethene are generally larger than those of propene in all path-
ways. This can be attributed to the stability of the transition state
structure (TS6-7 and TS11-12), where a hydrocarbon cation is
formed at the B-C of the side chain through the protonation step.
In the propene formation, the g-C cation is a secondary carbon,
while it is a primary carbon in the ethene formation.

It is noted that several alternative routes for the elimination of
side alkyl chains from ethylbenzene (or ethylbenzenium) and pro-
pylbenzene (or propylbenzenium) in zeolites have also been inves-
tigated [39-42]. A concerted route for the dealkylation of
ethylbenzene and isopropylbenzene was identified theoretically
using 4T cluster model, and the calculated reaction barriers are
quite high [39,40]. It was shown that the elimination of isopropyl
group is easier than that of ethyl group. Other intramolecular hy-
dride shift route has also been proposed [41,42]. Our previous
work has shown that the intermolecular proton shift route is more
favorable than intramolecular hydride shift route in the elimina-
tion of side chains, and the intermediates featuring spiro structure
are relatively unstable [37]. This was confirmed by recent theoret-
ical studies on HZSM-5 model [25].

For a complex reaction network involving multiple elementary
steps, a kinetic simulation is essential to determine the activity and
selectivity. In this work, we have utilized the kinetic Monte Carlo
algorithm to simulate the overall rate of the nine different path-
ways. From the kinetic simulation, we found that (i) on all the sys-
tems investigated, propene is always preferentially produced than
ethene when the reaction is not diffusion limited, which is consis-
tent with the energetic feature seen from the reaction energy pro-
files and (ii) the rate-determining step for the elimination of
propene is the methylation of exocyclic double bond (M9 —» M10
in HMB pathway and M4 — M5 in the other pathways) [37], while
that for the production of ethene is the elimination step from the
spiro intermediate (see Table 2).

Table 2
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The overall barriers of the production of ethene and propene catalyzed by MBs in
HSAPO-34 catalyst by different models. The unit is eV.

Ethene Propene Propene

(1 x 1 x 1 model) (1 x 1 x 1 model) (1 x 2 x 1 model)
PX 2.30 (M1 - TS6-7)  1.93 (M1 — TS4-5) 1.84
TriMB-A 2.32 (M1 - TS6-7) 2.14 (M1 — TS4-5) 2.11
TriMB-B 2.32 (M1 - TS6-7) 1.94 (M1 — TS4-5) 1.94
TMB-A 241 (M1 - TS6-7)  2.09 (M1 — TS4-5) 2.06
TMB-B 2.18 (M1 —» TS6-7)  1.86 (M1 — TS4-5) 1.88
TMB-C 241 (M1 - TS6-7)  2.10 (M1 — TS4-5) 2.09
PMB-A 2.57 (M1 - TS6-7)  2.18 (M1 — TS4-5) 2.09
PMB-B 2.51 (M1 - TS6-7)  2.06 (M1 — TS4-5) 2.10
HMB [37] 2.59 (M1 - TS6-7) 2.14 (M1 - TS9-10) 1.96

In Fig. 3, we have plotted the calculated TOFs at 700 K against
the apparent barriers for propene production, which are the overall
barrier height from M1 to M5 or M10 obtained readily from poten-
tial energy profile plot (such as Fig. 2). The linear relationship as
shown in Fig. 3 confirms that although the reaction network ap-
pears quite complex, the rate for propene formation is directly re-
lated to the highest energy transition state involved in the
pathway. The results show that 1,2,3,5-TMB and PX are the most
active species for the MTO reaction, while PMB and HMB are not
more active than MBs with fewer methyl groups. This is in contra-
diction to the earlier suggestion that HMB exhibits the highest cat-
alytic activity [7]. Comparing the isomeric pathways, the one with
more ortho methyl groups (isomers named with ‘B’ in Fig. 1) is gen-
erally preferred.

In order to check whether the size of unit cell will affect the
activity, we also calculated the overall barriers using a larger
supercell (1 x 2 x 1) of HSAPO-34 model. The results are also listed
in Table 2. It can be seen that in the larger cell the PMB and HMB
remain to be not more active than the other MBs with fewer
methyl groups.

We are now in the position to ask why MBs with five or six
methyl groups are not more active in producing propene. Is this
related to the pore geometry of HSAPO-34 catalyst? According to
the kinetic simulation, the overall barrier can be considered as a
sum of two parts: an endothermic part from M1 to M4 or M9,
and a kinetic-controlled part from the second or third methylation
step. Since the concentration of M4 or M9 should be much lower
than that of M1, the reaction rate of the first methylation step is
thus larger than that of the second or third methylation step. The
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Fig. 3. The relationship between the overall barriers to propene production and the
calculated TOFs at 700 K over MBs in HSAPO-34 catalyst.
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Table 3

The stability of polymethylmethylene-1,4-cyclohexadiene (PMMC) in gas phase (the
reaction energies from MBs and CH;0H; ) and in the pore of HSAPO-34 catalyst (the
reaction energies of M4 with reference to M1). The unit is eV.

Gas phase HSAPO-34 AE
PX 1.46 0.97 -0.49
TriMB-A 1.40 0.93 -0.47
TriMB-B 1.37 1.02 —0.35
TMB-A 1.46 0.83 —0.63
TMB-B 139 0.95 -0.44
TMB-C 1.39 1.01 -0.38
PMB-A 1.42 1.20 -0.22
PMB-B 1.38 1.05 -0.33
HMB [37] 135 1.12 -0.23

Notes. The spatial constraints of HSAPO-34 catalyst for the intermediates with
exocyclic double bond can be indicated by the difference of reaction energies (AE)
between in gas phase and in the pore of HSAPO-34 catalyst.

yield of propene can apparently be enhanced by stabilizing either
the exocyclic double bond to increase the amount of M4 or M9
or stabilizing the transition state in the methylation step. We
found that the stability of both structures is in fact subject to the
spatial constraint imposed by the framework of catalyst.

Table 3 shows that the stability of the gas-phase intermediates
with the exocyclic double bond is quite insensitive to the number
and the position of side methyl groups. However, these intermedi-
ates (especially M4) inside the pore become obviously less stable
(the endothermicity is over 1.05eV) if more than four methyl
groups are present, as in PMB-A, PMB-B, and HMB pathways (see
Table 3). Reversely, in the other pathways with four or fewer
methyl groups on the benzene ring, the steric repulsion between
methyl groups and inorganic framework is much relieved and
the intermediates become relatively more stable. From our results,
the magnitude of the destabilization due to the methyl groups is
around 0.16-0.27 eV, where the largest effect occurs, not surpris-
ingly, in the pathway of PMB and HMB.

On the other hand, the presence of ortho methyl groups contrib-
utes to stabilize the transition state (TS4-5) in the rate-determin-
ing methylation step. To illustrate this, we may further compare
the structures of TS4-5 in the isomeric pathways TMB-A and
TMB-B, which are two extreme situations as the second methyla-
tion barriers of the other pathways lie in between the barriers of
these two. As shown in Fig. 4a for TMB-A, the lack of sufficient
space around the exocyclic double bond during the methylation
step enforces the benzene ring to bend at the transition state,
and the reaction barrier is as high as 1.26 eV. In TMB-B (Fig. 4b),
by contrast, the planarity of the ring can well be conserved during
the methylation step with the reaction barrier being only 0.91 eV.
Therefore, it can be summarized that the transition state shape dic-
tates the overall positive role of ortho methyl groups to the activ-
ity, which is a kinetic effect, while the poorest catalytic activities of

Fig. 4. Located structures for transition state TS4-5 in TMB-A (a) and TMB-B (b)
pathways.

PMB and HMB can be attributed to the thermodynamic reason as
mentioned previously, where the reaction intermediate shape is
not compatible to the pore geometry of HSAPO-34. By identifying
the key structures that are important to the overall rate, we there-
fore demonstrate that the interplay between the organic reaction
center and the pore of catalyst plays an important role in the
MTO reaction.

It might be mentioned that our results on the catalytic activ-
ity of MBs in zeotype catalyst are indirectly supported by the
experimental observations. By using GC-MS to detect the
reaction intermediates [10], Sassi et al. identified various forms
of isopropylmethylbenzenes, which is presumably formed via
demethylation from isopropylbenzenium cations: the isopro-
pylmethylbenzenes with two and three methyl groups have
the highest concentrations, while the amounts of MBs with three
to six methyl groups are comparable within zeolite. Since these
isopropylmethylbenzenes are formed from trimethylbenzene and
tetramethylbenzene according to Scheme 1, the experimental re-
sults thus implied that MBs containing three or four methyl
groups possess the highest activity, which supports our calcu-
lated results.

Experimentally, HMB was suggested to be the active species in
the MTO reaction by isotopic labeling studies [5-7]. However, only
negligible amounts of HMB have been detected in HSAPO-34 cata-
lyst, while TMB and lighter MBs are the main constituent of MBs in
active HSAPO-34 catalyst [17,43]. Our calculations found that the
interconversion (steps of inter- and intra-shift of methyl group)
of MBs is kinetically possible at reaction conditions. The amounts
of MBs are thus expected to change with time dynamically on
stream in the presence of methanol and olefins [17,43]. From our
results based on the side-chain route, the high concentration of
TMB and lighter MBs may well be the consequence that MBs with
four or fewer methyl groups are responsible mainly for propene
formation.

Our periodic DFT results show that in the TMB/HSAPO-34 mod-
el, the overall barriers for the production of propene and ethene by
the side-chain route are 1.86 and 2.18 eV, respectively. We also
noticed that in the TMB/HZSM-5 model, the overall barrier for
the formation of isobutene by paring route was reported to be
2.68 eV at the ONIOM level [20]. Although a direct comparison be-
tween the two models is not likely because different theoretical
approach and different olefins are involved, it does indicate that
the side-chain route may be preferred compared to the paring
route in the MTO reaction.

It should be mentioned that the distribution of products in the
MTO reaction is affected not only by the intrinsic catalytic activity
of active sites but also by the diffusion of olefins in the pore of cat-
alyst. A full catalytic cycle of the side-chain hydrocarbon pool
mechanism mainly comprises two parts: the formation of side
ethyl or isopropyl chains and the elimination of such chains into
light olefins. (This is also true for the paring route.) The formation
of side chains is achieved by the methylation of the intermediates
with exocyclic double bond, which are quite unstable compared to
the initial adsorbed states. From this sense, the catalytic role of
MBs as the hydrocarbon pool species is to provide an exocyclic
double bond for the propagation of side chains. Since light olefins
such as ethene and propene can readily be methylated by metha-
nol [44-47], the hydrocarbon pool species in the MTO reaction
may not be limited to MBs and may involve other simple olefins
[9]. Therefore, to only focus on the MBs as the hydrocarbon pool
species may lead to a biased understanding on the MTO reaction.

More recently, Svelle et al. introduced a dual cycle concept for
the MTO conversion, in which ethene is exclusively formed from
the lower MBs and propene and higher alkenes are preferentially
formed from alkene methylation and interconversions [14-16].
These works have drawn the attention away from the MBs. In fact,
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here we show that ethene may not be produced solely by means of
the side-chain hydrocarbon pool mechanism based on MBs as the
organic reaction centers.

The hydrocarbon pool mechanism using simple olefins as the
organic reaction centers may be operative for the MTO reaction,
and the process is self-catalytic. Our preliminary calculation results
show that certain olefins, especially branched olefins, can be meth-
ylated more easily than MBs intermediates with exocyclic double
bond. The subsequent cracking of the carbenium cations to pro-
duce ethene and propene is likely to be present in parallel with
the side-chain route in MBs/HSAPO-34 system. A comprehensive
survey on the methylation pathways of simple olefins and subse-
quent cracking of carbenium cations inside HSAPO-34 catalyst is
under progress.

4. Conclusions

To recap, the catalytic activity and selectivity of MBs in HSAPO-
34 catalyst for the MTO reaction has been addressed from theoret-
ical calculations. We demonstrate that PMB and HMB are not more
active than the other MBs with four or fewer methyl groups. Pro-
pene is the favored product via the side-chain hydrocarbon pool
mechanism. The current periodic DFT results cast doubts on the
earlier suggestions that MBs with fewer methyl groups are less
active and tend to selectively produce ethene. We demonstrate
that the kinetics of the zeolite catalysis is strongly affected by both
the topology of the inorganic framework and the geometry of the
organic reaction center. The interplay of them accounts for the
stabilities of key reaction intermediates and transition states,
which reflects the shape selectivity in zeolite catalysis. Based on
our results on the selectivity of ethene and propene, we propose
that the reaction channels involving organic hydrocarbon pool spe-
cies other than MBs such as simple olefins may well be present in
parallel with the MBs channels. The picture at the atomic level can
help to establish a complete view on the complex reactions like the
MTO conversion and, maybe more importantly, provides general
insights into zeolite catalysis.
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