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Methylcyclopentenyl cations (MCP*) have been regarded as active intermediates during methanol conver-
sion, however, their function mode in the reaction are still uncertain. In our recent report, trimethylcy-
clopentenyl cation (triMCP+) and its deprotonated counterpart (trimethylcyclopentadiene, triMCP) were
directly captured on H-RUB-50 catalyst with small cavity by the aid of in situ *C MAS NMR spec-
troscopy, and their higher catalytic reactivity were clarified by 2C/*C-CH;0H isotopic switch experi-
ment. In this contribution, an alternative route—cyclopentadienes-based cycle was applied on methanol
conversion catalyzed on the H-RUB-50, in which ethene was produced with the participation of triMCP+
as critical intermediate. Then the cyclopentadienes-based cycle was predicted to be energetically favor-
able for ethene formation by density functional theory (DFT) calculations. The energetic comparison of
paring mechanism in the aromatics-based cycle and cyclopentadienes-based cycle with the involvements
of trimethylcyclopentadienyl (triMCPy;*) and triMCP* as the corresponding active intermediates suggests
that cyclopentadienes-based cycle is a feasible route for ethene formation. Furthermore, this work high-
lights the importance of the steric constraint and the host-guest interaction induced by the zeolite with
cavity structure in the formation of intermediates and reaction pathway.

© 2019 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by Elsevier B.V. and Science Press. All rights reserved.

1. Introduction

With the increasing market demand of light olefins and the
depletion of oil resources, methanol-to-olefins (MTO) conversion,
as a non-petrochemical route for the production of light olefins
from coal and natural gas etc., has attracted great interest over
the past 40 years [1-6]. In 2010, a major commercialization
breakthrough of MTO process developed by Dalian Institute of
Chemical Physics has been achieved [4,5]. Meanwhile, great efforts
have been devoted to a better understanding of MTO reaction
mechanism, which is important for both of fundamental research
and commercial application.

In light of the complex nature of methanol conversion catalyzed
by the zeolites and zeotype catalysts, a thorough understanding of
MTO mechanism remains a challenge. At present, indirect reaction
mechanism is widely accepted in the MTO reaction [5-9]. It in-
volves active intermediates (e.g., alkenes [10-12], cyclopentadienes
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E-mail addresses: weiyx@dicp.ac.cn (Y. Wei), liuzm@dicp.ac.cn (Z. Liu).

https://doi.org/10.1016/j.jechem.2019.09.022

[13-20] and aromatics [14,21-24]) acting as co-catalysts. These in-
termediates can react with methanol to realize the growth of C-C
bond, and then split off olefins. However, the relative reactivity of
the active intermediates, their origins and their reaction pathway
are still not well interpreted.

Organic intermediate species were captured and identified
as active intermediates by the aid of experimental studies and
theoretical calculations. Polymethylbenzenium [14,21-24], poly-
methylcyclopentenyl cations [13-20] and their corresponding
neutral species, along with alkene species, were confirmed as
important intermediates or co-catalysts for the light olefins for-
mation. Based on these active organic species, aromatics-based
cycle (side-chain methylation [25] and paring mechanism [26])
and alkenes-based cycle [10,11,27] were proposed to elucidate
the generation of olefins. The reaction network of the indirect
mechanism was established based on these proposed catalytic
pathways. Other new reaction pathway with feasible energy and
the potential active intermediates require more investigations.

In our previous studies, we directly observed MCP* on the
8-membered ring (8-MR) and cavity-type zeolite, such as pen-
tamethylcyclopentenyl cation (pentaMCP*) over DNL-6 [21],

2095-4956/© 2019 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by Elsevier B.V. and Science Press. All rights reserved.
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SSZ-13 [14], and SAPO-34 [16], triMCP* over SAPO-35 [16] and
H-RUB-50 [19]. With respect to the traditional aromatics-based
cycle, methylcyclopentadienyl cation (MCPg™) acting as key in-
termediates in the paring mechanism [14,17,18,26] have been
examined in detail. However, the catalytic cycle involving these
methylcyclopentenyl cations (MCP*, structurally differing from the
MCPg4; ™ in paring mechanism) as the direct intermediates to form
light olefins have rarely been reported. It is worthy to note that
higher reactivity of the methylcyclopentadienes (MCP) has been
confirmed by 3C/12C-isotopic methanol switch technique [19].
Thus, the role of MCP* and neutral MCP should be taken into
account in methanol conversion.

In our recent study, we investigated the formation and reac-
tivity of MCP* in detail, and proposed a novel cyclopentadienes-
based cycle for methanol conversion over H-SAPO-34 [28]. In this
newly proposed cycle, MCP+ and MCP species can directly partic-
ipate the catalytic cycle for light olefins formation over H-SAPO-
34. For H-SAPO-34 (6.7 x 10 A) with bulky-sized CHA cavity,
pentaMCP* was identified as active species [28], while as for H-
RUB-50 with small cavity (6.3 x 7.3 A), triMCP* presents less
methyl groups substitution [19,28]. Such variation in the number
of methyl group substitution of the confined organic intermedi-
ates reflects the confinement effect of cavity structure, originating
from the host-guest interaction of zeolite-catalyzed reaction sys-
tem. Simultaneously, small-sized cavity structure with steric con-
straint may modulate the reaction pathway with the participation
of the small-sized active intermediates. This encourages us to con-
tinuously establish and study all the potential reaction routes of
MTO catalyzed on the zeolite with small-sized cavity.

In the present work, based on the report of the capture of the
triMCP* with less methyl group substitution and higher reactiv-
ity of its neutral triMCP, a cyclopentadienes-based cycle working
as an alternative catalytic cycle for methanol conversion was estab-
lished. DFT theoretical calculations were performed to examine the
feasibility of the cyclopentadienes-based cycle from energetic per-
spective. Two cyclic carbenium ions (MCPg* and MCPT) in their
respective catalytic cycles (the paring cycle and cyclopentadienes-
based cycle) were investigated in detail. A deep understanding of
the cavity-controlled principle was provided based on the variation
of the intermediate and reaction pathway imposed by host-guest
interaction from the cavity structure.

2. Experimental section and theoretical calculation
2.1. Experimental section

The synthesis procedure and characterization of H-RUB-50 and
the catalytic performances of methanol conversion at different
temperatures have been reported in our previous study [19]. The
determination of confined organics with GC-MS and 13C solid-state
MAS NMR is displayed in the Supporting Information.

2.2. Theoretical calculation

For theoretical calculations, a 52T cluster model (Sis; AlOg;Hys)
represents the structure of H-RUB-50 zeolite as shown in Fig. 1,
which was extracted from the crystallographic LEV structure. In
the theoretical calculations for the extended zeolite model, the ter-
minal Si-H was fixed at a bond length of 147 A, oriented along
the direction of the corresponding Si-O bond. The locations of acid
sites were chosen at the 8-MR window, accessible for adsorbents
and surrounded by maximum reaction space [29]. The substituted
Al atom was placed at the T2 site of the crystallographic position
during structural optimization.

The combined theoretical ONIOM method [30-32] was applied
to predict the geometries of various adsorption structures and

Fig. 1. Representations of H-RUB-50 framework structures by 52T cluster models.
The 8-MR window and (SiO);-Si-OH-Al-(SiO); active center in the extended clus-
ter model represented as ball and stick view is treated as the high-layer atoms dur-
ing the ONIOM calculations.

transition states (TS). During the structure optimization, wB97XD
hybrid density function with 6-31 G (d, p) basis sets and semi-
empirical AM1 were employed for optimizing geometries of the
high-level and low-level layer. The wB97XD method is the hybrid
meta DFT developed by Chai and Head-Gordon, where implicitly
accounts for empirical dispersion and can describe long-range
dispersion interactions well with respect to the traditional DFT
methods [33]. To preserve the integrity of the zeolite structure
during the structure optimizations, the 8-MR window, (SiO)3-
Si-OH-Al-(SiO)3 active center and the adsorbed species in the
high-level layer were relaxed while the rest of atoms were fixed in
the low-level at their crystallographic locations. To obtain highly
accurate energies, the single-point energies were calculated at
the level of wB97XD/6-31 G (d, p) on the basis of optimized
structures. The frequency calculations were performed at the same
level as geometry optimizations to check whether the saddle
points exhibit the proper number of imaginary frequencies. Only a
single imaginary frequency was observed for the transition state,
and no imaginary frequency was observed for the adsorbed state.
The intrinsic free energy barrier (AG¥) at 300 °C for each elemen-
tary reaction in a completed reaction route was obtained from
the wB97XD/6-31 G (d, p) total electronic energies and the ther-
mal correction from the wB97XD/6-31 G (d, p): AM1 frequency
calculations. All density functional theory (DFT) calculations were
performed with the Gaussian 09 package [34].

3. Results and discussion
3.1. Observation of the MCP* and reactivity confirmation of MCP

MCP* and their deprotonated forms (MCP) confined in ze-
olite or SAPOs catalysts have been identified using 3C NMR,
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Table 1. Carbenium ions observed in H-RUB-50 with solid-state NMR and the *C
content (%) of their deprotonated counterparts obtained by '2C/3C-methanol switch
experiments.

Table 2. Methylcyclopentenyl (MCP+) cations formed on zeolite or SAPOs catalysts
(e.g., H-ZSM-5 [17,18], SAPO-34 [16], SSZ-13 [14], SAPO-35 [16], H-Beta [35], DNL-6
[21], H-RUB-50) in MTO reaction.
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Fig. 2. Isotopic distribution of triMCP formed after the 2C/'3C-methanol switch ex-
periments over H-RUB-50 at 350 °C after 25 min of >C-methanol reaction followed
by 1 min of *C-methanol reaction. Inset: the isotopic distribution of ethene.

UV-vis spectroscopy and theoretical calculations [13-20,35].
Table 1 and Figs. S1 and S2 in supporting information summarized
carbenium ions observed in H-RUB-50 with 13C solid-state NMR
and the relative 13C content of their deprotonated counterparts
obtained by '2C/'3C-methanol switch experiments [19]. Combined
with the previous theoretical calculation, 1, 2, 5-triMCP™*, 1, 2, 3-
trimethylbenzenium (triMB*) and 1, 3, 4, 5-tetramethylbenzenium
(tetraMB*) cations were ascertained to be the essential reac-
tive intermediates [19]. And triMCP and tri/tetramethylbenzenes
(tri/tetraMB) exhibit higher 3C content than other components
(penta/hexaMB, 20%), suggesting that these intermediates may act
as co-catalytic active centers for methanol conversion. Especially,
triMCP exhibits very high 13C content of 45.80%. The capture of
triMCP* and higher reactivity of triMCP implied their important
role as critical intermediates in the MTO reaction.

Fig. 2 shows the isotopic distribution of triMCP and ethene
formed after the 2C/13C-methanol switch experiments over H-
RUB-50 at 350 °C after 25 min of 12C-methanol reaction followed
by 1 min of 13C-methanol reaction. Ethene was found to contain
both '2C and 3C atoms suggesting that ethene is formed via the
interaction of 13C-methanol and the confined '2C-carbenium ions.
In addition, the random isotopic distribution of triMCP confirms
the participation of triMCP*/triMCP as the active species in the
methanol conversion.

Notably, MCP* have been captured widely on various zeolites
and molecular sieve catalysts with different topological structure.
As listed in Table 2, 1, 3-dimethylcyclopentenyl (diMCP*), 1, 3, 4-
triMCP* and ethylcyclopentenyl (ECP*) cations on H-ZSM-5 [17,18]
tri/tetraMCP* cation on SAPO-35 [16] and heptamethylcyclopen-
tenyl (heptaMCP*), pentaMCP* on H-SAPO-34 [16,28], H-Beta [36],

Catalysts MCP+ Cations
H-ZSM-5 diMCP* triMCP+ECP*

SAPO-34 petaMCP*heptaMCP+
SAPO-35 triMCP+
H-BetaSSZ-13DNL-6 petraMCP*
H-RUB-50 triMCP+

DNL-6 [21] and SSZ-13[14] were unambiguously identified as crit-
ical intermediates for catalyzing mthanol conversion by employing
the combined techniques of 13C MAS NMR, GC-MS, and theoretical
calculations. The structures of these MCP* are closely related
to the chemical environment of molecular sieve. For the critical
intermediates on the H-RUB-50, the small-sized intermediate
(triMCP*) with less methyl group was observed, which is ascribed
to the steric constraint of small cavity structure. In MTO reaction,
the variation in topological structure of zeolites would vary the
chemical structure of these cyclic organic species formed in the
catalysts and their detailed reaction route for converting methanol.
This suggests indirect pathway of MTO reaction is associated with
the host-guest interaction of the confined organic intermediates
and inorganic zeolite framework.

As for H-RUB-50, based on the experimental observation and
identification of triMCP (triMCP*), triMB (triMB*) and tetraMB
(tetraMB*) intermediates, the traditional aromatics-based cycle
(consisting of side-chain methylation and paring mechanisms) are
examined via theoretical evaluation in our previous work [19]. As
above discussed, triMCP*/triMCP was identified as another kind
of critical intermediates with the higher reactivity. So, next, an
alternative cyclopentadienes-based cycle with the involvement of
triMCP* as independent active intermediate will be proposed for
ethene formation. Theoretical calculation was carried out to verify
the feasibility of this catalytic cycle.

3.2. Theoretical calculation of ethene formation via
cyclopentadienes-based cycle with the participation of triMCP*

The reaction route of cyclopentadienes-based cycle is estab-
lished based on the participation of the (triMCP*) (the protonated
form of triMCP) as direct intermediates, which starts from de-
protonation step (D1) of TriMCP* as shown in Scheme 1. Then,
methanol molecular attacks the formed dimethylmethylenecy-
clopentadiene with an exocyclic double bond to get 2, 3-dimethyl-
1-ethylcyclopentenyl cation via an exocyclic methylation (M1). This
cation is the crucial precursor for ethene formation with ethyl
side-chain. Subsequently, 4, 5-dimethyl-2-ethylcyclopentenyl cation
is obtained through hydride/ethyl-transfer step, followed by the
ethene elimination (E1) to generate ethene. Next, the simulta-
neously formed dimethylcyclopentadiene gets methylated (M2) to
form trimethylcyclopentenyl cation over the restored Br¢pnsted acid
sites. Eventually, triMCP™ is recovered via hydride/methyl-transfer
step.

The detailed calculated free energy barriers and the
Gibbs free energy profile of all the elementary steps of
cyclopentadienes-based cycle at 300 °C is shown in Fig. 3. The



28 W. Zhang, S. Xu and Y. Zhi et al./Journal of Energy Chemistry 45 (2020) 25-30

D1
’—N

< trimcP*
Hydride - ZeO” ZeOH
Shift .

sMethyl

2 Shift

Cyclopentadienes-based
Cycle zeor
2803 : Hydride

H Ethyl “shift
Shift.*

M2 \\ '
ZeOH E ZeO"
E1l
H
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Fig. 3. Gibbs free energy profile for methanol conversion to ethene over H-RUB-50
following the cyclopentadienes-based cycle with participation of triMCP* at 300 °C.

cyclopentadienes-based cycle can be realized via simple methy-
lation and elimination to fulfill the propagation of C-C bond and
the olefins formation. In this catalytic cycle, two methylation
steps of the exocyclic double bond (M1) and the ring (M2) need
to overcome the energy barrier of 28.32 and 24.50 kcal/mol,
respectively. The elimination of ethene (E1) is predicted with the
free energy barrier of 34.09 kcal/mol. All the elementary steps
need the relatively lower energy barrier of 14.45-34.09 kcal/mol.
The overall energetic span of the whole catalytic cycle is around
42.95 kcal/mol. Compared to the traditional aromatics-based cycle
and alkenes-based cycle, the cyclopentadienes-based cycle is an
energetically feasible route for olefins formation [14,19].

Lower energy barriers of all the elementary steps and the
energetic span on the whole catalytic cycle suggest that the
cyclopentadienes-based cycle with the involvement of triMCP* can
operate as an alternative route for ethene formation. Therefore,
ethene can be formed via multiple routes of methanol conversion
on H-RUB-50, i.e., cyclopentadienes-based cycle, aromatics-based
cycle (side-chain methylation and paring route).

3.3. Cyclopentadienes-based cycle versus paring cycle with the
involvements of MCP™ and MCPy™ cations

Two cyclic carbenium ions (MCP™ and MCP4*), as shown
in Scheme 2, have been reported in the methanol conversion

(CH3)n
+

\ /

MCP;*

mcp*

MCP

Scheme 2. Two cyclic carbenium ions and the conversion of MCP*, MCP and
MCPy;* in the methanol conversion (methylcyclopentenyl cation: MCP+; methylcy-
clopentadiene: MCP; methylcyclopentadienyl cation: MCPg;*).

Table 3. Calculated free energy barriers (AG¥) of the rate-determining step and the
energetic span at 300 °C for ethene formation via cyclopentadienes-based cycle and
paring cycle [19] in methanol conversion over H-RUB-50 zeolite.

Cyclopentadienes-based cycle Paring cycle

Rate-determining step (kcal/mol) 34.09 45.80
Energetic span (kcal/mol) 42.95 77.21

catalyzed by zeolite or SAPOs. The cyclopentadienyl cations
(MCPg4; %), as the isomerized species of benzenium cations, are gen-
erally involved in the paring mechanism of aromatics-based cycle,
which is proposed in 1961 by Sullivan et al. [37] The paring mech-
anism involves the ring contraction/expansion reactions of MCPy;™
and aromatics species to produce cyclic organics with alkyl side
chain as the olefins precursors, which then split off olefins. An-
other cation of MCP* appeared in the experimental observation
can participate as a direct intermediate in the cyclopentadienes-
based cycle to generate olefins.

The role and reactivity of these two cyclic carbenium ions
(MCP*, MCP4*) in the paring cycle [19] and cyclopentadienes-
based cycle were investigated in detail. Comparison of the
calculated free energy barriers (AG*) of the elementary reactions
for ethene formation via paring cycle and cyclopentadienes-based
cycle at 300 °C is depicted in Scheme 3. For the sequence of the
two cycles, paring cycle including more complex reaction steps
undergoes successive contraction/expansion, methylation, elimina-
tion and series of transfer reactions. In the cyclopentadienes-based
cycle, the species with exocyclic double bond can methylate with
methanol to form the olefins precursors that can directly split off
olefins. In the paring route [19], methylation of trimethylbenzene
(M1) and the formation of dimethylbenezene (P4b) need to over-
come free energy barriers of 37.01 and 36.38 kcal/mol, which are
higher than the barriers of methylation steps (M1, 28.32 kcal/mol;
M2, 24.50 kcal/mol) in the cyclopentadienes-based cycle. This con-
forms to the fact that the small cavity structure tends to form the
small-sized intermediates due to the steric constraint of small cav-
ity structure in H-RUB-50. Specifically, the rate-determining step in
the paring route (E1) has higher energy barrier (45.80 kcal/mol).
Rather, in the cyclopentadienes-based cycle, the reaction proceeds
with lower free energy barrier (14.45-34.09 kcal/mol).

It should be noted that the rate-determining step in
cyclopentadienes-based and paring cycle is elimination reac-
tion, different from that in side-chain methylation route with
methylation reaction as rate-determining step [19]. This illustrates
that H-RUB-50 with small LEV cavity allows cyclopentadienes-
based and paring cycles with the involvements of triMCPgy* and
triMCP™ as active centers, while the formation of bulky-sized pre-
cursors in side-chain methylation route exhibits steric constraint
of small cavity in H-RUB-50. In the cyclopentadienes-based and
paring cycle, small-size precursors formed from methylation of
five-member ring species, are not limited by the small cavity.
Therefore, the elimination reaction in the cyclopentadienes-based
and paring cycle turns into the rate-determining step.

Table 3 provides the detailed free energy barriers (AG¥) of the
rate-determining step and energetic span at 300 °C for ethene
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formation via cyclopentadienes-based cycle and paring cycle. For
the elimination of ethene, the energy of the rate-determining
step in the paring cycle (45.80 kcal/mol) is higher by 11 kcal/mol
than that in cyclopentadienes-based cycle (34.09 kcal/mol). The
energy span of the cyclopentadienes-based cycle (42.95 kcal/mol)
is much less than that of the paring cycle (77.21 kcal/mol) [19] by
about 35 kcal/mol in H-RUB-50. And the value of the energy
span in the cyclopentadienes-based cycle is comparable to that
in the aromatics-based cycle (41.62 kcal/mol) [19], indicating
the energetic feasibility of the cyclopentedienes-based cycle. The
lower energy span in the side-chain methylation reveals that
it is more energetically favorable for the formation of ethene.
Importantly, similar value between cyclopentadienes-based cycle
and aromatics-based cycle (side-chain methylation) suggests that
two catalytic cycle work together for ethene formation of MTO
reaction over H-RUB-50. TriMCP* and its deprotonated counterpart
(triMCP) can behave as the co-catalytic species and mediate the
reaction pathway in H-RUB-50.

4. Conclusions

In summary, triMCP* and its deprotonated counterpart (triMCP)
with less methyl group substitution were confirmed as critical in-
termediates on H-RUB-50. Based on the higher reactivity of these
small-sized intermediates, a novel cyclopentadienes-based cycle
with the involvement of triMCP* as a direct intermediate was es-
tablished for ethene formation. The DFT calculation verifies that
this cyclopentadienes-based cycle is energetically feasible route for
ethene formation in H-RUB-50. The comparison of paring cycle and
cyclopentadienes-based cycle with the involvements of triMCPy;™
and triMCP* cations as active intermediates further confirm the
feasibility of the cyclopentadienes-based cycle. Furthermore, the
variation of the intermediate and reaction pathway induced by
the special host-guest interaction of methanol conversion catalyzed
on the cavity structure offers the evidence of the cavity-controlled
principle of methanol conversion.
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