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Theoretical investigation of the side-chain
mechanism of the MTO process over H-SSZ-13
using DFT and ab initio calculationst

Michal Fecik, @2 Philipp N. Plessow @ *? and Felix Studt ®?2°

The side-chain mechanism of the methanol-to-olefins process over the H-SSZ-13 acidic zeolite was
investigated using periodic density functional theory with corrections from highly accurate ab intio
calculations on large cluster models. Hexa-, penta- and tetramethylbenzene are studied as co-catalysts for
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the production of ethene and propene. The highest barrier, both of ethene and propene formation, is
found for the methylation of the side-chain towards the formation of an ethyl or isopropyl group. All other
barriers are found to be substantially lower. This leads to a clear selectivity for ethene since the elimination

of ethene with a rather low barrier competes with methylation towards propene which requires a barrier

rsc.li/catalysis

Introduction

The production of light olefins such as ethene and propene
from methanol or dimethyl ether is experiencing growing
interest' as methanol can be produced from carbon dioxide
and hydrogen as part of our future sustainable energy
scenario.” The methanol-to-olefins (MTO) process is typically
catalysed by acidic zeotypes such as H-ZSM-5, H-SSZ-13 and
H-SAPO-34,"* at temperatures in the range of 350-400 °C.
The use of H-SAPO-34, for example, can lead to selectivities
for light olefins (ethene and propene) exceeding 80%.>

The mechanistic details of the MTO process have been
subject to extensive experimental®'® and theoretical
studies.®’®* The two main concepts that have been
established in recent years are the hydrocarbon pool (HCP)
mechanism®*® and the dual cycle concept.””*° Within the
olefin cycle of the HCP, olefins convert methanol to olefins
autocatalytically, where olefins are repeatedly methylated to
higher olefins that are subsequently cracked to lighter
olefins.*®*°® In the dual cycle concept (see Scheme 1)
aromatic species also play a role in the production of light
olefins, and ethene and propene in particular.®*"**° This is
highly interesting both from a conceptual but also practical
point of view, as the selectivity towards lighter olefins might
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that is more than 100 kJ mol™ higher.

significantly differ for these two cycles.>”*® For the aromatic

cycle, in addition to the methylation of aromatics,””® there
are two main mechanistic proposals, the side-chain and the
paring mechanisms shown in Scheme 1.”'7'%°¢7% In the
paring mechanism, the C6 ring is contracted to a C5 ring,
shaving off the olefin. The side-chain mechanism, on the
other hand, involves gem-methylation of highly methylated
aromatics (e.g. hexamethylbenzene) ultimately resulting in
a terminal double bond that can be further methylated
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Scheme 1 Dual cycle concept inspired by mechanisms proposed in
the literature.”:°6 The left side shows the olefin cycle where olefins are
repeatedly methylated and eventually cracked. The right side shows
two proposed mechanisms of the aromatic cycle - the side-chain and
the paring mechanism. In the case of the side-chain mechanism, two
production cycles are distinguished by colour - ethene (blue) and
propene (red). A more detailed pathway of the side-chain mechanism
of the aromatic cycle is shown in Fig. 1(a).
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yielding an ethyl or isopropyl group, the ‘side-chain’. After
methyl-shifts, this side-chain can be eliminated as an
olefin (ethene or propene) and the aromatic co-catalyst is
restored.

Theoretical studies of the MTO process have been
extensively employed to shed light on the details of the
reaction mechanism, including the HCP and dual cycle
concepts.®**° The production of light olefins via aromatic
co-catalysts and the paring and side-chain mechanism has
been investigated theoretically for H-SZM-5 and H-SAPO-
34.17:20:21,27.28 por hoth of these zeolites, it was found that the
paring mechanism is energetically less favourable than the
side-chain mechanism, mostly due to high barriers for olefin
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elimination and the regeneration of polymethylbenzene
(pPMB) as the intermediate.>*>">7%8

In this work, we focus on the side-chain mechanism (see
Scheme 1 and Fig. 1(a)) to produce ethene and propene,
using H-SSZ-13 as the catalyst. As co-catalysts, we investigate
hexamethylbenzene (HMB) and pentamethylbenzene (PMB)
adsorbed at the acid site within the pore of H-SSZ-13.
Additionally, the rate-determining step is also investigated
for tetramethylbenzenes (TMBs) as the co-catalyst. This
choice is motivated by our earlier work that identified HMB,
PMB, and TMBs as the thermodynamically most stable
species adsorbed in H-SSZ-13 under typical reactions of the
MTO process.® Similar observations have been made for the
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(a) Schematics of the various reaction steps of the studied side-chain methylation of the MTO process with HMB acting as the co-catalyst.

After intermediate (4) the pathway can proceed to produce ethene (E, marked in blue) or propene (P, marked in red). (b) The Gibbs free energy
profile of the side-chain mechanisms using HMB adsorbed at the acid site of H-SSZ-13 as the co-catalyst and methylation by methanol via the
concerted mechanism. All free energies are in kJ mol™, relative to adsorbed hexamethylbenzene (1) and are shown at 400 °C and a reference
pressure of 1 bar. All indices (numbers inside boxes) and colours are the same as in (a).
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methylation of aromatics in H-ZSM-5.° Methylation is
studied for methanol acting as the reactant for both, the
concerted and the stepwise methylation pathway.

Computational details

As in previous work,®® all periodic DFT calculations were
carried out using the projector-augmented-wave (PAW)
method® with the PBE-D3 functional’®”* with zero damping
for dispersion corrections as implemented in the Vienna ab
initio simulation package (VASP) in version 5.4.1.”>”* To
perform the calculations, the atomic simulation environment
(ASE)”® was used. The plane-wave kinetic energy cutoff was
set to 400 eV. Transition state searches were performed using
automated relaxed potential energy surface scans (ARPESS).”®
Harmonic force constants were calculated from a central
finite difference scheme. For the vibrational analysis, only a
part of the zeolite - the involved oxygen atom with the
Brgnsted proton and the adjacent Si and Al atoms - together
with the reactants inside the pore were considered. All
transition states were verified to contain only a single
imaginary frequency corresponding to the transition vector of
the according reaction. Thermal corrections were obtained
via the harmonic oscillator and the rigid rotor approximation
at a temperature of 400 °C and a reference pressure of 1 bar.
As described in previous studies, higher level methods are
necessary for an accurate description of reaction barriers.”””®
As in the previous work,® a hierarchical cluster
approach””’?® is used to remedy limitations of DFT
calculations. For this, highly accurate domain-based local
pair natural orbital coupled cluster (DLPNO-CCSD(T))®*%¢
calculations together with complete basis set (CBS)
extrapolation based on DLPNO-MP2 calculations were used
for the correction of the periodic DFT energies obtained with

a plane-wave basis set (Eppi.ps) using the following formula:

_ PBC 6T 46T
E = Epggp3 + E4DLPNO—CCSD(T)/DZ + AEnipo/cas ~ Eppr-pa)

— 6T
AEMPZ/CBS - EDLPNO-MPZ/CBS - E4DLPNO-MP2/DZ'

Here, E%iENO_CCSD(T)/DZ stands for the energy of the 46T cluster
obtained from CCSD(T) calculations with the cc-pVDZ basis
set, Epan.ps are the PBE-D3 energies of 46T clusters obtained
with the def2-TZVPP basis set, and AEypy/cps corresponds to
the difference between MP2-based CBS extrapolation
(Eprpnompa/ces) and  MP2/ce-pVDZ  calculations for 46T
clusters (Epipnompzpz). The CBS extrapolation of Hartree-
Fock energies was carried out with the three-point
exponential formula®” with cc-pVXZ (X = D, T, Q). For MP2-
correlation, the two-point 17 formula® was used with cc-
pVXZ (X D, T). The non-periodic calculations were
performed on 46T cluster models using the ORCA® and
TURBOMOLE® program packages. PBE-D3 calculations on
the cluster models were performed using TURBOMOLE with
the resolution of identity (RI) approximation for the Coulomb
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energy’’ along with the def2-TZVPP basis set.”>*®> ORCA was
used to perform DLPNO-CCSD(T),”*®® DLPNO-MP2°*°® and
restricted Hartree-Fock (RHF) calculations for cc-pvVXz®” (X =
D, T, Q) in the DLPNO approximation.”®* " The RIJCOSX
(resolution of identity for Coulomb integrals and
seminumerical chain-of-sphere integration for HF exchange
integrals) approximation'®® was used in RHF calculations. All
non-periodic calculations were single-points; hence, thermal
corrections were derived exclusively from the periodic DFT
calculations. The cluster models were obtained in the same
way as described in previous work: dangling Si-O bonds were
replaced by Si-H in the same direction with a fixed Si-H
distance of 1.489 A.°

The lattice parameters of the unit cell of H-SSZ-13 (CHA
framework) were kept fixed at @ = 13.625 A, b = 13.625 A, and
¢ = 15.067 A as optimized in the previous work.”® This same
unit cell was used for the H-SSZ-13 zeolite containing one
Bronsted acid site that was introduced to the framework by
substituting one Si atom by Al per the unit cell resulting in
the Si/Al ratio of 35/1.

Results

As shown in Scheme 1, and also discussed in the
literature,®'°**1% highly methylated aromatics are thought
to play the dominant role for the side-chain mechanism. This
finding is also supported by recent work showing that heavily
methylated aromatics are the most stable species under
relevant reaction conditions.®™*> While the detailed
mechanism of the formation of aromatics from olefins is still
controversially discussed in the literature,'® ™% we note that
in H-SSZ-13 aromatics are effectively trapped in the cavities
due the small size of the pores connecting the cavities.
Diffusion barriers of aromatics within H-SSZ-13 have been
reported to be significantly higher than 200 kJ mol ."*” We
therefore assume that the present aromatic co-catalysts can
neither enter nor leave the pores, but remain adsorbed at the
acid site. The methylation of benzene in H-SSZ-13 with both
methanol and DME has been extensively studied in earlier
work.®> Gibbs free energy barriers for methylation have been
calculated to be on the order of 150 k] mol ™" with the
thermodynamics favouring tetra- to hexamethylbenzene. Due
to  steric repulsion with larger aromatics, the
thermodynamically most stable species have been identified
to be tetramethyl-, pentamethyl-, and hexamethylbenzene.
We chose hexamethylbenzene as our starting point for the
investigation of the side-chain mechanism, due to its high
symmetry, which reduces the number of possible isomers.
Fig. 1 shows the detailed Gibbs free energy profile of the
side-chain mechanism with co-catalyst HMB adsorbed at the
acid site of H-SSZ-13 (HMB*). HMB* and methanol in the
gas-phase are the starting point of the catalytic cycle and all
free energies, including those of transition states, are given
relative to this. Only the concerted pathway is depicted here,
as the stepwise mechanism exhibits higher free energy
barriers (see ESIf). Fig. 2 depicts the most relevant

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Relevant transition states (TS) of the side-chain mechanism of
the MTO process catalyzed by HMB adsorbed on the acid site of H-
SSZ-13. Frame colours and indices correspond to those shown in
Fig. 1(a). Only a single methyl shift is shown due to their similarity. All
distances are given in pm. The active site of H-SSZ-13 and the
reactants are highlighted in the following manner: Al = blue, O = red,
Si = yellow, C = brown, H = black.

corresponding transition states of the calculated reaction
mechanism. Note that not all methyl shift TS are shown as
they are similar in nature.

Starting from HMB, the first step is gem-methylation, for
which - in the particular case of HMB - there is only one
isomer (structure 2). Deprotonation of structure 2 at one of
the methyl groups leads to the cross-conjugated intermediate
3. The deprotonation can take place in ortho- or para position
(deprotonation in meta-position would lead to a biradical). We
consider the para-position here since the other isomers
turned out to be less favourable (see ESI}). Intermediate 3 can
now be methylated at the terminal double bond to generate
an ethyl group. This methylation has an overall barrier height
of 206 k] mol™" when referenced to gas-phase methanol and
the heptamethylbenzenium cation and is the rate-limiting
step in ethene production. To eliminate ethene, first the
additional methyl group in the gem-methylated position
needs to be shifted to the carbon atom which is substituted
with the ethyl group. Since the ethyl group is initially in
para-position to the gem-methylated position (structure 4),
this requires three successive methyl shifts, from E1, over E2
to E3. From E3, ethene formation occurs through dissociation
of an ethyl cation with simultaneous deprotonation of the
ethyl cation (see Fig. 2 for the atomic structure). This

This journal is © The Royal Society of Chemistry 2021
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completes the catalytic cycle, yielding HMB*, the neutral acid
site and ethene. The barriers for methyl shifts are all below 50
k] mol™ and the final barrier for elimination of ethene is 45
k] mol ™" when referenced to HMB*.

It is therefore clear from the Gibbs free energy diagram
that methylation of the cross-conjugated intermediate 2
requires by far the highest barrier. We have therefore
investigated this transition state in more detail, looking at
different orientations of the adsorbate and at different
isomers. The transition state for the ortho-isomers was found
to be higher by 30 k] mol™* at the PBE-D3 level of theory (see
ESIT). We also calculated this barrier for the stepwise
mechanism, where methylation proceeds via a surface-
methoxy-species (SMS) that is formed upon methylation of
the active site. The free energy barrier for the para isomer is
calculated to be 214 kJ mol* when referenced to HMB*, and
thus is 22 kJ] mol™" higher than the barrier for concerted
methylation (see ESIf). We attribute this to steric repulsion
since formation of the SMS is spatially more demanding
compared to MeOH directly reacting with the intermediate.

We will now discuss the pathway for the production of
propene. Starting from intermediate 4, deprotonation at the
ethyl group gives the cross conjugated intermediate P1,
differing from intermediate 3 only in the additional methyl
group. Similar to the methylation of the double bond of 2,
the analogous methylation of P1 gives an isopropyl group.
Liberation of propene now proceeds in the same manner as
for ethene, through three subsequent methyl shifts (P2-P5)
followed by dissociation and deprotonation of the isopropyl
cation which yields HMB*, propene and the neutral acid site.

Based on the free energy diagram in Fig. 1, one can clearly
deduce a high kinetic selectivity for ethene formation over
propene formation since the barriers for ethene formation
are about 100 k] mol™" lower. This is partially due to the
higher free energy of transition state TS(P1-P2) relative to 4
(236 k] mol™) compared to the 206 k] mol™ for TS(3-4)
relative to the heptamethylbenzenium cation (structure 2) for
ethene formation. The main reason, however, is that the
additional methylation required for propene formation
requires intrinsically a higher barrier when compared to the
methyl shifts and the elimination of the olefin.

Having identified the main characteristics of the side-
chain mechanism and the most relevant reaction steps, we
will now turn our attention to the influence of the aromatic
co-catalyst. As mentioned earlier, thermodynamics strongly
favour HMB, PMB and TMB over their less methylated
counterparts under relevant reaction conditions.®® We hence
considered the most relevant reaction barriers with penta-
methylbenzene (PMB) and tetramethylbenzene as the co-
catalyst, see Fig. 3 for an illustration.

For PMB, there are four possible isomers as there are four
distinguishable positions where the methyl group is replaced
by a hydrogen. Out of these four, only the most stable
structure for the first rate-determining step was further
considered. In this case, the methylation of the cross-
conjugated structure 3 is accompanied by a barrier of 198 kJ

Catal. Sci. Technol.,, 2021, 11, 3826-3833 | 3829
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Fig. 3 Simplified Gibbs free energy diagram comparing barriers for forward methylation (black) increasing the total number of methyl groups
attached to a given pMB, barriers for geminal methylation (red) of the considered pMBs leading towards initiation of the side-chain mechanism,
and the rate-determining step of the corresponding side-chain mechanisms (blue) as identified above. The corresponding structures are shown
schematically below the diagram. All energies are referenced to adsorbed HMB and are given in kJ mol™ and were obtained for 400 °C. Barriers

for forward methylations were taken from our previous study.®®

mol ™" (referenced to gem-methylated PMB, the equivalent of
structure 2) and the methylation P1 requires 217 kJ mol™
(referenced to the equivalent of structure 4). Hence, HMB
and PMB mediated side-chain mechanisms differ by 2 kJ
mol™ and 29 k] mol™ for these relevant reaction steps,
respectively. For tetramethylbenzene as the co-catalyst, we
find for the TS(3-4) a barrier height of 192 kJ mol™ for
durene, 210 k] mol™ for iso-durene and 202 kJ mol™* for
prehnitene, all referenced to the corresponding adsorbed
tetramethylbenzenes. This suggests that both the activity and
the selectivity for ethene is very similar for the tetra-, penta-
and hexamethyl benzenes in H-SSZ-13.

A comparison of the DFT-computed (PBE-D3) free energy
diagram with the coupled cluster corrected data is shown in
Fig. S4F Relative to neutral states, barriers are underestimated
significantly by PBE-D3, as discussed previously.””
the barriers relative to cationic precursors are much less
affected. Since the most stable state before side-chain
methylation in Fig. 1 is the heptamethyl benzenium cation
(structure 2), this means that the overall barrier is untypically
accurate with PBE-D3 (197 vs. 206 k] mol ™).

While the intrinsic selectivity for ethene production is
expected to be high for the side-chain mechanism, it is
important to realize that ethene can be methylated to propene
thus changing the ethene-to-propene ratio. The side-chain
mechanism has some similarities with the olefin cycle that we
have studied previously:** After a few methylation steps, of the
olefin (or the aromatic), an olefin is split off, leaving behind an
olefin (or an aromatic). The general conceptual difference is that
the olefin cycle is autocatalytic, while the aromatic cycle is not.
In terms of the energetics, we have found that methylation

However,

3830 | Catal Sci Technol., 2021, 11, 3826-3833

barriers are similar for olefins and aromatics.’®®® For the olefin

cycle, favorable cracking reactions (involving only tertiary
cations) require barriers that are lower than the methylation
barriers of light olefins. On the contrary, the highest barrier for
the side-chain mechanism, which is the methylation of the
cross-conjugated intermediate, requires a barrier that is clearly
higher than that for methylation of either aromatics or olefins.
Our results are in agreement with previous DFT-calculations for
H-SSZ-13, H-SAPO-34 and H-ZSM-5, which predict the same
rate-limiting step and very high overall barriers for side-chain
methylation (182 to 279 kJ mol *).*"*® Similarly, comparatively
lower barriers were reported for the olefin cycle.*"***®

A comparison of the olefin and aromatic cycle in terms of
reaction rates is rather difficult as this would require kinetic
modeling. This is complicated by the autocatalytic nature of
the olefin cycle and the fact that the side-chain mechanism
requires the presence of an aromatic, which, in the case of H-
SSZ-13, cannot leave the zeolite cavity due the small pore size
and will therefore also influence the olefin cycle in the
occupied cavity. We therefore stress that the above analysis is
only qualitative and that a quantitative analysis requires
advanced beyond steady-state kinetics'®®*'* that take the
spatial and temporal changes in the reactor into account,
including the formation and retention of aromatics. For a
complete picture, additionally, the full aromatic cycle
including the paring mechanism needs to be considered.

Conclusions

We have investigated the side-chain mechanism of the
aromatic cycle of the hydrocarbon pool for H-SSZ-13 using

This journal is © The Royal Society of Chemistry 2021
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DFT and highly accurate DLPNO-CCSD(T) calculations. For
hexamethylbenzene, the entire cycle was investigated and the
highest barrier (206 k] mol™) for ethene formation was found
for the methylation of a cross-conjugated intermediate,
leading to the formation of an ethyl group. The subsequent
steps, methyl shifts and the eventual elimination of ethene
were found to have significantly lower barriers. The side-
chain mechanism is predicted to have a very high selectivity
for ethene, because the additional methylation step required
for the formation of an isopropyl side-chain is more than 100
k] mol™" higher than that for ethene elimination. It is
important to note the ratio of ethene and propene is not only
determined by the outcome of the side-chain mechanism.
Instead, ethene also can be directly methylated to propene
and both olefins may also be formed from the paring
mechanism of the aromatic cycle as well as through the
olefin cycle.

In addition to hexamethylbenzene, we have investigated
pentamethylbenzene and the tetramethylbenzenes - durene,
isodurene and prehnitene. For these co-catalysts, only the
rate limiting step identified for hexamethylbenzene was
investigated. The corresponding barriers were generally
found to be relatively high, on the order of 200 k] mol™* and
show only small differences in reactivity between the
investigated aromatics in H-SSZ-13.
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