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A computational study on the formation
mechanism of naphthalenic species under MTO
conditions in H-SSZ-13

Annika E. Enss,? Philipp N. Plessow @ *2 and Felix Studt @32°

i '.) Check for updates ‘

Cite this: Catal Sci. Technol., 2025,
15, 7200

A mechanistic pathway for the formation of naphthalene species in the MTO reaction network is proposed,
starting from polymethylbenzenes, formaldehyde and an olefin as reactants. The mechanism is investigated
computationally for di-, tri- and tetramethylbenzene and n-butene in the H-SSZ-13 zeolite. The highest
free energy barriers at 400 °C are 202, 201 and 236 kJ mol ™, respectively. After the second ring is formed,
the free energy profile of the substrate with the highest degree of methylation is clearly the least favorable,
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DOI: 10.1039/d5¢y00837a due to space restrictions in the CHA cell. The free energy barriers are higher than olefin production barriers

from the aromatic cycle, but still in an accessible range under MTO conditions, which makes them relevant
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1 Introduction

The methanol-to-olefins™? process is a possible way for the
chemical industry to replace crude oil with sustainably
produced methanol.” Two industrially employed catalysts are H-
SAPO-34 (ref. 4) and H-ZSM-5.” The process proceeds through a
dual-cycle mechanism,® in which olefins and aromatics act as
co-catalytic species. In the understanding of the -catalytic
reactivity, computational analysis has proven to be a valuable
tool.””

During the reaction, zeolite catalysts suffer coking after a
sufficiently long time on stream. Large polycyclic aromatics are
usually referred to as ‘coke’, but deactivation is caused by any
molecule blocking the acid sites and hindering diffusion." Coke
formation mechanisms depend on zeolite topology,™ since the
required space to form bicyclic or larger molecules is given in
large cavity zeolite structures as chabazite (CHA) or three-
dimensional 12-ring structures as zeolite beta (BEA),"" but not
in 10ring structures like MFL'> It could be observed
spectroscopically that deactivation on H-ZSM-5 is caused by
externally formed coke species, whereas larger coke species
formed inside the zeolite crystal are responsible for deactivation
of H-SAPO-34 by hindering diffusion through the pores.”* Co-
feeding of water is reportedly able to suppress coking in CHA-
structured zeolites."""
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On the pathway to polycyclic molecules, naphthalenes are
among the first polyaromatic species to be found,"*'*'” and
grow into larger polyaromatic systems, even connecting
molecules in adjacent cages.'® However, naphthalene species
not only form part of deactivating coke, but also can act as
active co-catalysts in the aromatic cycle with a higher selectivity
for light olefin formation, despite being only one-third as active
as methylbenzenes."”™ In a theoretical assessment by
Hemelsoet et al.,”® methylation barriers for naphthalene species
were shown to be in a feasible energy range in H-SAPO-34 and
H-SSZ-13, for a number of up to three methyl groups already
present in the ring. However, the first reactions of the side-
chain cycle with naphthalene as a co-catalyst were reported to
have too low intrinsic rate coefficients to be considered for
ethylene formation. In a subsequent study, which combined
computations and in situ UV-vis spectroscopy, fused aromatics
with more than two rings were also considered.*! In general,
naphthalene rings are less reactive towards methylation than
benzenes, though lower methylated naphthalenes with up to
three methyl groups can almost reach the reactivity of
hexamethylbenzene. ~Methylation barriers increase for
tetramethylnaphthalenes due to steric constraints, and are even
higher for phenantrenes. It is therefore concluded that
phenantrenes and highly methylated naphthalenes can be
considered as inactive coke species. On the other hand, Wang
et al. calculated reaction barriers for the side-chain mechanism
of polymethylbenzenes and naphthalenes, and their activities
were found to be similar in the supercages of H-MCM-22.>*

Recently, the naphthalene catalyzed cycle has gained more
interest, as it could help to extend the catalyst lifetime
through different treatments. Zhou et al*® investigated a
steam cracking treatment to transform inactive coke into

This journal is © The Royal Society of Chemistry 2025
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active naphthalenic species. This avoids the loss of active
hydrocarbon-pool species during coke removal, increasing
the carbon efficiency. The experiments resulted in a high
light olefin selectivity of 85%. In a different approach, Wang
et al. tested a precoking and steaming treatment on H-SAPO-
34 to build up naphthalene molecules in the zeolite crystal
center before the reaction.*® This leads to an increased light
olefin selectivity of 89% and a 3.7-times longer catalyst
lifetime than the untreated sample. A further study on the H-
SAPO-34 catalyst by the group of Liu** showed that co-
feeding water could assist the naphthalene-catalyzed side-
chain cycle and increase the selectivity for ethylene, while
simultaneously reducing coke deposition.

In the literature, pathways based on both
experimental and computational findings are proposed by
which  naphthalene  species (Fig. 1d) could be
formed,'"*1®222634 an( relevant intermediates are presented
in Fig. 1. In the following, we will give a short review on the
current state of research, and explain how we developed our
mechanistic investigation based on those results.

The analysis of coke residues in zeolites after the MTO
reaction gives a hint on the possible formation route of
naphthalenes. Earlier studies from Bjgrgen et al. on H-beta,"
H-MOR and H-MCM-22%° revealed the presence of
dihydrotrimethylnaphthalene (Fig. 1c) as the smallest
naphthalene species. Notably, no tetrahydronaphthalenes
(Fig. 1b) were detected in these studies. The reaction was
conducted with '*C-labeled MeOH, and the *C content of
methylnaphthalene species was in good agreement with the
cumulative "*C content of a methylated benzene and an olefinic
species.”® Another more recent study on coke residues in H-
SAPO-34 by Luo et al further revealed the presence of
methylated 2,3-dihydro-1H-indenes (Fig. 1a) as a bridge between
benzenes and naphthalenes.® In their proposed route to larger
polyaromatic molecules, the dihydroindene species appear after
alkylated benzenes, formed by dehydrogenation and cyclization
of the alkyl side chain.

several

a) b)

Fig. 1 Relevant structures on the path from polymethylbenzenes to
naphthalenes. For simplicity, the unmethylated structures are shown.
a) 2,3-dihydro-1H-indene b) 1,2,3,4-tetrahydronaphthalene )
1,2-dihydronaphthalene d) naphthalene.
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Another approach to cyclization is the direct formation of an
unsaturated sidechain, omitting the dehydrogenation of the
alkyl sidechain. In a study on the influence of HCHO in the
MTO process,"* Bollini et al show a possible reaction
mechanism involving HCHO. Through the reaction with
benzene, benzylcations can be formed, and addition of an olefin
leads to an unsaturated sidechain at the benzene ring. If the
sidechain contains four or more carbons, cyclization to a
naphthalene species is possible. The observed inhibitory effect
of water on this deactivation pathway is due to lower
formaldehyde concentrations, limiting this deactivation
pathway of formaldehyde.'* The presence of formaldehyde in
MTO reactions was previously investigated and found to
accelerate the deactivation of the catalyst by increasing
aromatics and  polyaromatics  formation.”” >  Other
experimental studies using photoelectron photoion coincidence
spectroscopy found cyclopentadienes, fulvenes and indenes as
reaction intermediates in coke formation.**~*® Possible reaction
mechanisms are the Diels-Alder dimerization of cyclopenta-
diene with subsequent isomerization to a
tetrahydronaphthalene species® and the reaction of benzene
and propyne to an indene species and further ring expansion to
naphthalene.®® Fulvenes are formed in the reaction of
cyclopentadienes and formaldehyde, and can isomerize to
alkylated benzenes and after further alkylation and cyclization
to naphthalenes.*® The reaction of dienes and formaldehyde to
cyclopentadienes was shown to contribute considerably to
zeolite deactivation by Foley et al.*>

Naphthalene formation also investigated
computationally. Wang et al. calculated reaction barriers with
the ®B97X-D functional for the formation of benzene,
naphthalene, anthracene and phenantrene in the supercages of
the H-MCM-22 zeolite.” Their investigated mechanism includes
alkylation of benzene, dehydrogenation of the side chain,
cyclization to tetrahydronaphthalene and subsequent
dehydrogenation to naphthalene. The highest barriers found
are the HT steps, with intrinsic free energy barriers between 155
and 165 kJ mol ™ at 400 °C.

In a combined experimental and computational study by
the group of Fan,*® alkylation of methylbenzenes with cyclic
carbocations was proposed as a pathway to form naphthalenes.
This way, the first species are cross-linked polyaromatics. They
calculated barriers for several pathways in zeolites H-ZSM-5, H-
SSZ-13 and H-beta, and reported the highest intrinsic free
energy barriers of naphthalene formation for H-SSZ-13 to be in
the range of 111-134 kJ mol ™" at 300 °C.

Yu et al. investigated the process leading to the formation
of coke using GC-MS, thermogravimetry and DFT calculations
to analyze the retained species in H-SAPO-34.*" They
identified three coke precursor species, for which reaction
barriers of two possible routes to naphthalene were
calculated. Their calculations start from an already alkylated
aromatic ring, with an unsaturated butene side chain, which
can cyclize either directly to a tetrahydronaphthalene, or to a
2,3-dihydro-1H-indene species, which expands after the first
hydrogen transfer to a trihydronaphthalene cation. In this

was
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pathway, the tetrahydronaphthalene species is not observed.
In the study of Yu et al., a 72-T model of H-SAPO-34 and the
®B97X-D functional was used. The pathway via the
tetrahydronaphthalene species was reported to have lower
intrinsic  barriers than the pathway involving the
dihydroindene species, though both pathways have feasible
reaction barrier heights. The naphthalene formation pathway
proceeding through 2,3-dihydro-1H-indene species is
supported by the findings of Luo et al,'® who found trace
amounts of methylated dihydroindene species in the retained
material after the MTO reaction on H-SAPO-34.

In this work, we investigate the formation mechanism of
naphtalenes in H-SSZ-13 using DFT calculations. As reactants, we
consider di-, tri- and tetramethylbenzene along with formaldehyde
and n-butene as olefins. Based on the computed free energy
barriers, we compare the expected rate of deactivation with
catalytic activities deduced from previous work.

2 Computational methods

In our computational model, the H-SSZ-13 unit cell contains 36
T-atoms (Si/Al ratio = 35), and its lattice parameters were
optimized in earlier work® to a = 13.625 A, b = 13.625 A and ¢ =
15.067 A. Geometry optimizations were done with DFT
calculations using the dispersion-corrected PBE- D3*%%
functional. A convergence criterion of 0.001 eV A and an
energy-cutoff of 400 eV were used. Calculations were carried out
with the Vienna Ab initio Simulation Package (VASP) version
6.4.3 in the Atomic Simulation Environment*® (ASE) with the
projector-augmented wave method*** and k-point sampling
only at the /-point. Transition states were calculated with the
automated relaxed potential energy surface scans (ARPESS)
method.*® Vibrational frequencies were calculated using the
harmonic oscillator, rigid rotator and free translator
approximations. Since low harmonic frequencies lead to large
errors in free energy calculations, we raised the vibrations below
12 em ™ to this value.***® For transition states, vibrational
analysis confirmed the presence of a single imaginary
frequency, and subsequent distortion along the direction of the
imaginary frequency was performed to confirm the connectivity
of reactant and product states. Calculations with PBE-D3
severely underestimate activation energies.”**® We therefore
computed periodic single-point energies with the dispersion-
corrected ®B97M-D4 functional,**>' which was shown to
describe barriers much more accurately than the PBE-D3
functional and mean absolute errors were within 10 kJ mol™
deviation of CCSD(T) cluster calculations.”

3 Results and discussion

Zeotypes in the chabazite (CHA) framework are routinely
studied as catalysts for the MTO process, mainly H-SAPO-34,
and also H-SSZ-13.">*°**® From a computational point of
view, the CHA framework is attractive because of its
simplicity, as it has only one unique T-site and a relatively
small unit cell. In this work, we chose to study H-SSZ-13,
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because this allows us to compare directly with our previous
computational investigations on this catalyst. We note that it
is furthermore relatively easy to transfer calculations from H-
SSZ-13 to H-SAPO-34.%*°°

We have investigated a mechanistic pathway for naphthalene
formation that involves polymethylbenzenes (polyMB), HCHO
and olefins as reactants based on several proposals in the
literature, in particular the work of Bollini et al'* Benzyl
carbenium ions and dihydroindenes are crucial intermediates,
which is supported by the work of Yu et al.** and the pathway
does not include tetrahydronaphthalene species, in alignment
with findings from Bjergen et al."*®

Fig. 2a) shows the reaction mechanism we investigated. First,
HCHO couples with the aromatic ring to benzyl alcohol (2), and
releases H,O to form the benzyl cation (4). This has various
mesomeric structures, in which the charge is distributed across
the ring, and is therefore relatively stable. n-Butene is added
from the gas phase, and the cation is alkylated at the methylene
group. Structure 5, a dihydroindene cation, is either formed in
one step (in the case of tetraMB as the substrate), or via a four-
membered ring intermediate (4'). Deprotonation of structure 5
leads to a dihydroindene species (6). To reach the naphthalene
product, the dihydroindene intermediate must release two units
of H, and expand the 5-membered ring to a 6-membered ring.
The release of H, units is modeled in two steps: first, a hydrogen
transfer (HT) step where a hydride is abstracted from the neutral
molecule by a surface methoxy species (SMS), followed by the
deprotonation of the cation to recover the acid site, similar to
the work of Wang et al.>* The first HT occurs at the ethyl side
chain at the indene 5-membered ring, subsequently the cationic
side chain (7) inserts into the ring to expand to a 6-membered
ring structure, the trihydronaphthalene ion (8). These are two
separate steps for the highest methylated sample, but di- and
trimethylbenzene ring expansion occurs spontaneously after
abstracting hydrogen, passing through intermediate 7, which is
not a stable intermediate in these two cases. After deprotonation
to a dihydronaphthalene species (9), the second HT and
deprotonation lead finally to the naphthalene product. The
oxidative HT step could in principle be also modeled as the
reaction with the acidic proton of the Brensted acid site,
resulting in H, formation. We decided to use CH, formation
from a surface methoxy species (SMS) as the model reaction,
because it shows lower reaction barriers than formation of H,
by 15-20 kJ mol™ (see Fig. S1), in addition to a more favorable
reaction free energy at the investigated temperature. In previous
computational work, this reaction was also used to model HT
reaction steps.”> Knowing that polyMBs are part of the aromatic
cycle, we chose to start from these structures rather than
benzene or butylbenzene. They are present in relevant
concentrations, and are more stable in the cages than pure
benzene.”” Following the proposal of Bollini et al,"* we chose
the addition of HCHO to the polyMB to introduce an
unsaturated side-chain, since removing hydrogen from a methyl
group has very high barriers and HCHO was already shown to
play a role in the formation of deactivating species.>*** As the
reacting olefin, we chose n-butene, which will lead to a

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 a) Reaction scheme of the investigated naphthalene formation mechanism. -R = dimethyl, trimethyl, tetramethyl. nMB = n-methylbenzene,

(n+1). MN =

(n + 1)-methylnaphthalene. b) Investigated isomers of reactants and products. c) Gibbs free energy diagrams of reaction free energies

for naphthalene formation with di-, tri- and tetramethylbenzene. Reaction barrier heights are indicated above the respective barriers. Reaction

temperature is 400 °C; reference pressure = 1 bar.

secondary cation in the first hydride transfer reaction (state 7,
see below). A reaction with propene or isobutene would lead to
a primary cation in the first HT step. The corresponding
reaction barriers for the reaction of propene or isobutene with
diMB are slightly higher (5-10 k] mol™) than that for the
reaction with n-butene (see Fig. S2). When we investigated the
addition of butene to the benzyl carbenium ions, we did not

This journal is © The Royal Society of Chemistry 2025

observe the formation of a cationic side chain, but rather the
concerted addition of the olefin's double bond to the methylene
group and benzene ring, yielding a bicyclic species, in
accordance with the findings from Yu et al** Additionally, our
mechanism does not give tetrahydronaphthelene species but
directly the dihydronaphthalene species, like in the study of

Bjorgen et al."
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In Fig. 2¢), the free energy pathways at 400 °C are shown for
the three investigated methylbenzenes (di-, tri- and
tetramethylbenzene). Barrier heights are indicated in the
figure, and are taken as difference between the free energy of
the transition state and the free energy of the most stable
preceding intermediate state. This state is explicitly named in
the figure for each barrier. Our model catalyst H-SSZ-13 has a
CHA structure, with cages large enough to accommodate
bicyclic aromatic molecules, connected by 8-ring windows
which hinder the diffusion of larger branched olefins or
benzenes.”® We therefore consider methylbenzenes in the
following as trapped species, while other reactants (HCHO,
MeOH, n-butene) are able to diffuse through the zeolite pores.
This justifies us to take the adsorbed methylbenzene as the
reference in Fig. 2c) and all other reactants in the gas phase.
The corresponding isomers of polyMBs are depicted in Fig. 2b).

After overcoming the first barriers, the benzylcation is the
first intermediate structure more stable than the inital state at
-17, -13 and 10 kJ mol™* for di-, tri-, and tetramethylbenzene,
respectively. The subsequent co-adsorption of n-butene leads to
an increase in free energy, with an alkylation barrier that is lower
than the preceding alcohol formation barrier in all three cases.
The large differences between the three samples is explained by
the different co-adsorption free energies, since the internal
barriers from the co-adsorbed state are more similar (6, 2.5 and
10 kJ mol ™) than the total barriers (94, 117 and 198 kJ mol ™).

SMS  formation barriers in the presence of
polymethylbenzenes were calculated previously in our group
and found to be mostly in the feasible range of 140-160 kJ
mol >’ so that we omitted them in the present study.

a) TS 1-2 b) TS 4-5

) TS 6-8
O OT°

D 2D
R fj;‘l‘t(lf{

o

Fig. 3 Structures of important transition states in the naphthalene
formation process starting from dimethylbenzene. Color code: blue: Al,
yellow: Si, red: O, brown: C, black: H. Bond lengths indicated in pm.
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Fig. 4 Structures of important intermediates in the naphthalene
formation process starting from dimethylbenzene. Color code: blue: Al,
yellow: Si, red: O, brown: C, black: H. Bond lengths indicated in pm.

While the formation of the benzylcation is energetically
similar for different methylsubstitutions, starting from the
cyclization to the second fused ring, the
tetramethylethyldihydroindene and later the penta-
methylnaphthalene species are higher in free energy than the
respective indermediates and products with fewer methyl
groups. To investigate framework effects on these energetics,
we compared the species 1, 6, 9 and 11 for each methylation
pattern in the gas phase with their counterparts inside the
zeolite. The differences show clearly that the energetic
penalty on the highest methylated species is due to
confinement effects, not general stability (see Fig. S3). This is
in line with findings from Haw and Marcus, who did not
observe naphthalene species with more than four methyl
groups in H-SAPO-34.°

Fig. 3 and 4 show the important transition states and
intermediate structures of the reaction pathway, exemplary for
dimethylbenzene. The first transition state (Fig. 3a) shows the
coupling of diMB with the protonated formaldehyde cation. The
newly formed C-C bond is already present in the TS structure,
with a bond length of 167 pm. The stable benzylcation (4)
formed after the dehydrogenation of the benzylalcohol is shown
in Fig. 4a). The depicted bond length of the methylene group
(137 pm) indicates that bond is rather a double bond than a
single bond, meaning that the positive charge is rather located
at the aromatic ring than at the CH,-unit, as represented by the
mesomeric structures in Fig. 2a). The transition state of the
alkylation (Fig. 3b) shows that the distance between the carbon
atoms forming a bond is rather large in the TS (329 pm). During
bond formation, the distance between the methylene group and

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cy00837a

Open Access Article. Published on 21 October 2025. Downloaded on 2/12/2026 1:10:20 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Catalysis Science & Technology

the ring-carbon enlarges to the typical bond distance of a
single bond. The dihydroindene species is shown in Fig. 4b).
The following image (Fig. 3c)) shows the transition state of
the first HT step. The hydrogen, methyl group and acid site
oxygen form a linear arrangement, and after the removal of
methane, the structure relaxes directly to the
dihydronaphthalene species (Fig. 4c)) by insertion of the ethyl
group into the 5-ring. The second HT step proceeds with a
hydrogen from the carbon atom adjacent to the first aromatic
ring (Fig. 3d)) and an analogous linear arrangement of
reactants, and the following deprotonation of the
hydronaphthalene species finally releases the product
trimethylnaphthalene (Fig. 4d)).

In the presented mechanism, we assumed the presence
of formaldehyde in the reaction mixture. Because it is a
highly reactive intermediate, formaldehyde is only observed
in trace amounts during the reaction of H-SAPO-34°> or H-
ZSM-5,*° due to its rapid reaction with olefins or aromatics.
3C-labelling experiments show, however, that formaldehyde
enables a fast reaction step, namely the Prins reaction with
olefins to dienes, on the formation pathway to aromatics
and finally coke.”® Since HCHO is a small molecule, we
assume that diffusion inside the zeolite pore is unhindered.
Several mechanisms exist, through which HCHO can be
formed in zeolites, such as disproportionation of MeOH
into CH;, HCHO and H,0,°*®**" decomposition of MeOH
into HCHO and H,®"®*®® or MeOH-mediated hydrogen
transfer (HT) to olefins yielding alkanes and HCHO®"“*’
(summarized in Fig. 5). In our group, reaction barriers for
all of these possible reactions were calculated for Brensted
and Lewis acid sites (LAS) in H-SSZ-13, and found to be in
the range of 177-239 kJ mol™ at 400 °C. The lowest free
energy barrier was found for the reaction of MeOH and
isobutene on LAS (177 kJ mol '), whereas the highest free
energy barrier corresponds to MeOH decomposition on the
bulk Brensted sites (239 kJ mol™).®" For hydrogen transfer
from MeOH to SMS, leading to CH, formation, we found a
free energy barrier of 222 k] mol™ at 748 K in H-ZSM-5,*
in good agreement with a value of 210 kJ mol™" deduced
from experimental kinetics. While the discussion above
refers to apparent free energy barriers for formaldehyde
formation, we note that apparent activation energies for

BAS: AG* = 222 kJ/mol €0

2 MeOH HCHO + HyO + CHy,
BAS: AG* = 239 kJ/mol 81
MeOH HCHO + H,
LAS: AG* = 201-223 kJ/mol 61
BAS: AG* = 210-239 kJ/mol 61
MeOH + CrHpp HCHO + CHanyo

LAS: AG* = 177-230 kJ/mol 61

Fig. 5 Possible reactions for HCHO formation on BASs and LASs
previously investigated by our group. The indicated reaction barriers
were computed at a temperature of 400 °C and a reference pressure
of 1 bar for all reactants. Barriers of the first reaction are taken from
ref. 60, and for the second and third reactions from ref. 61.
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\ 140-170 kJ/mol  201-236 kJ/mol

/

= HCHO

M HCHO MeOH
)L a4
olefin cycle aromatic
cycle
MeOH

Fig. 6 Placing the results of this work (highlighted in red) in the context
of MTO reactions. Reaction barriers for ethylene and propylene formation
(highlighted in blue) are taken from ref. 69 and ref. 70.

this reaction are generally lower, for example 75-80 KkJ
mol™ reported based on experiments in H-ZSM-5 at 621-
743 K.*° For the quoted examples above, with an apparent
free activation energy of 222 kJ mol™, the computed
apparent activation energy was 111 kJ mol™. Since the
three reactions shown in Fig. 5 give different reaction free
energies, which also strongly depend on partial pressures
of the involved gas phase species, we did not include the
HCHO formation in the Gibbs free energy diagram Fig. 2b).
Overall, the formation of HCHO has one of the highest free
energy barriers in the process, followed by HT reactions,
thus stressing again the critical importance of
formaldehyde in deactivation processes.

To assess the relevance of the presented naphthalene
formation mechanism, we compare our results with other MTO
reactions involving benzenes, shown in Fig. 6. The methylation
of benzenes proceeds easily,’”®® and the reported barriers in
the side-chain (168 kJ mol™ in H-$SZ-13%°) and paring
mechanism (142 k mol™ in H-$SZ-13,”° 139 k] mol™ in H-
SAPO-34°° and 168 k] mol? in H-ZSM-5°°) with
hexamethylbenzene are in general lower than the naphthalene
formation barriers found in this work. Free energy barriers for
ethene and propene production computed previously®”’® are
thus 30-60 k] mol™ lower than those for naphthalene
formation, which we therefore expect to have reaction rates that
are 3 to 6 orders of magnitude lower. Bleken et al. found that at
400 °C, H-SSZ-13 converted roughly 280 MeOH molecules per
active site before deactivation® (see the SI for details), which
agrees with a difference of 3 orders of magnitude between rates
for olefin synthesis and deactivation. We note that the
comparison of different processes in terms of free energy
barriers is of course simplified. While the free energies contain
the information for reaction rate constants, a full kinetic
simulation will also depend on coverages and diffusion. We
note in passing that activation energies (rather than
activation free energies) are in general insufficient to predict
reaction rates and catalytic activities since they lack the
activation entropy that will enter the calculation of a reaction
rate constant with transition state theory (TST) either as a
prefactor or - equivalently - as a contribution to the
activation free energy.
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Conclusion and outlook

In summary, we provide a computational analysis of a
naphthalene formation mechanism involving
polymethylbenzenes, formaldehyde, and butene. The process
is downhill in free energy, with reaction barriers of up to 202
k] mol™ (diMB), 201 k] mol™* (triMB), and 236 kJ mol™
(tetraMB), which clearly shows a preference of naphthalene
being produced from lower methylated benzenes. In this
case, the number of methyl groups in the reactant has the
opposite effect than in olefin formation processes, where the
highest methylated benzenes show the highest reactivity in
H-SAPO-34.>>°®"" Thus, an increased presence of highly
methylated benzenes in the CHA cages might slow down the
process of coking. The reaction barriers of naphthalene
formation found here are in an energy range accessible at
relevant temperatures, but still higher than barriers for olefin
formation, so that coke formation does not occur
immediately. The reactive formaldehyde has a dual role in
both forming reactive aromatics and unreactive coke
SpeCieS.14’27’32’36’61’67

We expect that the presented pathway is also viable in the
industrially relevant H-SAPO-34 catalyst because of the
analogous CHA structure, and the transferability of reaction
mechanisms between H-SSZ-13 and H-SAPO-34 has been
shown previously for both olefin and aromatic cycles.>*>¢
Further studies on this mechanism can include a different
choice of the reacting olefin (for example propene or
isobutene instead of n-butene). In H-ZSM-5, steric restrictions
inside the channels and intersections are more severe,'* so
that even highly methylated benzenes can be considered as
deactivating coke species and the olefin cycle is acting
dominantly over the aromatic cycle.”> Larger graphitic coke
species are thus rather formed at pore openings on the
external catalyst surfaces.'® Inside the zeolite pores, coke
formation begins with polymethylated benzenes in the
channel intersections, forming polyaromatics up to tricyclic
species, which could be observed in the straight
channels.”*”* Qi et al. observed that with a naphthalene co-
feed, methanol conversion at low temperatures (250 °C) can
be increased over H-ZSM-5, since the naphthalene molecules
also show a reactivity in the aromatic cycle, though formation
of naphthalene from a pure methanol feed was not observed
in their study.” This leaves room for further investigations
regarding naphthalene formation in H-ZSM-5.
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