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Abstract: 

Zeolites catalyzed methanol-to-olefins (MTO) conversion proceeds through 

hydrocarbon pool mechanism involving a series of elementary steps. The nature of active 

hydrocarbon pool species is yet to be clear in different zeolites. In this work, both 

aromatics-based and olefins-based cycles in H-SAPO-34 and H-SSZ-13 were systematically 

investigated using periodic DFT calculations with van der Waals (vdW) interaction corrected 

XC functional. Combining static adsorption energies and interconversion thermodynamics, 

we theoretically proved that 1,2,4,5-tetramethylbenzene (1,2,4,5-TMB) is the primary 

component of methylbenzenes in CHA-structured zeolites. The energetic span model was 

employed to compare the kinetics of both cycles in which 1,2,4,5-TMB and 

2,3-dimethyl-2-butene (iso-C6) were taken as hydrocarbon pool species. Both cycles follow a 

similar sequence of elementary steps. We demonstrate that iso-C6-based cycle is kinetically 

facile for the MTO conversion in H-SAPO-34 and H-SSZ-13. The rate-determining transition 

states are identified as the propagation of side ethyl chain in 1,2,4,5-TMB-based cycle and 

the cracking in iso-C6-based cycle, respectively. Our results show that the reactivity of 

1,2,4,5-TMB increases with acid strength from H-SAPO-34 to H-SSZ-13. The stabilities of 

carbenium ions, important intermediates in olefins-based cycle, increase with their size and 

zeolite acidity. These theoretical insights from energetic span model enable us to highlight 

the importance of olefins-based cycle in the MTO conversion and understand the 

dependence of the reaction mechanism on zeolite frameworks.  

 

Keywords: methanol-to-olefins conversion; zeolite catalysis; density functional theory; 

aromatics-based cycle; olefins-based cycle; hydrocarbon pool; H-SAPO-34; H-SSZ-13. 
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1. Introduction 

Sustainable production of fuels and chemicals is highly urgent in modern chemical 

industry. The interest in the use of methanol as source feedstock is rising as it can be 

produced from coal, natural gas, biomass, or CO2.1,2 Among the processes for methanol 

conversion, methanol-to-olefins (MTO) conversion catalyzed by acidic zeolites or zeotypes, 

e.g. H-SAPO-34 and H-ZSM-5, provides a promising alternative to produce light olefins such 

as ethene and propene.3,4 Last several decades have witnessed extensive investigations to 

improve catalyst performance and elucidate underlying reaction mechanism in both 

industrial and academic communities.5,6  

 

Unraveling the MTO reaction mechanism is highly challenging due to the complexity in 

product distribution and the difficulty in the identification of active intermediates.7-11 It is 

currently accepted that the MTO conversion follows a hydrocarbon pool (HP) mechanism 

from the joint experimental and theoretical investigations.12,13 The active center consists of 

inorganic frameworks with Brønsted acidic site and organic active components known as HP 

species.14 Aromatics like polymethylbenzenes (MBs) and/or olefins like higher olefins 

represent two kind of important HP species in the MTO conversion.15-20 The evolution of 

both types of HP species constitutes two different cycles, known as dual-cycle concept.17-19 In 

aromatics-based cycle, light olefins split off from side alkyl chains of cyclic compounds.8,9,21-24 

According to the formation route of side alkyl chains, two different routes (side chain vs. 

paring) were suggested.9,25 In olefin-based cycle, a similar methylation and cracking pathway 

of aliphatic chains is followed.20,26-28 It was found in H-ZSM-5 that ethene is exclusively 

produced from aromatics-based cycle, while propene and higher olefins are mainly produced 

via olefins-based cycle.17-19 Understanding the structure dependence of HP species on zeolite 

frameworks and the relative contribution of each cycles would be crucial to control the MTO 

catalytic performance, in particular selectivity.  

 

First-principles based theoretical calculation has exhibited its indispensable potential to 

unravel reaction mechanism and rationally design new catalysts for complex reactions.29-32 

In the case of theoretical studies on the MTO conversion, two different zeolite models were 

employed: cluster model and periodic model.31 Both the calculated state energies 

(E-representation), and the rate-constants (k-representation) of elementary steps were 

exploited to address the reaction mechanism and understand the effect of 

frameworks.21-23,33-37 However, inconsistency derived from both representations still remains 

based on the focus of viewpoint. For example, nature of active HP species is still unclear in 

Page 2 of 23Catalysis Science & Technology

C
at

al
ys

is
S

ci
en

ce
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t



3 
 

different zeolites. Recently, Shaik et al. proposed the energetic span model to build the 

connection between both representations for the efficient exploration of experimental and 

theoretical results.38 In this work, the MTO reaction mechanism including aromatics-based 

and olefins-based cycles in H-SAPO-34 was theoretically revisited using the energetic span 

model at reaction temperature (673 K). Both catalytic cycles in H-SSZ-13 were further 

addressed to understand the effect of framework composition, i.e. acid strength. We 

demonstrate that both aromatics-based cycle and olefins-based cycle involve a similar 

sequence of elementary steps, and olefins themselves are active HP species. It is very 

necessary to use energetic span model to have a better understanding on complex reactions 

like the MTO conversion from theoretical point of view.  

 

 

2. Computational methods and modeling 

Both H-SAPO-34 and H-SSZ-13 were represented by a 36T hexagonal cell having one 

acidic site at the O2 position (see Figure 1). It should be mentioned that the interaction 

between organic species in different voids could be completely avoided using this periodic 

36T model. All DFT calculations were performed using VASP software.39 The projector 

augmented wave (PAW) was used to describe electron-ion interaction with the plane wave 

basis set kinetic energy cutoff equal to 400 eV.40,41 The Bayesian error estimation functional 

with van der Waals (vdW) correlation (BEEF-vdW) was used.42 The sampling of Brillouin 

zone was only with Г point.43 The dimer method was utilized to locate all transition states.44 

A force threshold of 0.01 eV/Å was employed for structure optimization of all intermediates 

and transition states. The lattice constants were optimized using 800 eV energy cutoff and 

0.01 eV/Å force threshold (13.89, 13.89, 15.09 Å for AlPO-34, and 13.72, 13.72, 14.86 Å for 

CHA). All atoms in the cell were allowed to relax with the lattice constants being fixed. The 

harmonic frequency calculations employed a partial Hessian vibrational analysis (PHVA), 

including H atom of acidic site, and organic species part of involved states.45 The zero point 

energies (ZPE), enthalpies, entropies, and Gibbs free energies were then calculated from 

harmonic frequencies. Accuracy of PHVA was checked via the comparison to full Hessian 

vibrational analysis (FHVA). Details can be found in Supplementary material, S1.  
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3. Results and discussion 

 

3.1 Adsorption and interconversion of MBs 

Understanding the structure distribution of aromatics in zeolites is instructive to 

address the aromatics-based cycle and elucidate the deactivation behavior of catalysts.46 

Table 1 listed the adsorption enthalpies of different MBs in H-SAPO-34 and H-SSZ-13. Note 

that the adsorption of a hydrocarbon in zeolites usually depends on two opposite effects: 

Stabilization from dispersion interaction, and destabilization from steric repulsion 

interaction. The adsorption enthalpies of benzene are calculated to be around -70 kJ/mol in 

H-SAPO-34 and H-SSZ-13. The increase in adsorption enthalpies from benzene to xylenes 

implies that dispersion stabilization effect governs the interaction. The adsorption 

enthalpies of p-xylene (PX) are around -95 kJ/mol. For two different structures of 

trimethylbenzene (TriMB) and tetramethylbenzene (TMB) in H-SAPO-34 and H-SSZ-13, we 

found that their adsorption enthalpies differ more than 15 kJ/mol. The adsorption 

enthalpies of 1,3,5-TriMB and 1,2,3,5-TMB are even less than that of m-xylene, implying that 

both MBs start to suffer obvious steric constraints. 1,2,4,5-TMB is the MB that adsorbs 

strongest in H-SAPO-34 and H-SSZ-13 (~ 115 kJ/mol). With the increase in number of 

methyl groups, pentamenthylbenzene (PMB) and hexamethylbenzene (HMB) experience 

strong repulsion interaction with CHA-structured framework. The vdW surface was shown 

in Figure S1 to qualitatively describe the interaction between MBs and H-SAPO-34 

framework. Comparing the adsorption enthalpies of MBs in H-SAPO-34 and H-SSZ-13, we 

found that MBs without steric constraints (benzene, tolunene, xylenes) adsorb slightly 

stronger in H-SSZ-13 than in H-SAPO-34, due to the smaller cavity size of H-SSZ-13 than 

H-SAPO-34. The adsorption of MBs with four or more methyl groups are weaker in H-SSZ-13 

than in H-SAPO-34, in particular for HMB adsorption. The adsorption enthalpies of HMB in 

H-SSZ-13 and H-SAPO-34 are as low as -12 and -41 kJ/mol, respectively. The void of 

CHA-structured zeolites is therefore not spacious enough to accommodate HMB as a 

restricted-free HP species. It is surprising that the slight change in the void size may bring 

such noticeable difference of adsorption enthalpies in strong confined frameworks. The 

effect of channel size in the MTO conversion has also been observed in H-ZSM-12 and 

H-ZSM-22, and it is found that a slight size difference in channel may lead to dramatic 

difference in catalytic reactivity.47,48  

 

The adsorption enthalpies of these MBs were also calculated using PBE functional and 

other methods (DFT-D2, DFT-D3, vdW-DF, and vdW-DF2) to correct vdW interaction (see 
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Supplementary material, Table S7).49-53 The enthalpies of MBs were calculated to be similar 

(the differences are less than 10 kJ/mol) using BEEF-vdW, vdW-DF2 and DFT-D3 when the 

confinement effect of frameworks is not evident. However, they differ to a large extent in 

systems with strong confinement effect, such as HMB in H-SAPO-34 and H-SSZ-13. It raises 

an interesting question: how to accurately describe vdW interaction in strong confined 

frameworks?  

 

In the MTO conversion, the interconversion between different MBs usually follows 

methylation step to change the number of methyl groups. In this work, the Gibbs free 

reaction energies at different temperatures from benzene to other MBs were calculated to 

understand the distribution of MBs in H-SAPO-34 (see Figure 2). Methanol and water in 

gaseous phase were included for energy reference. The primary component of MBs in 

zeolites is that exhibits the highest exothermicity from benzene.  

 

At 0 K, the Gibbs free reaction energies from benzene to 1,2,4,5-TMB increase by about 

70 ~ 80 kJ/mol for each methyl group. Due to the steric constraints, the Gibbs free reaction 

energies from benzene to PMB and HMB are similar (-300 ~ -320 kJ/mol). Approximate 

neutrality in reaction enthalpies from TMB to PMB and HMB in H-SAPO-34 indicates that 

both PMB and HMB suffer obvious confinement effect. With the increase in temperature, we 

found that Gibbs free reaction energies decrease in absolute value, and the free reaction 

energies of higher MBs are more sensitive to temperature than those of lower MBs. The 

contents of MBs in zeolites may shift to lower MBs with temperature increasing. As showed 

in Figure 2, we conclude that 1,2,4,5-TMB is the main constituent of MBs in H-SAPO-34 at 

673 K. So is the case in H-SSZ-13, as the steric confinement effect is more severe in H-SSZ-13 

than in H-SAPO-34 for HMB and PMB adsorption. This theoretical insight from both static 

adsorption and dynamic interconversion analysis agrees well with several experimental 

findings. Haw et al. found that the average number of methyl groups per ring reaches a 

maximum of about 4 during the reaction in H-SAPO-34.15 Olsbye et al. observed in 

H-SAPO-34 that TMB and lighter MBs are the main constituent of MBs in retained 

hydrocarbons and only negligible amounts of HMB have been detected.54 Recently, Davis et al. 

also found that TMB is the primary occluded species for the partially deactivated H-SSZ-13.55 

Liu et al. clearly identified that 1,2,4,5-TMB and PMB (with less concentration) are 

predominantly formed in H-SAPO-34.56  

 

3.2 Evolution of aromatics-based and olefins-based cycles 
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Methanol adsorption at the acidic site is the initial step of the MTO reaction. The 

adsorbed structures in H-SAPO-34, H-SSZ-13 are presented in Figure 1. Methanol is 

physisorbed through hydrogen-bonding interaction with the frameworks. The protonated 

structures of methanol cannot be formed in both zeolites. As listed in Table 2, the adsorption 

enthalpies calculated using BEEF-vdW functional in H-SAPO-34 and H-SSZ-13 are -80 and 

-87 kJ/mol, respectively. Previous calculated adsorption results using different models or XC 

functionals were compared as listed in Table 2.57-59 We also calculated these adsorption 

enthalpies using other XC functionals with/without vdW interaction correction (see Table 2). 

Methanol adsorbs stronger in H-SSZ-13 by about 10 kJ/mol than in H-SAPO-34 as a result of 

difference in acid strength.  

 

Scheme 1 shows the detailed aromatics-based side chain hydrocarbon pool mechanism 

using 1,2,4,5-TMB as HP species in zeolites. The complete catalytic cycle consists of side alkyl 

chain propagation and side chain elimination.21-24 The gem-methylation (TS1-2) of aromatics 

is the first step of this cycle, leading to the formation of polymethylbenzenium ions (polyMB+, 

in M2). The methylation of polymethylmethylenecyclohexadiene (PMMC) intermediates with 

exocyclic double bond dedicates to the side chain propagation (TS3-4, TS5-6). Several 

different elimination pathways were previously proposed.21,24 Recently, an energetically 

facile pathway (M4/M6 � M10) was theoretically identified for the elimination of light 

olefins.22 More details on the evolution of aromatics-based cycle can be found in previous 

literatures.22,23 In the following section, the enthalpy barriers of elementary steps were 

briefly elucidated and compared to previous results.  

 

In this work, the methylation step was studied through concerted pathway in which the 

adsorbed methanol reacts directly with double bond of intermediates. It should be 

mentioned that the preferred methylation mechanism still remains in debate,60-62 and which 

may relate to reaction conditions due to the enthalpy-entropy trade-off: the stepwise 

pathway prevails at higher reaction temperatures and/or lower pressures while concerted 

pathway dominates at lower reaction temperatures and/or higher pressures. Despite of such 

debate, the preference of methylation pathway does not influence the conclusion of this 

work as the same reference state was used for comparison.  

 

The Gibbs free energy diagram of complete 1,2,4,5-TMB-based cycle in H-SAPO-34 at 0 

K and 673 K is given in Figure 3. The calculated enthalpy barriers at 0 K are 110, 82, and 102 

kJ/mol for the first, second, and third methylation steps, respectively. These values are 
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similar to the energy-based barriers in 1,2,3,5-TMB-based cycle in H-SAPO-34 (114, 87, and 

96 kJ/mol).23 The enthalpy barriers of the formation of the exocyclic double bond by 

deprotonation are 53 and 97 kJ/mol mediated by water. The enthalpy barriers are less than 

85 kJ/mol in three steps of the methyl shift along the carbon ring of carbenium ions with 

either side ethyl or iso-propyl chains (TS-MS1, TS-MS2, and TS-MS3). The elimination of the 

side ethyl and isopropyl chains (TS9-10) needs to overcome enthalpy barriers of about 81 

and 39 kJ/mol respectively to produce ethene and propene. It is observed that the stability of 

benzenium ions increases with the length of side alkyl chains (M2 < M4 < M6).  

 

Figure 4 is the Gibbs free energy diagrams of HMB- and PX-based cycles revisited in 

H-SAPO-34 for the propagation of side ethyl chain. The deprotonation of polyMB+ ions (M2 

� M3-W) is not included as it is an endothermic step. The adsorption enthalpies of methanol 

are around -88 kJ/mol with the presence of HMB or PX, same to that in 1,2,4,5-TMB-based 

cycle. The enthalpy barriers of the gem-methylation and PMMC methylation are similar to 

previously calculated energy-based results using GPAW package (M1 � TS1-2: 107 vs. 109 

kJ/mol and 127 vs. 132 kJ/mol, M3-M � TS3-4: 105 vs. 104 kJ/mol and 92 vs. 93 kJ/mol in 

HMB- and PX-based cycles).23 The stability of polyMB+ ions (M2) is observed to increase with 

the number of substituted methyl groups. Heptamethylbenzenium (heptaMB+) ion is much 

stable than trimethylbenzenium ion by about 50 kJ/mol in H-SAPO-34. The stability of the 

corresponding neutral intermediate PMMC (M3-M) is found to be less sensitive to the 

number of methyl groups. It should be noted that the gem-methylation of PX is highly 

endothermic, while the methylation of PX to form TriMB is exothermic. It is thus unlikely for 

PX as HP species to produce light olefins via aromatics-based cycle.  

 

Olefins-based cycle is originated from the olefin methylation and cracking route 

proposed by Dessau three decades ago.20,26-28 A complete reaction network was previously 

proposed based on the olefins-based cycle to rationalize the formation of olefins, alkanes, 

and aromatics.20 In this work, we consider 2,3-dimethyl-2-butene (iso-C6) as HP species in 

zeolites. Using this specific HP species, the olefins-based cycle bears the resemblance to 

aromatics-based cycle using 1,2,4,5-TMB as HP species, enabling the direct comparison of 

the kinetics. As showed in Scheme 1, iso-C6-based cycle also includes a series of similar 

elementary steps, such as methylation (TS1-2, TS3-4, TS5-6), deprotonation (TS2-3, TS4-5), 

shift of methyl groups (TS-MS1) and alkyl chain cracking (TS9-10) to produce light olefins. In 

order to directly compare the kinetics of both cycles, the same (side) alkyl chain cracking 

step was employed with the assistance of water.  
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The Gibbs free energy diagram of iso-C6-based cycle including key elementary steps in 

H-SAPO-34 is showed in Figure 5. The deprotonation of carbenium ions and shift of methyl 

group are excluded for study as they are facile steps. At 0 K, the enthalpy barriers of the three 

elementary methylation steps are around 90 kJ/mol, lower than those in 1,2,4,5-TMB-based 

cycle. Both the formed carbenium ions (M2, M4, and M6) and higher olefins (M3-W, M5-W, 

MX) are increasing stabilized with the number of carbon atoms. But their sensitivities to the 

size are different. The stability difference between tertiary carbenium ions and 

corresponding olefins systematically decreases with the size (66 > 49 > 33 kJ/mol for C7, C8, 

and C9 chains); the higher olefins are still the most stable species in H-SAPO-34. The 

enthalpy barriers for the cracking of C8+ and C9+ ions to produce ethene and propene are 75 

and 54 kJ/mol, respectively, similar to those in 1,2,4,5-TMB-based cycle (81 and 39 kJ/mol). 

 

The 1,2,4,5-TMB-based cycle in H-SSZ-13 was also studied in this work to understand 

the effect of framework composition or acid strength. As showed in Figure 6, the enthalpy 

barriers of elementary gem-methylation (93 vs. 110 kJ/mol) and methylation of exocyclic 

double bond (70 vs. 82 kJ/mol) in H-SSZ-13 are lower than those in H-SAPO-34. Methanol 

adsorbs slightly stronger in H-SSZ-13 than H-SAPO-34 (-93 vs. -88 kJ/mol) with the presence 

of 1,2,4,5-TMB. The framework composition highly influences the stability of polyMB+ ion 

(M2) (-85 vs. -57 kJ/mol). At 0 K, the overall enthalpy barrier of 1,2,4,5-TMB-based cycle in 

H-SSZ-13 is 131 kJ/mol, lower than that in H-SAPO-34 (142 kJ/mol).  

 

The Gibbs free energy diagram of iso-C6-based cycle in H-SSZ-13 is showed in Figure 7. 

The methylation is more facile in H-SSZ-13 than in H-SAPO-34. The enthalpy barriers for 

three methylation steps are 71, 82 and 74 kJ/mol in H-SSZ-13. The stability difference 

between tertiary carbenium ions and olefins in H-SSZ-13 decrease with the size (43 > 26 > 9 

kJ/mol for C7, C8, and C9 chains). The decrease of 16 – 17 kJ/mol for each carbon atom is 

similar in both H-SSZ-13 and H-SAPO-34. The carbenium ions is more stabilized in H-SSZ-13 

than in H-SAPO-34 with the same size. The stability of carbenium ions would be more 

sensitive to its size and framework of zeolites. Due to the stabilization of framework on 

carbenium ions, the barriers of elementary cracking steps are higher in H-SSZ-13 than in 

H-SAPO-34 by about 10 kJ/mol (62 vs. 54 kJ/mol for propene elimination, 85 vs. 75 kJ/mol 

for ethene elimination). The optimized transition state structures of the elimination steps in 

both 1,2,4,5-TMB-based and iso-C6-based cycles are showed in Figure 8. Similar C-C 

breaking distances are observed in both cycles to produce ethene (2.6 Å) or propene (2.9 Å). 
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The distances of C-H breaking and O-H forming are around 1.3 ~ 1.4 Å.  

 

3.3 Energetic span model analysis of aromatics-based and olefins-based cycles 

We are now in a position to rationalize the calculated Gibbs free energy diagrams at 

MTO reaction temperature (673 K) for understanding the reaction mechanism and the 

nature of HP species in CHA-structured zeolites. Aromatics-based cycle in a large number of 

zeolites including H-SAPO-34, H-ZSM-5, and H-MCM-22 has been systematically studied 

using cluster or periodic models.21-24,35,36,63 The rate constants of elementary steps were 

calculated and employed to identify the preferred reaction cycle and rate-determining steps. 

The calculated rate constants of the methylation and elimination steps in H-SAPO-34 and 

H-SSZ-13 are listed in Table 3. The methylation step, either on the gem-position of aromatics 

or the exocyclic double bond, is slower than the elimination steps to produce ethene or 

propene in aromatics-based cycle; this is in line with previous theoretical results in cluster 

H-SAPO-34 model.22 Methylation activity of aromatics also increase with acid strength of 

zeolites, similar to the methylation of light olefins.45,64 The methylation step of aromatics is 

previously considered as the key step in this cycle.22,56 However, as many theoretical works 

indicated,23,36,63 the deprotonation step to form PMMC intermediate with exocyclic double 

bond is highly endothermic. The formed PMMC intermediate is therefore unstable compared 

to the reactants. The concentration of PMMC intermediate would be very low, and which can 

usually be estimated using Boltzmann distribution relative to the lowest intermediate (M1, 

at 0 K) or reactants (M0, at 673 K); it was previously revealed by kinetic Monte Carlo 

simulation.36 Desorption of water and adsorption of methanol for the methylation of 

exocyclic double bond also leads to extra entropy loss (~ 20 kJ/mol at 673 K). So just 

focusing on a single elementary step may not guarantee unbiased understanding of the 

calculated results in reactions with complex network.  

 

In the energetic span model, Shaik et al. highlighted that the kinetics of the reaction 

cycle cannot be determined by single transition state.38 They pointed out that the concept of 

rate-determining steps is misleading, and proposed the concept of rate-determining states. 

This model can be used to understand catalytic activity and selectivity for reactions involving 

complex network.  

 

In 1,2,4,5-TMB-based cycle (see Figure 3), the rate-determining transition state is the 

methylation of exocyclic double bond to propagate side ethyl chain (TS3-4); the 

rate-determining intermediate is methanol in adsorption (M1, at 0 K) or in the gas phase 
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(M0, at 673 K). The energetic span can then be estimated according to the energies of both 

rate-determining states and their relative order in the cycle.38 The energetic span, also 

termed as overall Gibbs free energy barriers, is around 200 kJ/mol in aromatics-based cycle 

in H-SAPO-34 at 673 K. HMB is not more reactive than TMB via aromatics-based cycle in 

H-SAPO-34, in line with energy-based calculations using periodic 12T model.23,36  

 

In iso-C6-based cycle, the intermediate for methylation is higher olefins, and they are 

stable intermediates compared to the unstable PMMC in aromatics-based cycle. The alkyl 

chain cracking is the rate-determining transition state, and the most stable cracking 

precursor (higher olefin, or carbenium ion) is the rate-determining intermediate. As showed 

in Figure 5, C8 olefin (M5-W) is the rate-determining intermediate in iso-C6-based cycle 

eliminating both ethene and propene at 673 K in H-SAPO-34. While in H-SSZ-13 (see Figure 

7), we found that tertiary C9+ ion (M6) is even more stable than the corresponding C9 olefin 

at 673 K, and this ion is therefore the rate-determining intermediate for propene elimination. 

These results may imply that higher tert-carbenium ions could be experimentally identified 

in zeolites with stronger acid strength. It should be noted that the stabilities of the 

rate-determining transition state and intermediate vary with zeolite framework composition 

or topology. As mentioned in previous works,64-66 the relative stabilities of carbenium ions or 

ion pair intermediates are more sensitive to acid strength than that of alkoxides and olefins.  

 

As showed in Figure 3, because the side iso-propyl chain propagation is kinetically less 

favored compared to the ethene elimination, we conclude ethene is more selective than 

propene in aromatics-based cycle in H-SAPO-34 at 673 K. This reproduced previous 

theoretical results in H-SAPO-34 and experimental results in H-ZSM-5.17,22,23 From the 

overall Gibbs free energy barriers (energetic span) of 1,2,4,5-TMB-based and iso-C6-based 

cycles (see Table 4), we found that iso-C6 seems to be more reactive than 1,2,4,5-TMB as HP 

species in H-SAPO-34 and H-SSZ-13. The energy span of iso-C6-based cycle is much less than 

that of 1,2,4,5-TMB-based cycle by about 40 kJ/mol in H-SAPO-34 at 673 K. In iso-C6-based 

cycle, ethene seems to be less selective than propene. In H-SSZ-13 with stronger acid 

strength, the energy span in both 1,2,4,5-TMB-based cycle and iso-C6-based cycle to produce 

ethene decreases by about 15 kJ/mol, while it increases slightly in iso-C6-based cycle to 

produce propene. So the selectivity to ethene may increase with the acid strength. It may 

explain the experimental findings that the ethene to propene ratio is higher in H-SSZ-13 than 

in H-SAPO-34.67  
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3.4 General discussion 

In H-SPAO-34 catalyzed MTO conversion, it is experimentally reported that the ratio of 

propene to ethene is around 1, and the total selectivity to propene and ethene is over 80%.67 

To understand how the MTO conversion proceeds in H-SAPO-34, we should make the 

following findings clear. First, ethene is selectively favored than propene in aromatics-based 

cycle.17 Second, propene is more active than ethene to participate in olefins-based cycle in 

methylation step.37,45 Third, the diffusion of propene is severely restricted in CHA-structured 

framework.68 Combining all these findings, it is more plausible that the olefins-based cycle is 

at least present in parallel with the aromatics-based cycle for the MTO conversion in order to 

explain the experimentally observed selectivity in H-SAPO-34. Utilizing NMR and DFT 

calculations, we recently identified some important intermediates (dienes, 

methylcyclopropanes) related to olefins-based cycle before the formation of aromatics, 

further highlighting the importance of olefins-based cycle in H-SAPO-34 catalyzed MTO 

conversion.69  

 

PolyMB+ ions, in particular heptaMB+ ion, were experimentally identified to favor 

aromatics-based cycle.70,71 These ions can be stabilized by increasing acid strength of 

zeolites or number of methyl groups. As shown in Figure 4, heptaMB+ ion (M2) in H-SAPO-34 

is only 5 kJ/mol less stable than co-adsorbed methanol and HMB (M1) at 673 K, suggesting 

that such kind of ions could be observed at MTO reaction temperature. However, as the 

methylation of PMMC with exocyclic double bond is rate-determining transition state in 

aromatics-based cycle, the identification of PMMC becomes important. To date, there are no 

direct experimental evidence to confirm the presence of PMMC.  

 

In this work, we only consider iso-C6 as one example of HP species in olefins-based 

cycle and which involves a similar sequence of elementary steps with aromatics-based cycle. 

We should mention that the olefins-based cycle is not limited to iso-C6 as HP species because 

the methylation and isomerization of olefins are facile in zeolites.20 Due to the complexity in 

the distribution of cracking precursors and cracking modes, we believe more energy-feasible 

pathways may exist to split off olefins in the MTO conversion. We previously demonstrated 

that the distribution of cracking precursors, which depends on zeolite structures and 

reaction conditions, influences reactivity and selectivity.20 As a result, direct comparing the 

kinetics of olefins-based and aromatics-based cycles in different frameworks and reaction 

conditions is essential to rationally design zeolite catalysts and optimize operation 

conditions.  
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4. Conclusion 

To summarize, using periodic DFT calculations with vdW interaction corrected XC 

functional, we systematically investigated the aromatics-based and olefins-based cycles in 

H-SAPO-34 and H-SSZ-13. Both zeolites exhibit the same CHA framework topology with 

different framework composition. We found that 1,2,4,5-TMB is the major component of MBs 

in H-SAPO-34 and H-SSZ-13 from static adsorption and dynamic interconversion analysis, 

consistent with a series of experimental findings. 1,2,4,5-TMB and 2,3-dimethyl-2-butene 

were respectively considered as the HP species in aromatics-based and olefins-based cycles 

to build reaction networks involving similar sequence of elementary steps (methylation, 

deprotonation, methyl group shift in isomerization, and elimination/cracking). We 

demonstrate that the aromatics-based and olefins-based cycles are mechanically similar, as 

both cycles consist of (side) alkyl chain propagation and elimination steps. Because it is 

challenging to understand the calculated results in complex reactions, the energetic span 

model was employed to identify the preferred reaction mechanism and rate-determining 

states. We point out that in HSAPO-34 and H-SSZ-13 the side ethyl chain propagation is 

rate-determining in aromatics-based cycle; while in olefins-based cycle, the alkyl chain 

elimination/cracking is rate-determining. The direct comparison of energetic span in both 

cycles makes us place the olefins-based cycle on a strong foundation in zeolites catalyzed 

MTO conversion.  
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Figure 1. Adsorption structures of methanol in H-SAPO-34 (left) and H-SSZ-13 (right) 

simulated using periodic 36T model.  
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Figure 2. Gibbs free reaction energies of different MBs from benzene through repeated 

methanol methylation [Benzene + n*CH3OH � MB(CH3)n + n*H2O] in H-SAPO-34 at different 

temperatures. All energies are relative to gaseous methanol and water.  
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Figure 3. Gibbs free energy diagram of complete 1,2,4,5-TMB-based side chain hydrocarbon 

pool mechanism in H-SAPO-34 at 0 K (dotted line) and 673 K (solid line). The cycle consists 

of side ethyl chain propagation (in black), ethene elimination (in blue), and propene 

elimination (in red).  

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Gibbs free energy diagram of (left) HMB-, and (right) PX-based side chain 

hydrocarbon pool mechanism in H-SAPO-34 at 0 K (dotted line) and 673 K (solid line). 
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Figure 5. Gibbs free energy diagram of iso-C6-based hydrocarbon pool mechanism in 

H-SAPO-34 at 0 K (dotted line) and 673 K (solid line). The cycle consists of alkyl chain 

propagation (in black), ethene elimination (in blue), and propene elimination (in red).  
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Figure 6. Gibbs free energy diagram of 1,2,4,5-TMB-based side chain hydrocarbon pool 

mechanism in H-SSZ-13 at 0 K (dotted line) and 673 K (solid line). 
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Figure 7. Gibbs free energy diagram of iso-C6-based hydrocarbon pool mechanism in 

H-SSZ-13 at 0 K (dotted line) and 673 K (solid line). The cycle consists of alkyl chain 

propagation (in black), ethene elimination (in blue), and propene elimination (in red).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Optimized transition state structures splitting off ethene (left) and propene (right) 

in 1,2,4,5-TMB-based (top) and iso-C6-based (bottom) cycles in H-SAPO-34. The distances 

are given in Å.  
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Table 1. Adsorption enthalpies (kJ/mol) of MBs in H-SAPO-34 and H-SSZ-13 calculated using 

BEEF-vdW functional.  

MBs H-SAPO-34 H-SSZ-13 

benzene -69 -73 

toluene -88 -93 

o-xylene -97 -101 

m-xylene -90 -91 

p-xylene -96 -98 

1,3,5-TriMB -84 -84 

1,2,4-TriMB -99 -99 

1,2,3,5-TMB -86 -80 

1,2,4,5-TMB -116 -114 

PMB -87 -76 

HMB -41 -12 

 

 

Table 2. Adsorption enthalpies (kJ/mol) of methanol in H-SAPO-34 and H-SSZ-13 calculated 

using different XC functionals. Previous calculated results by other researchers are included 

for comparison with ZPE correction (6 kJ/mol). 

 H-SAPO-34 H-SSZ-13 

BEEF-vdW -80 -87 

vdW-DF -90 -98 

vdW-DF2 -90 -98 

DFT-D2 -101 -112 

DFT-D3 -99 -109 

PBE -65 -74 

Trout et al.57  -85 ~ -88 

Swang et al.58 -75 -92 

Van Speybroeck et al.59 -84 -104 
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Table 3. Gibbs free energy barriers (ΔG≠int, kJ/mol) and rate constants (k, s-1) for the 

methylation and elimination steps in 1,2,4,5-TMB-based and iso-C6-based cycles in 

H-SAPO-34 and H-SSZ-13 at 673 K. 

 

ΔG≠int k 

H-SAPO-34 H-SSZ-13 H-SAPO-34 H-SSZ-13 

TMB iso-C6 TMB iso-C6 TMB iso-C6 TMB iso-C6 

TS1-2 117 105 107 82 1.1×104 1.0×105 7.1×104 5.7×106 

TS3-4 91 90 84 79 1.2×106 1.5×106 4.0×106 9.7×106 

TS5-6 117 101  90 1.2×104 2.1×105  1.4×106 

TS9-10/C2 94 100  113 7.7×105 2.4×105  2.2×104 

TS9-10/C3 60 82  91 2.8×108 6.1×106  1.1×106 

 

 

 

 

 

 

Table 4. The overall Gibbs free energy barriers (ΔG≠, energetic span, kJ/mol) of 

1,2,4,5-TMB-based and iso-C6-based cycles in H-SAPO-34 and H-SSZ-13 at 0 K and 673 K.  

 ΔG≠0 K ΔG≠673 K 

 H-SAPO-34 H-SSZ-13 H-SAPO-34 H-SSZ-13 

1,2,4,5-TMB-based cycle 142 131 196 182 

iso-C6-based cycle to C3 129 124 157 163 

iso-C6-based cycle to C2 161 154 185 170 
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Scheme 1. Similarities between aromatics-based and olefins-based cycles in zeolites (HZ) 

for the MTO conversion.22,23 1,2,4,5-TMB and iso-C6 were taken as examples of HP species in 

both cycles. The adsorption of HP species in zeolites (M0) is the starting state for energy 

reference as they cannot diffuse away from voids in CHA-structured zeolites. Besides 

confined organic species, the adsorbed methanol or water, and zeolites (HZ or Z-), which are 

depicted as superscript or subscript at the right of each organic species, constitutes the 

calculated intermediate states of the cycle. Methanol for the growth of side alkyl chains was 

introduced through substituting adsorbed water at acidic site. 
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Both aromatics-based and olefins-based cycles involve similar sequence of elementary steps. 

Energetic span model analysis indicates olefins are active hydrocarbon pool species in 

H-SAPO-34 and H-SSZ-13 for the methanol-to-olefins conversion.  
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