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Hybrid density functional theory calculations are used to investigate different mechanisms of the isomerization of n-butane to isobutane via intermediate formation of olefins. The monomolecular mechanism for isomerization of butene and isobutene is found to be prevalent, with a Gibbs free energy barrier of 155 kJ/mol at 400°C, compared to the bimolecular mechanism (190 kJ/mol) due to less favorable entropy for the latter. Hydrogen transfer reactions that convert olefins into alkanes (and vice versa) are also included in the investigations, and show a free energy barrier of 203 kJ/mol for conversion of isobutene to isobutane. Additionally, a methyl transfer mechanism is discussed as a possible pathway for formation of C3 and C5 side products, in comparison to the bimolecular mechanism; the highest barrier of the initial methyl transfer is calculated to be 227 kJ/mol. We discuss the influence of entropy and anharmonicity on all mechanisms, stating that through the uncertainties in computational methods when calculating these systems, the calculated reaction barriers are likely to be overestimated here.
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1 INTRODUCTION
In the cracking and refining of crude oil, short-chain hydrocarbons, like butane, are important products. The isomerization of n-butane to isobutane is performed on an industrial scale (Ono, 2003). The demand for isobutane is expected to further increase (Isobutane market to reach USD, 2021) since it is a feedstock, e.g., high octane fuels (Potter et al., 2020) and C4 alkylation reactions (Wulfers and Jentoft, 2015), and an important reactant in methyl-tert-butyl ether (MTBE) synthesis (Ono, 2003).
While the skeletal isomerization of long-chain olefins is rather well-understood and thought to occur via monomolecular pathways (Rey et al., 2019a; Rey et al., 2019b), mechanisms for the isomerization of n-butane are still debated, with experiments suggesting that a bimolecular mechanism might also play a dominant role (Bearez and Guisnet, 1983; Asuquo and Lercher, 1995; Houžvička and Ponec, 1997; Ono, 2003; Luzgin et al., 2005; Tuma and Sauer, 2005; Kangas et al., 2008). Although both the monomolecular and bimolecular mechanisms are widely accepted as the two possibilities for n-butane isomerization, no clear consensus has been reached yet about the extent of these pathways in product formation. While earlier research proposed the bimolecular mechanism as the main reaction pathway (Bearez and Guisnet, 1983; Asuquo and Lercher, 1995), recent research states that the monomolecular mechanism is favored (Houžvička and Ponec, 1997; Wulfers and Jentoft, 2015; He et al., 2017). The bimolecular pathway, however, is thought to be responsible for the formation of unwanted products that lead to lower product selectivity and deactivation of the catalyst (Houžvička and Ponec, 1997). In a recent article, the influence of both acid site density and support acidity/metal balance is discussed as an important factor impacting the participation ratio of the monomolecular to bimolecular mechanism (Potter et al., 2020).
Both mechanisms are thought to occur via the formation of olefinic intermediates. Recently, the effect of olefin concentration in the feed on the conversion and product distribution has been investigated, and calculation of the activation energy for isobutane formation indicates a monomolecular mechanism (Wulfers and Jentoft, 2015). However, further investigations are still needed to understand how side products with different chain lengths such as C3 and C5 are formed.
The aim of this work is to investigate the isomerization pathways catalyzed by the H-SSZ-13 zeolite (CHA structure), chosen as a model catalyst due to its computational simplicity and common use. The monomolecular isomerization pathway (He et al., 2017), the bimolecular pathway, and alkane–alkene hydrogen transfers (HT) are modeled using hierarchical cluster models and accurate hybrid-functional DFT calculations. Additional mechanisms that lead to C3 and C5 products are also investigated.
2 COMPUTATIONAL DETAILS
The H-SSZ-13 zeolite with CHA structure has a narrow pore window size of 0.38 × 0.38 nm (Breck and Breck, 1973). A CHA unit cell containing 36 T-sites has been chosen for this work. The optimized periodic CHA structure has lattice parameters of [image: image]. As CHA has only one distinguishable T-site, substitution of one out of the 36 Si atoms in the unit cell with Al, and compensating the charge with an acidic H atom, leads to the structure shown in the SI in Supplementary Figure S1A, with a Si/Al ratio of 35.
Geometry optimizations and energy calculations of periodic structures have been performed with the VASP program package (Kresse and Hafner, 1993; Kresse and Hafner, 1994; Kresse and Furthmüller, 1996a; Kresse and Furthmüller, 1996b; Kresse and Joubert, 1999) in version 5.4.1 using the atomic simulation environment (ASE) Python library as a facilitator (Hjorth Larsen et al., 2017), at the PBE-D3 level of theory (Perdew et al., 1997; Grimme et al., 2010). The projector augmented wave (PAW) method was used with standard PAW potentials, an energy cutoff of 400 eV for the wave function, an SCF energy convergence criterion of 10–8 eV, and a geometry convergence criterion of 10–2 eV/Å for atomic forces. The Brillouin zone was sampled only at the Γ-Point. Transition state optimization was performed using automated relaxed potential energy surface scans (ARPESS) (Plessow, 2018). As there are four different oxygen sites that the acid proton can occupy, it has been ensured that for all structures, the energetically most favorable structure or transition state is chosen. For the clean acid site, the hydrogen atom is bound to the crystallographic O4 position. Harmonic frequencies were computed based on a partial Hessian, where the adsorbate as well as the acid site (Al) and its four neighboring oxygen and silicon atoms are included. All stationary states were confirmed to contain the correct amount of imaginary harmonic frequencies, i.e., 0 for minima and 1 for transition states. Entropy contributions at the given temperature were calculated using the harmonic approximation, where all frequencies under a threshold of 12 cm-1 are treated as 12 cm-1 to avoid inaccuracies in the entropy for low-frequency vibrations (Brogaard et al., 2014a; Brogaard et al., 2014b).
To improve the accuracy of the computed energies at the PBE-D3 level, which widely underestimates barriers in zeolite catalysis (Goncalves et al., 2019), smaller non-periodic 46T cluster models were constructed (see Supplementary Figure S1B in the SI), as described by Goncalves et al. (2019). Single-point calculations were performed for them, using the TURBOMOLE program package (Ahlrichs et al., 1989; Von Arnim and Ahlrichs, 1998) and the hybrid M06 functional (Zhao and Truhlar, 2008), as this has been shown to provide very accurate reaction energies and barriers (Goncalves et al., 2019). Corrections were calculated according to Equation (1), where the differences between the PBE-D3 functional (Perdew et al., 1997; Perdew et al., 2008; Perdew et al., 2009) and the M06 functional (Zhao and Truhlar, 2008), both using the def2-TZVPP basis set (Weigend et al., 2003; Weigend and Ahlrichs, 2005), were calculated. The final energy E of a structure is accordingly given by
[image: image]
Free energies were calculated in the harmonic oscillator approximation at T = 400°C and p = 1 bar.
3 RESULTS AND DISCUSSION
3.1 Reaction overview
The H-SSZ-13 zeolite in the chabazite structure has been chosen due to its simplicity with only one possible T-site for Al substitution. A general scheme of the reaction mechanism is shown in Figure 1. It is important to note that the direct skeletal isomerization of n-butane to isobutane is kinetically hindered and does not take place at reasonable reaction conditions (Kangas et al., 2008). It is, therefore, generally assumed that this reaction involves the formation of olefins through dehydration of n-butane. We choose a temperature of 400°C for our calculations in this work, as it is representative of general reaction conditions in butane isomerization, even though it lies toward the upper end of temperatures used for this reaction (Asuquo and Lercher, 1995; Adeeva and Sachtler, 1997; Wulfers and Jentoft, 2015; He et al., 2017; Wang et al., 2018). We calculated the direct dehydrogenation barrier of n-butane to the n-butyl cation and H2 to be 247 kJ/mol at 400°C (see Supplementary Figure S2) and, therefore, disregard this reaction as a possibility for olefin production. However, as shown in Figure 1, olefins only need to be present in catalytic amounts as they can be interconverted by hydrogen transfer (HT) reactions, though each butane has to go through an olefinic state in the reaction mechanism.
[image: Figure 1]FIGURE 1 | Overview of the n-butane isomerization reaction mechanism. The actual isomerization reaction is that of 2-butene to isobutene, shown in the top left. Through methyl transfer, hydrocarbons of differing carbon chain length can be obtained as well. n-Butane, together with an olefin, is catalytically converted by two successive hydrogen transfers (HTs) to the respective alkane and 2-butene, which can then again isomerize to isobutene. The main reaction of n-butane to isobutane is shown in red.
Using olefins as the reactive species, we will discuss the outcome of our calculations for the monomolecular and bimolecular isomerization reactions of 2-butene to isobutene along the lines discussed in the literature. In principle, 1-butene could also act as a reactant, as the isomerization between 1-butene and 2-butene is facile at 128 kJ/mol at 400°C (see Supplementary Figure S3), but we will specifically focus on 2-butene as the reactant in this work. Afterward, we will discuss the energetics of the two HTs that convert olefins into alkanes and vice versa. Last, we will take a look at a methyl transfer (MT) mechanism involving surface methoxy species (SMS) as a potential source for the side products propane and pentane. This reaction pathway also involves two HTs and can be seen as the reverse reaction of the methylation of olefins in the methanol-to-olefin process (Plessow and Studt, 2017). Last, we compare the results for the different mechanisms and assess their influence on the overall reaction performance.
3.2 Monomolecular mechanism
The monomolecular pathway (also called unimolecular pathway) was investigated based on the transition state geometries reported by He et al. (2017), who investigated the reactions over H-ZSM-23 and H-ZSM-48 zeolites using the combined B3LYP:UFF method ONIOM scheme. The related reaction mechanism is shown in black in Figure 2A, and the corresponding enthalpy and free energy diagrams for the pathway are shown in Figures 2B, C, respectively. Images of transition states, as well as important bond distances, are shown in Supplementary Figure S2. This reaction pathway is similar to the one proposed by He et al., albeit with the difference that we focused on 2-butene as the reactant, while He et al. started from 1-butene. As the double-bond migration in 1-butene is much faster than the skeletal isomerization reactions (Kangas et al., 2008), this does not affect the findings presented here. There is another difference in the proposed mechanisms: He et al. found that 2-butene (E2) is protonated by the acid site proton and immediately forms n-butoxide. The n-butoxide then isomerizes to isobutoxide, passing through a cyclopropyl transition state. Our calculations indicate that the 2-butyl cation (A1) that forms after the protonation is a local minimum. However, the barriers for decomposition of this cation toward 2-butene or isobutoxide are very low (6 and 3 kJ/mol, respectively), making it an unstable intermediate. The 2-butyl cation isomerizes through a structurally very similar cyclopropyl transition state to form isobutoxide (A2), see Supplementary Table S1. This is also true for the following two transition state structures, which are again very similar to those identified for H-ZSM-23 and H-ZSM-5 by He et al. (2017). In the next step, the C–O bond of the isobutoxide is broken; the proton from the adjacent carbon then shifts over to yield the stable tertiary isobutyl cation (A3). In the final step, the acid site abstracts a proton from the cation, and isobutene (P1) is formed. Isobutene can then desorb from the pore into the gas phase, leaving the empty zeolite behind (P2).
[image: Figure 2]FIGURE 2 | (A) Overview of the monomolecular (black) and bimolecular (red) 2-butene isomerization mechanisms, referenced to the empty H-SSZ-13 zeolite and 2-butene in the gas phase. Free energies of intermediate structures are shown next to the structures; free energies of the transition state structures are above the reaction arrows. All energies and barriers are calculated at T = 400°C. (B) Enthalpy diagram of the monomolecular and bimolecular 2-butene isomerization mechanisms. (C) Free energy diagram of the monomolecular and bimolecular 2-butene isomerization mechanisms. The highest barriers of the overall mechanisms are 190 and 152 kJ/mol, respectively. All energies are given in kJ/mol, at T = 400°C and 1 bar.
Our calculated pathway via the stable 2-butyl cation has an overall free energy barrier of 87 kJ/mol for conversion of 2-butene to isobutoxide, which is 39 kJ/mol lower than that of the previously considered mechanism over n-butoxide, which we also optimized in H-SSZ-13 (see Supplementary Figure S5 in the SI). Comparing the free energy diagram of this reaction (Figure 2C, black line) to the one in the work of He et al. (2017), we see that, with this lower isomerization barrier, the reaction from isobutoxide to the isobutyl cation now becomes the rate-determining step.
When referencing all energies and barriers to the empty H-SSZ-13 zeolite and 2-butene in the gas phase, we obtain an overall reaction barrier of only 152 kJ/mol at 400°C (see Figure 2C) for the considered monomolecular mechanism.
3.2 Bimolecular mechanism
In the bimolecular mechanism, two C4 olefins adsorb within the same zeolite pore and react with each other, forming a C8 intermediate that can undergo different hydrogen and methyl shifts. These shifts have been calculated to have very low reaction barriers (Plessow and Studt, 2020), which leads to a multitude of different C8 isomers being produced. After isomerization, the C8 intermediates can crack again to yield either different C4 species, in our case, n-butene and isobutene, or C3 and C5 olefins through uneven ß-scission. It is important to note that herein, we only considered one specific pathway for the C8 intermediate that yields the desired products, isobutene and 2-butene. We did this, as we can directly compare this to other mechanisms herein. The bimolecular mechanism investigated is shown schematically in Figure 2A in red; images of transition states and important bond distances are shown in Supplementary Figure S6.
After adsorption of two 2-butene molecules into the zeolite pore (B1), the 2-butene molecule closest to the active site is protonated, which triggers the formation of a new C–C bond between the now positively charged carbon adjacent to the protonated carbon and one of the sp2 carbons of the second 2-butene molecule, forming the 3,4-dimethylhexan-2-ylium ion (B2). This ion then first undergoes a methyl shift to a 2,4-dimethylhexan-3-ylium ion (B3) and then an HT to form the more stable tertiary 2,4-dimethylhexan-2-ylium ion (B4). Both these shifts have rather low barrier energies of 38 and 28 kJ/mol, respectively, and are, therefore, expected to happen fast once B2 has been formed. Last, the 2,4-dimethylhexan-2-ylium ion can crack into isobutene and the 2-butyl ion, which is readily deprotonated by the acid site to yield 2-butene (B5). The first and last transition states of the bimolecular pathway, olefin dimerization and cracking, mirror each other, with almost identical bond lengths in the transition states (see Supplementary Table S2). After desorption of both olefins (P1 and P2), one of the two reacting 2-butenes is isomerized to isobutene.
When comparing the calculated enthalpic (Figure 2B) and free energy pathways (Figure 2C) for the bimolecular mechanism, it is evident that there is a large difference originating from the huge entropy penalty due to the adsorption of two olefins within the pore of H-SSZ-13. While the bimolecular mechanism seems to be more favorable than the monomolecular mechanism as observed from Figure 2B, the inclusion of entropic contributions reveals that the bimolecular mechanism has higher overall free energy barriers. It should be noted that a similar effect has been observed for the concerted and stepwise mechanism of the methylation of olefins (Brogaard et al., 2014b). The most important difference between the monomolecular and bimolecular pathways is that in the latter, co-adsorption of a second olefin into the zeolite pore is necessary (E2 to B1).
This co-adsorption is unfavorable because of strong entropic effects, giving rise to a very high free energy after co-adsorption. The isomerization, on the other hand, is not very demanding: From two 2-butene molecules adsorbed in H-SSZ-13, the difference to the highest transition state is 62 kJ/mol, which is 36 kJ/mol lower than for the monomolecular pathway (98 kJ/mol). However, taking the adsorption energies and entropic penalties into account, the free energy difference between the reference molecules and the highest transition state is 190 kJ/mol for the bimolecular pathway, whereas it amounts to only 152 kJ/mol for the monomolecular pathway. This shows that when looking at the actual reaction barriers, it is essential to consider entropic effects. Doing so, we see that the bimolecular pathway has an overall free energy barrier that is 38 kJ/mol higher than that from the monomolecular pathway.
One of the reasons why the bimolecular pathway has been considered for n-butane isomerization is that through the possibility of uneven ß-scission, it can explain side product hydrocarbons with chain lengths other than 4. A barrier for the cracking of 2,3,4-trimethylpent-2-ene into C3 and iso-C5 has been calculated in earlier work (Plessow and Studt, 2018) and is shown to be 168 kJ/mol; 57 kJ/mol higher than that of the even scission of a similar C8 intermediate (E−3,4,4-trimethylpent-2-ene into C4 and iso-C4). Other uneven ß-scission reactions are calculated to exhibit even higher barriers. This shows that the even cracking toward two C4 species is favored for C8 cracking, likely because of the ability to form the stable t-butyl cation intermediate.
For the adsorption of alkanes in zeolites, investigations have been carried out assuming a loss of 1/3 of the molecule´s translational entropy upon adsorption, as the adsorbed species are still able to retain some translational modes inside the zeolite pore (Janda et al., 2016; Dauenhauer and Abdelrahman, 2018). We used this approximation herein (see Supplementary Figure S9 in the SI) and found free energy barriers of 95 kJ/mol for the monomolecular and 80 kJ/mol for the bimolecular pathway. This should be seen as a lower bound, as we would expect that a significantly higher fraction of translational entropy is lost when considering the tightly bound transition states (see Supplementary Figures S4C, S6A). However, this analysis nicely highlights that a different treatment of entropic contribution would decrease the overall barriers for the bimolecular pathway by twice the amount, hence decreasing their free energy differences.
3.3 Intermolecular hydrogen transfer mechanism
Until this point, we have only discussed the isomerization reaction of 2-butene to isobutene. A reaction mechanism for HTs between olefins and hydrocarbons is illustrated in Figure 3 for two C4 molecules as reactants. Images of the two transition states and important bond distances are shown for the reaction of n-butane with isobutene in Supplementary Figure S7. The free energies and barriers for propene, iso-butene, and 2-methyl-2-butene as the reactants are shown in Table 1.
[image: Figure 3]FIGURE 3 | Mechanistic scheme of the HT reactions to convert selected alkenes into the respective saturated alkanes. Shown here in blue is the mechanism for converting isobutene into isobutane; the same mechanism is used for converting propene into propane and 2-methylbut-2-ene into 2-methylbutane. Structure H2 needs to rotate 180° in the cavity before the second HT can take place. Intermediate energies and reaction barriers for this mechanism are given in Table 1.
TABLE 1 | Free energies and barriers for the HT mechanism presented in Figure 4, between n-butane and isobutene, propene, and 2-methylbut-2-ene as possible reactants (shown in blue). All energies and barriers calculated at T = 400°C and given in kJ/mol.
[image: Table 1]The reaction mechanisms are similar for all reactants: After co-adsorption of the olefin and n-butane within the zeolite pore (H1), protonation of the olefin with the proton from the acid site (TS1) yields the tert-butyl cation, co-adsorbed with n-butane (H2). The next reaction requires a rotation of the two co-adsorbed hydrocarbons by 180°. We assume the associated rotational barriers to be negligible based on previous work (Fecik et al., 2018). After rotation, n-butane now faces the acid site. Subsequently, a concerted reaction takes place as n-butane gets deprotonated by the acid site, while simultaneously a hydride is transferred from n-butane toward the isobutyl cation to form isobutane and 2-butene (H3).
As in the case of the bimolecular mechanism, two hydrocarbons have to co-adsorb within the zeolite pore, which is entropically unfavorable. Using isobutene and n-butane in the gas phase as the reference, the highest barrier would be deprotonation to yield 2-butene and isobutane, being 203 kJ/mol. This barrier is even higher than that of the bimolecular mechanism by 13 kJ/mol and is somewhat too high for the reaction to take place at reasonable rates at reaction conditions typically employed.
3.4 Methyl transfer mechanism
As discussed previously, C3 and C5 hydrocarbons are by-products formed during n-butane isomerization, which is typically attributed to the bimolecular mechanism. An alternative possibility for their formation that we investigate here is the transfer of a methyl group (methyl transfer, MT) from an olefin to the acid site, forming a surface methoxy species (SMS), while reducing the olefin length by one CH2 unit. For example, 2-butene is first protonated by the acid site, forming the 2-butyl cation, from which a CH3 group can then transfer back to the acid site, forming propene and an SMS. A detailed free energy diagram for the MT reactions is shown in Figure 4. Here, 2-butene adsorbed in H-SSZ-13 (E2) can undergo the aforesaid reaction to yield propene and an SMS (M1). The propene molecule can then desorb, leaving the SMS behind (M2). Now, a second 2-butene molecule can adsorb at the SMS (M3) and after being methylated yields 2-methylbut-2-ene and the empty acidic zeolite (M4). The 2-methylbut-2-ene molecule can desorb afterward and partake in the next reaction.
[image: Figure 4]FIGURE 4 | Free energy diagram of the formation of an SMS species and propene from 2-butene and successive methyl transfer (MT) to form 2-methylbut-2-ene. The rate-determining step is indicated to have a barrier of 227 kJ/mol at T = 400°C, referenced to the empty zeolite and 2-butene in the gas phase.
As evident from Figure 4, the reaction between n-butene and an acid site yielding an SMS is accompanied by a free energy barrier of 227 kJ/mol. After this first step, successive reactions that ultimately yield C3 and C5 alkanes all have somewhat lower barriers: 205 kJ/mol for the C5 pathway and 197 kJ/mol for the C3 pathway. The highest free energy barrier of the MT mechanism is 37 kJ/mol higher than the highest barrier within the bimolecular mechanism, rendering C3 and C5 formation unlikely through this pathway in comparison. It is important to note, however, that the comparison between the two reaction pathways also greatly depends on the partial pressures and temperature since the MT reaction is monomolecular. This indicates that, in general, side product formation may happen more easily through one or the other of the mechanisms, depending on the reaction conditions.
4 CONCLUSION AND DISCUSSION
Mono- and bimolecular isomerization mechanisms from 2-butene to isobutene, as well as HTs to form isobutane, have been studied in the H-SSZ-13 (CHA) zeolite structure using periodic DFT calculations with high-level hybrid-functional (M06) corrections on cluster models. A slightly modified monomolecular mechanism via a 2-butyl cation is proposed for this zeolite. Additionally, an alternative mechanism to produce non-C4 side products has been investigated, called methyl transfer mechanism, encompassing methyl transfers to and from the acid site of the catalyst.
The main results from our calculations are that the overall free energy barriers increase from the monomolecular (152 kJ/mol) to the bimolecular (190 kJ/mol) to the methyl transfer reaction mechanism (227 kJ/mol) when referenced to olefins in the gas phase at 400°C. Importantly, only the latter two can form C3 and C5 species that are observed experimentally. The reason for the high free energy barriers required for the bimolecular pathway lies in the large entropy penalty for the adsorption of two olefins within one pore of the zeolite, which is particularly important for the high temperatures (400°C) considered herein. Lower temperatures will hence eventually favor the bimolecular mechanism. It is important to note here that we only model the co-catalyst species as 2-butene. It could, in principle, also be any other unsaturated hydrocarbon, aliphatic or aromatic, like, e.g., cyclic hydrocarbons, which might be produced during the reaction through coking of the catalyst (Wei et al., 2022). In such a case, because bulky hydrocarbons cannot leave the CHA cavity, an adsorbed olefin would be the correct energy reference state, thus lowering the overall free energy barrier.
Comparing our findings to those of recent work on this topic in the literature, Wulfers and Jentoft (2015) found that on H-mordenite at temperatures of 534–583 K, reaction orders of 1.0–1.2 point toward a predominantly monomolecular isomerization. Adding small amounts of olefin to the reaction increased the formation of disproportionation products drastically, indicating that with the presence of olefinic species, the bimolecular mechanism becomes more dominant. We generally find similar qualitative trends, but point out that they used a different zeolite than the one in this study.
When discussing our theoretical results, we should highlight that while the enthalpy part of the free energy can be calculated at a reasonably high accuracy (<10 kJ/mol with M06/def2-TZVPP (Goncalves et al., 2019)), there is to date no realistic estimate to the errors originating from the harmonic oscillator approximation of entropic contributions, and therefore the calculation of accurate entropies remains a challenge (Kundu et al., 2016; Sprowl et al., 2016; Jørgensen and Grönbeck, 2017; Li et al., 2018; Amsler et al., 2021; Studt, 2021). DFT-based molecular dynamics (MD) simulations of isobutene adsorption in H-SSZ-13 have, for example, shown that the error in entropic contributions using the harmonic approximation between adsorption through the π-complex and carbenium ion is as high as 20 kJ/mol at 400°C (De Wispelaere et al., 2022). Similarly, Piccini et al. showed that the -T∆S term for the case of adsorption of ethanol in H-ZSM-5 is different by approximately 20 kJ/mol at 400 K when comparing the harmonic and anharmonic approximation (Piccini et al., 2018), which is similar to the findings of Alexopoulos et al. (2016). We thus speculate that the error of the entropic part (-T∆S) of the highest transition state of the bimolecular mechanism (B1-B2) is larger than those reported for small molecules such as ethanol. Given that the transition state of the bimolecular mechanism has two C4 fragments, while the unimolecular only contains one, the error of the bimolecular mechanism should be higher, which should lower the reaction barrier for the bimolecular mechanism more, but whether this makes it comparable to or even lower than the unimolecular mechanism is difficult to estimate and will only be possible using extensive MD simulations in conjunction with thermodynamic integration (TI) (Rey et al., 2020; Amsler et al., 2021).
A simple estimate using the approximation that two-thirds of the translational entropy is retained in species in zeolites yields free energy barriers of 95 kJ/mol for the monomolecular and 80 kJ/mol for the bimolecular mechanism. These barriers seem to be rather low, suggesting that less than two-thirds of the translational entropy is lost, as the transition states are more tightly bound than adsorbed species.
Overall, our computational results shed light on the energetics of the monomolecular and bimolecular mechanisms for butane isomerization in H-SSZ-13. Our study shows how small amounts of olefins can catalyze n-butane isomerization through the HT mechanism. We also studied an MT mechanism as a third competing mechanism, through which non-C4 hydrocarbons can also be formed. We found, however, that this mechanism is not likely to play a significant role. For an overall assessment of which reaction pathways are preferred, however, one would also need to establish kinetic models to evaluate the influences of temperature, partial pressures, and residence times and to include possible effects of diffusion limitations.
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