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S1.   Zeolite models  

 

All calculations in this study are performed on a fully periodic zeolite model to properly 

account for the confinement of the zeolite pores. Each zeolite framework contains a single 

Brønsted acid site per simulation cell, which is created by substitution of a Si atom by an Al 

atom and adding a charge-compensating proton. An overview of the investigated topologies 

can be found in Table S1 and a schematic representation of the topologies is shown in Figure 

S1.  

 

 

 
Figure S1. Schematic representation of the investigated zeolite topologies. The dimensions of the 

channels or cages are taken from the zeolite database of the International Zeolite Association (IZA).1 

 

 

Zeolite ZSM-22 (TON topology) consists of a 1D pore network of narrow 10-ring channels. 

The zeolite is represented by 1x1x3 supercell with a corresponding Si/Al ratio of 71. The 

Brønsted acid site is positioned at the T1 site, in agreement with previous theoretical studies 

who showed the acid proton has no preferred location.2,3  

Zeolite SSZ-24 (AFI topology) also consists of a 1D pore system of large 12-ring channels. A 

1x1x2 supercell model is employed with a Si/Al ratio of 47. Due to the high symmetry of the 

framework topology, all T sites are equivalent.  

Zeolite ZSM-5 (MFI topology) exhibits a 3-dimenional pore architecture, which is 

characterized by medium-sized, perpendicular straight and sinusoidal 10-ring channels. The 
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orthorhombic 1x1x1 unit cell has a Si/Al ratio of 95. The Brønsted acid site is created at the 

T12 position, which is situated at the channel intersection, thus allowing maximal available 

space for the adsorbed guest species.4  

Ferrierite (FER topology) is a zeolite consisting of straight 10-ring channels and perpendicular 

8-ring channels. The orthorhombic 1x1x2 supercell has a Si/Al ratio of 71. The acid site is 

created at the T2 position, at the intersection of both channels, in agreement with previous 

studies.5,6  

The mordenite zeolite (MOR topology) features parallel large 12-ring channels and small 8-

ring channels, which are connected via 8-ring side pockets. The orthorhombic 1x1x2 

supercell has a Si/Al ratio of 95. Due to the distinctly different channel systems, the local 

environment of the possible acid site positions may result in differences in adsorption 

behavior.  The T1 and T4 sites are located in the main 12-ring channel, the T3 site at the 

intersection of the 8-ring channel and the side pocket, while the T2 site is positioned at the 

intersection of the main channel and the side pocket. The latter has been identified as one of 

the most stable acid site positions and is therefore chosen in this work, albeit the energy 

difference between different locations was shown to be very small.4  

Zeolite β (BEA topology) is a large pore zeolite with a 3-dimensional channel network 

consisting of straight 12-ring channels in the a and b direction and a slightly smaller 

sinusoidal 12-ring channel in the c direction. We employed the polymorph A of zeolite Beta 

with tetragonal symmetry. The unit cell has a Si/Al ratio of 63 and the acid site is created at 

the T6 site, providing maximal available space at the intersection of the channels. This acid 

site has also been employed in multiple previous DFT studies.7,8 The acid proton is added at 

the O16 position.  

Zeolite Y  (FAU topology) has a 3-dimensional pore network which consists of large 

supercages, interconnected by four large 12-ring windows per cage. The 1x1x1 unit cell 

corresponds to a Si/Al ratio of 47 and all T sites are geometrically equivalent. The acid proton 

is added at the preferential O1 position.4,9  

Zeolite SSZ-13 (CHA topology) is characterized by large elliptic cages which are connected via 

six small 8-ring windows in each cage. The 1x1x1 unit cell has a Si/Al ratio of 35 and exhibits 

only equivalent T atoms.  

To assess the influence of acid site strength, a number of metal substituted alumino-

phosphate zeotypes of the AFI topology (AlPO-5) are considered. Bronsted acid sites are 

created through isomorphic substitution of either an Al atom by Mg, Sr, Zn, Co and Ni 

(oxidation state +II) or a P atom by Si, Ge, Ti, Zr and Mn (oxidation state +IV). This results in a 

set of isostructural frameworks with varying Brønsted acid site strength. Similar to SSZ-24, a 

1x1x2 super cell is employed.  
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Table S1. Summary of the pore architecture, acid site density, acid site position, maximum diameter 
of a sphere that can be included in the channels/cages and approximate dimensions of the channels 
or cage windows of the investigated topologies according to the zeolite database of the International 
Zeolite Association (IZA).1 
 

 Pore architecture 
Si/Al 
ratio 

Acid site 
position 

dmax
1 

[Å] 
Dimension1 

[Å2] 

1D zeolites  

TON straight 10-ring channel 71 T1O1 5.7 4.6 x 5.7 

AFI straight 12-ring channel 47 T1O2 8.3 7.3 x 7.3 

IFR straight 12-ring channel 63 T1O8 7.24 6.2 x 7.2 

DON straight 14-ring channel 127 T2O10 8.79 8.1 x 8.2 

2D zeolites  

MOR straight 12-ring + 8-ring channel 95 
T1O1 
T2O5 

6.7 
6.5 x 7.0  
2.6 x 5.7 

FER straight 10-ring + 8-ring channel 71 T2O7 6.3 
5.4 x 4.2 

4.8 x 3.5 

3D zeolites  

MFI straight + sinusoidal 10-ring channels 95 T12O8 6.3 
5.1 x 5.5 

5.3 x 5.6 

BEA straight + sinusoidal 12-ring channels 63 T6O16 6.7 
7.3 x 7.1 

5.6 x 5.6 

FAU spherical cage with 12-ring windows 47 T1O1 11.3 7.4 x 7.4 

CHA elliptical cage with 8-ring windows 35 T1O3 7.4 3.8 x 3.8 
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The equilibrium cell volume and corresponding cell parameters for the static calculations are 

extracted from a Birch-Murnaghan equation of state fit of energy versus volume.10 Table S2 

summarizes the unit cell dimensions of the investigated topologies. Note that the influence 

of the varying acid site density on the adsorption characteristics is assumed to be negligible. 

This hypothesis seems justified since the Si/Al ratio is quite high and the simulation cells are 

sufficiently large for all zeolites to minimize the interaction of the guest species with periodic 

images. Denayer et al. showed that the effect of a varying acid site density on the adsorption 

enthalpies of alkanes in ZSM-5 and zeolite Y is rather limited for a Si/Al ratio lower than 

100.11,12 Also, Mlinar et al. found the propene oligomerization rate in ZSM-5 to be 

independent of the acid site density for Si/Al ratios higher than 40.13  

 

 

Table S2. Cell parameters of the different zeolite topologies from the static DFT calculations. 

STATIC a [Å] b [Å] c [Å] α [°] β [°] γ [°] 

H-ZSM-22 14.03 17.44 14.97 89.27 89.96 89.64 

H-SSZ-24 13.86 13.82 16.84 90.02 89.97 120.69 

H-SAPO-5 13.92 13.96 17.03 90.05 90.03 119.49 

H-FER 19.12 14.32 15.13 90.00 90.00 90.00 

H-MOR 18.29 20.29 14.97 89.96 90.09 90.14 

H-ZSM-5 20.02 20.25 13.49 89.87 89.69 90.10 

H-β 12.69 12.67 26.63 90.00 89.98 90.00 

H-Y 17.37 17.34 17.39 59.95 59.88 59.88 

H-SSZ-13 13.79 13.78 14.81 90.06 89.99 120.03 

 

 

The zeolite cell dimensions for the MD simulations are calibrated by performing a 

preliminary 10 ps ab initio molecular dynamics run in the NpT ensemble at 323 K or 773 K 

and 1 bar. The unit cell parameters are determined as the time averaged cell parameters 

from this NpT simulation and are subsequently used for the MD production runs in the NVT 

ensemble. The equilibration procedure is performed on simulation cells with a single acid 

site and isobutene adsorbed at the acid site. The obtained cell parameters at 323 K and 773 

K are reported in Table S3 and Table S4 respectively.  
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Table S3. Cell parameters of the different zeolite topologies from MD simulations at 323 K. 

MD – 323K a [Å] b [Å] c [Å] α [°] β [°] γ [°] 

H-ZSM-22 14.17 17.52 15.04 89.32 89.47 90.16 

H-SSZ-24 13.89 13.85 16.74 90.03 89.93 120.42 

H-SAPO-5 13.99 14.01 16.92 89.89 89.91 120.12 

H-MOR 18.42 20.29 15.03 89.96 90.12 90.18 

H-ZSM-5 20.14 20.33 13.56 89.82 89.47 90.15 

H-Y 17.56 17.50 17.58 59.77 59.66 59.75 

H-SSZ-13 13.88 13.88 14.95 90.02 90.15 120.14 

 

 

 

Table S4. Cell parameters of the different zeolite topologies from MD simulations at 773 K. 

MD – 773K a [Å] b [Å] c [Å] α [°] β [°] γ [°] 

H-ZSM-22 14.16 17.62 15.15 89.24 90.56 90.01 

H-ITQ-4 19.08 13.78 15.47 91.51 101.42 90.20 

H-SSZ-24 13.91 13.87 16.83 90.01 90.05 120.28 

H-SAPO-5 14.04 14.07 17.01 89.97 89.85 120.17 

H-DON 19.46 23.62 17.13 89.56 90.01 90.14 

H-FER 19.11 14.32 15.12 90.00 90.00 90.00 

H-MOR 18.41 20.38 15.15 89.96 90.11 90.20 

H-ZSM-5 20.38 20.24 13.61 89.92 90.14 89.99 

H-β 12.72 12.64 26.84 90.46 90.29 89.99 

H-Y 17.57 17.52 17.60 59.62 59.60 59.75 

H-SSZ-13 13.83 13.83 14.95 90.14 89.98 119.95 
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S2.   Computational Details 

 

S2.1. Static DFT Calculations 

Static geometry optimizations are conducted with the Vienna Ab Initio Simulation package 

(VASP 5.4),14–17 using the Projector Augmented Wave (PAW) method18,19 and the PBE 

functional20 as level of theory. Dispersion corrections are added by the Grimme D3 

formalism.21 A plane wave basis set with kinetic energy cutoff of 600 eV and the 

recommended GW PAW potentials are used.22 Sampling of the Brillouin zone is restricted to 

the Γ-point only. The ionic and electronic convergence criteria are set at 10-4 eV and 10-5 eV 

respectively for all relaxations. The local minima of the adsorption states are optimized with 

the conjugate gradient algorithm. The cell shape and volume are kept fixed during the 

optimization. A normal mode analysis is carried out to verify the true nature of the 

stationary states. The vibrational modes are obtained by applying a partial Hessian 

vibrational analysis (PHVA)23–25 on the adsorbate and an 8T cluster of the zeolite framework, 

centered around the acid site. Thermal corrections and thermodynamic quantities at finite 

temperature are estimated based on the harmonic oscillator (HO) approximation using the 

in-house developed TAMkin package.26 

 

S2.2. Ab Initio Molecular Dynamics Simulations 

Ab initio molecular dynamics (MD) simulations have been performed with the CP2K software 

package.27 All simulations employ the revPBE functional20,28 with additional Grimme D3 

dispersion corrections.21 To approximate the interaction of valence electrons with the 

atomic cores, GTH pseudopotentials are applied.29,30 A combination of a double zeta valence 

polarized (DZVP) Gaussian functions and plane wave functions with an energy cutoff of 320 

Ry (GPW)31,32 are used as basis set.33 The self-consistent field convergence criterion was set 

at 10-6 Ha. The MD simulations are carried out in the canonical ensemble at a temperature of 

323 K or 773 K, which is controlled by a chain of 5 Nosé-Hoover thermostats.34,35 The system 

is equilibrated for 5 ps, before starting a production run of 100 ps with a time step of 0.5 fs 

for integrating the Newtonian equations of motion.  

In the course of the simulations, transitions between the different alkene intermediates may 

occur. To distinguish the different alkene intermediates, an empirical distance criterion was 

established.36 The guest hydrocarbon is classified as a physisorbed alkene π-complex if both 

distances between the acid proton and double bond C atoms are smaller than 2.85 Å; if not a 

van der Waals complex is sampled. If all distances between a hydrogen atom and a 

framework oxygen of the acid site, Oz, are larger than 1.25 Å, the intermediate is considered 

to be a carbenium ion. Finally, an alkoxide is sampled if a covalent C-Oz bond, smaller than 

1.9 Å with the framework exists.  
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S2.3. Umbrella Sampling Simulations 

Umbrella sampling (US) simulations37,38 are carried out to quantify the free energy profiles 

for isobutene protonation reactions. Within the US technique, the reaction coordinate or 

collective variable (CV) is divided into a number of equidistant windows, for which individual 

MD simulations are carried out in parallel to ensure that each point along the reaction 

coordinate is sampled equally well. A harmonic bias potential, centered around the 

equilibrium value CV0 and with bias strength κ, is employed to restrict the sampling to a 

specific window along the reaction coordinate only. 

𝑈𝑏(𝐶𝑉) =
𝜅

2
(𝐶𝑉 − 𝐶𝑉0)

2 

The CV is defined based on a coordination number (CN) which runs over 2 sets of atoms, i 

and j, with rij the interatomic distance and r0 a reference distance which was set at 1.25Å.  

𝐶𝑁 = ∑
1 − (𝑟𝑖𝑗/𝑟0)

6

1 − (𝑟𝑖𝑗/𝑟0)12

𝑖,𝑗

 

To describe the protonation of the alkene, a single CV is chosen as the CN between the 

oxygen atoms of the acid site (OZ) and all hydrogen atoms of the alkene, including the acid 

proton (Hh), i.e., CN(OZ – Hh), shown in Figure S2. The predefined CV ranges between 0 and 1 

and is divided into 38 equidistant windows for which a harmonic bias potential, centered 

around the CV values of {0.025, 0.05, 0.075, …, 0.925, 0.95}, is applied to restrict the 

sampling to each window individually. The harmonic constant of the bias potential is 6000 

kJ/mol for the windows centered at {0.05, 0.10, 0.15, …, 0.95} or 3000 kJ/mol for the 

windows centered at {0.075, 0.125, 0.175, …, 0.925} and a total simulation of 30 ps per 

window is achieved. All umbrella sampling simulations have been performed with the CP2K 

software package combined with the PLUMED module.27,39 Simulations are carried out at the 

revPBE-D3 level of theory20,21,28 with a triple zeta valence polarized (TZVP) basis set for 

improved accuracy of the host-guest interactions.33 All other settings are identical to the 

regular MD simulations. 
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Figure S2. Collective variable describing the protonation of isobutene. 

 

The free energy profile for isobutene protonation is reconstructed by combining the 

sampling distributions of all windows via the weighted histogram analysis method (WHAM) 

as implemented in the in-house developed ThermoLib software.40 Kinetic constants are 

estimated using the expressions from classical transition state theory. Phenomenological 

free energy barriers, which are independent of the choice of collective variable and take into 

account the particular shape of the free energy valleys, are calculated according to the 

procedure described by Bučko et al.41 and Bailleul et al.42 A 2-sigma error bar, corresponding 

to a 95% confidence interval, is computed for the free energy profile obtained from the 

WHAM analysis using the maximum likelihood estimate (MLE) method as implemented in 

Thermolib.42–44 By combining the intrinsic protonation barriers with the statically determined 

adsorption free energies of isobutene, a rough estimate of the apparent protonation barriers 

is obtained. 
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S3.   Static Calculations: Thermodynamics 

 

Static calculations are performed at the PBE-D3 level of theory to determine the influence of 

the zeolite topology and acid site strength on the adsorption characteristics of 2-butene and 

isobutene intermediates, i.e., physisorbed π-complexes, chemisorbed alkoxides or 

chemisorbed carbenium ions. Furthermore, to establish linear correlations in order to 

predict isobutene adsorption energies and protonation barriers, descriptors need to be 

defined. The dispersion energy contribution of the static isobutene adsorption energy is 

chosen as descriptor for the zeolite topology, while the static electronic energy for ammonia 

adsorption is selected as descriptor for the Brønsted acid site strength. Table S5 contains an 

overview of the calculated electronic adsorption energies in the different zeolite topologies. 

Table S6 contains an overview of the calculated electronic adsorption energies in the metal 

substituted AlPO-5 materials with varying Brønsted acid site strength. The adsorption 

enthalpies, entropies and free energies at 323 K and 773 K for all intermediates and 

materials are listed in Table S7 through Table S18. The optimized geometries of each 

isobutene intermediate configuration are shown in Figure S3 through Figure S6. 
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Table S5. Electronic adsorption energies [kJ.mol-1] of the 2-butene and isobutene intermediates in 

the different zeolite topologies with reference to the empty framework and the alkene in gas phase. 

 
2-butene 

π-complex 
2-butoxide 

isobutene 
π-complex 

isobutoxide 
tert-

butoxide 
tert-butyl 

cation 

ZSM-22 -115 -110 -112 -101 -77 -91 

SSZ-24 -96 -97 -94 -95 -78 -66 

ZSM-5 -109 -111 -101 -96 -81 -80 

FER - - -96 -92 -57 -72 

MOR (T1) -96 -86 -88 -83 -44 -49 

MOR (T2) -87 -85 -92 -81 -73 -72 

β - - -87 -53 -31 -61 

SSZ-13 -78 -68 -97 -79 -57 -67 

Y -80 -76 -79 -75 -54 -46 

 

 

 

Table S6. Electronic adsorption energies [kJ.mol-1] of ammonia, the 2-butene and isobutene 

intermediates in the different metal substituted Me-AlPO-5 materials with reference to the empty 

framework and the alkene in gas phase. 

Me-AlPO-5 NH3 
2-butene 

π-complex 
2-butoxide 

isobutene 
π-complex 

iso-
butoxide 

tert-
butoxide 

tert-butyl 
cation 

Mg -170 -99 -103 -98 -99 -84 -83 

Zn -158 -94 -99 -96 -96 -79 -75 

Co -152 -93 -98 -94 -95 -80 -72 

Ni -146 -94 -97 -94 -94 -80 -66 

Sr -139 - - -94 -95 -78 -56 

Si -135 -91 -93 -93 -93 -76 -55 

Ge -127 -90 -94 -90 -91 -74 X 

Ti -119 -88 -94 -89 -91 -73 X 

Zr -117 -87 -93 -91 -90 -73 X 

Mn -86 -84 -87 -85 -87 -70 X 
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Table S7. Adsorption enthalpies at 323 K [kJ.mol-1] of the 2-butene and isobutene intermediates in 

the different zeolite topologies with reference to the empty framework and the alkene in gas phase. 

 
2-butene 

π-complex 
2-butoxide 

isobutene 
π-complex 

isobutoxide 
tert-

butoxide 
tert-butyl 

cation 

ZSM-22 -106 -92 -105 -85 -64 -89 

SSZ-24 -90 -83 -93 -82 -69 -56 

ZSM-5 -90 -82 -97 -83 -72 -82 

FER - - -87 -75 -44 -68 

MOR (T1) -91 -74 -83 -70 -34 -50 

MOR (T2) -82 -73 -89 -69 -64 -73 

β - - -82 -40 -21 -62 

SSZ-13 -70 -53 -91 -64 -46 -66 

Y -73 -61 -74 -60 -43 -47 

 

Table S8. Adsorption entropies at 323 K [kJ.mol-1] of the 2-butene and isobutene intermediates in the 

different zeolite topologies with reference to the empty framework and the alkene in gas phase. 

 
2-butene 

π-complex 
2-butoxide 

isobutene 
π-complex 

isobutoxide 
tert-

butoxide 
tert-butyl 

cation 

ZSM-22 54 63 49 61 66 49 

SSZ-24 47 60 50 53 56 49 

ZSM-5 58 66 55 64 67 57 

FER - - 56 63 69 46 

MOR (T1) 53 64 54 65 67 47 

MOR (T2) 45 60 50 61 66 52 

β - - 50 61 66 52 

SSZ-13 57 62 51 61 67 49 

Y 55 63 53 60 66 53 

 

Table S9. Adsorption free energies at 323 K [kJ.mol-1] of the 2-butene and isobutene intermediates in 

the different zeolite topologies with reference to the empty framework and the alkene in gas phase. 

 
2-butene 

π-complex 
2-butoxide 

isobutene 
π-complex 

isobutoxide 
tert-

butoxide 
tert-butyl 

cation 

ZSM-22 -52 -29 -56 -24 2 -40 

SSZ-24 -43 -23 -43 -29 -13 -7 

ZSM-5 -32 -16 -42 -19 -5 -25 

FER - - -31 -12 25 -22 

MOR (T1) -38 -10 -29 -5 33 -3 

MOR (T2) -37 -13 -39 -8 2 -21 

β - - -32 20 45 -10 

SSZ-13 -13 9 -40 -3 21 -17 

Y -18 2 -21 0 23 6 
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Table S10. Adsorption enthalpies at 773 K [kJ.mol-1] of the 2-butene and isobutene intermediates in 

the different zeolite topologies with reference to the empty framework and the alkene in gas phase. 

 
2-butene 

π-complex 
2-butoxide 

isobutene 
π-complex 

isobutoxide 
tert-

butoxide 
tert-butyl 

cation 

ZSM-22 -102 -90 -101 -84 -61 -84 

SSZ-24 -85 -80 -87 -79 -63 -49 

ZSM-5 -85 -79 -91 -81 -67 -75 

FER - - -82 -74 -40 -63 

MOR (T1) -86 -71 -78 -68 -30 -43 

MOR (T2) -76 -70 -83 -66 -59 -66 

β - - -76 -37 -16 -56 

SSZ-13 -65 -50 -86 -62 -42 -60 

Y -68 -58 -69 -58 -39 -41 

 

Table S11. Adsorption entropies at 773 K [kJ.mol-1] of the 2-butene and isobutene intermediates in 

the different zeolite topologies with reference to the empty framework and the alkene in gas phase. 

 
2-butene 

π-complex 
2-butoxide 

isobutene 
π-complex 

isobutoxide 
tert-

butoxide 
tert-butyl 

cation 

ZSM-22 123 149 111 145 154 110 

SSZ-24 106 141 111 123 125 106 

ZSM-5 132 155 123 151 153 125 

FER - - 121 155 164 116 

MOR (T1) 120 150 123 152 155 103 

MOR (T2) 99 139 110 141 150 114 

β - - 111 139 150 116 

SSZ-13 130 145 115 144 155 110 

Y 125 146 120 140 152 119 

 

Table S12. Adsorption free energies at 773 K [kJ.mol-1] of the 2-butene and isobutene intermediates 

in the different zeolite topologies with reference to the empty framework and alkene in gas phase. 

 
2-butene 

π-complex 
2-butoxide 

isobutene 
π-complex 

isobutoxide 
tert-

butoxide 
tert-butyl 

cation 

ZSM-22 21 59 10 61 93 26 

SSZ-24 21 61 24 44 62 57 

ZSM-5 47 76 32 70 86 50 

FER - - 39 81 124 53 

MOR (T1) 34 79 45 84 125 60 

MOR (T2) 23 69 27 75 91 48 

β - - 35 102 134 60 

SSZ-13 65 95 29 82 113 50 

Y 57 88 51 82 113 78 



15 
 

Table S13. Adsorption enthalpies at 323 K [kJ.mol-1] of ammonia, the 2-butene and isobutene 

intermediates in the different metal substituted Me-AlPO-5 materials with reference to the empty 

framework and the alkene in gas phase. 

Me-AlPO-5 NH3 
2-butene 

π-complex 
2-butoxide 

isobutene 
π-complex 

iso-
butoxide 

tert-
butoxide 

tert-butyl 
cation 

Mg -156 -93 -89 -94 -86 -74 -84 

Zn -144 -88 -85 -91 -83 -68 -75 

Co -138 -87 -84 -89 -81 -69 -73 

Ni -133 -88 -79 -89 -80 -68 -68 

Sr -128 - - -88 -80 -67 -58 

Si -123 -85 -79 -88 -80 -66 -56 

Ge -115 -83 -80 -85 -84 -63 X 

Ti -107 -76 -80 -84 -73 -62 X 

Zr -104 -75 -79 -80 -72 -63 X 

Mn -76 -77 -74 -78 -73 -59 X 

 

 

Table S14. Adsorption entropies at 323 K [kJ.mol-1] of ammonia, the 2-butene and isobutene 

intermediates in the different metal substituted Me-AlPO-5 materials with reference to the empty 

framework and the alkene in gas phase. 

Me-AlPO-5 NH3 
2-butene 

π-complex 
2-butoxide 

isobutene 
π-complex 

iso-
butoxide 

tert-
butoxide 

tert-butyl 
cation 

Mg 52 52 61 54 61 65 46 

Zn 51 54 64 52 63 66 52 

Co 51 52 61 53 62 64 46 

Ni 54 51 76 46 60 62 47 

Sr 51 - - 48 57 64 53 

Si 52 52 64 53 61 64 52 

Ge 51 52 62 52 62 64 X 

Ti 54 67 61 52 79 66 X 

Zr 53 69 63 67 77 64 X 

Mn 46 52 67 50 61 66 X 
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Table S15. Adsorption free energies at 323 K [kJ.mol-1] of ammonia, the 2-butene and isobutene 

intermediates in the different metal substituted Me-AlPO-5 materials with reference to the empty 

framework and the alkene in gas phase. 

Me-AlPO-5 NH3 
2-butene 

π-complex 
2-butoxide 

isobutene 
π-complex 

iso-
butoxide 

tert-
butoxide 

tert-butyl 
cation 

Mg -104 -41 -28 -40 -25 -9 -38 

Zn -93 -34 -21 -39 -20 -2 -23 

Co -87 -35 -23 -36 -19 -5 -27 

Ni -79 -37 -3 -43 -20 -6 -21 

Sr -77 - - -40 -23 -3 -5 

Si -71 -33 -15 -35 -19 -2 -4 

Ge -64 -31 -18 -33 -22 1 X 

Ti -53 -9 -19 -32 6 4 X 

Zr -51 -6 -15 -13 5 1 X 

Mn -30 -25 -7 -28 -12 7 X 

 

 

Table S16. Adsorption enthalpies at 773 K [kJ.mol-1] of ammonia, the 2-butene and isobutene 

intermediates in the different metal substituted Me-AlPO-5 materials with reference to the empty 

framework and the alkene in gas phase. 

Me-AlPO-5 NH3 
2-butene 

π-complex 
2-butoxide 

isobutene 
π-complex 

iso-
butoxide 

tert-
butoxide 

tert-butyl 
cation 

Mg -154 -88 -87 -89 -84 -70 -77 

Zn -141 -83 -82 -86 -81 -64 -69 

Co -136 -81 -81 -84 -79 -65 -66 

Ni -131 -82 -80 -83 -78 -64 -61 

Sr -126 - - -81 -77 -63 -51 

Si -121 -80 -76 -82 -78 -62 -50 

Ge -113 -78 -78 -79 -82 -59 X 

Ti -105 -74 -78 -78 -74 -58 X 

Zr -102 -73 -77 -77 -73 -59 X 

Mn -72 -72 -71 -73 -72 -56 X 
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Table S17. Adsorption entropies at 773 K [kJ.mol-1] of ammonia, the 2-butene and isobutene 

intermediates in the different metal substituted Me-AlPO-5 materials with reference to the empty 

framework and the alkene in gas phase. 

Me-AlPO-5 NH3 
2-butene 

π-complex 
2-butoxide 

isobutene 
π-complex 

iso-
butoxide 

tert-
butoxide 

tert-butyl 
cation 

Mg 121 117 142 121 144 150 100 

Zn 120 122 149 117 148 153 115 

Co 120 116 143 119 146 148 100 

Ni 128 112 184 102 142 144 103 

Sr 119 - - 106 132 147 117 

Si 122 116 150 119 144 148 117 

Ge 120 117 146 117 147 148 X 

Ti 127 158 143 116 191 152 X 

Zr 126 163 149 157 186 149 X 

Mn 106 116 157 112 145 155 X 

 

 

Table S18. Adsorption free energies at 773 K [kJ.mol-1] of ammonia, the 2-butene and isobutene 

intermediates in the different metal substituted Me-AlPO-5 materials with reference to the empty 

framework and the alkene in gas phase. 

Me-AlPO-5 NH3 
2-butene 

π-complex 
2-butoxide 

isobutene 
π-complex 

iso-
butoxide 

tert-
butoxide 

tert-butyl 
cation 

Mg -33 29 55 32 60 80 23 

Zn -21 39 67 31 67 89 46 

Co -16 35 62 35 67 83 34 

Ni -3 30 104 19 64 80 42 

Sr -7 - - 25 55 83 66 

Si 1 36 74 37 66 86 67 

Ge 7 39 68 38 65 89 X 

Ti 22 84 65 38 117 94 X 

Zr 24 90 72 80 113 90 X 

Mn 34 44 86 39 73 99 X 
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Figure S3. Optimized static geometries (LOT: PBE-D3) of the isobutene π-complex intermediate in the 

different framework topologies. 

 

 

 

Figure S4. Optimized static geometries (LOT: PBE-D3) of the tert-butyl carbenium ion intermediate in 

the different framework topologies. 
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Figure S5. Optimized static geometries (LOT: PBE-D3) of the isobutoxide intermediate in the different 

framework topologies. 

 

 

 
Figure S6. Optimized static geometries (LOT: PBE-D3) of the tert-butoxide intermediate in the 

different framework topologies. 
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S4.   Regular MD Simulations: Sampling time 

Regular MD simulations of the 2-butene and isobutene intermediates in all materials are 

performed to qualitatively assess the stability of the different physisorbed/chemisorbed 

species and the influence of the framework environment and acidity on their stability. 

Simulations are performed at both 323 K and 773 K to highlight the importance of entropy 

on the stability of the intermediates and a total simulation length of 100 ps for each 

simulation is ensured to obtain statistically relevant information. Note that even longer 

simulation lengths would be required to approach a proper ergodic sampling.   

In the course of a simulation, transitions between the different alkene intermediates may 

take place. Therefore, the sampling fraction of each intermediate during a simulation is 

counted. This sampling fraction represents a qualitative measure for the relative stability of 

the intermediates. If a transition occurred in the equilibration run or the first 5 ps of the 

production run, it is checked if this transition is a physically realistic event or merely an 

equilibration effect and the result of the randomly initialized velocities at the beginning of 

the MD simulation. Therefore, a constrained simulation of 40 ps is performed in which 

quadratic walls were added to the simulation to prevent transitions between different 

intermediates. Afterwards, these constraints are lifted and a regular MD production run of 

100 ps is performed. 

To distinguish the different alkene intermediates, an empirical distance criterion was 

established.36,45 The guest hydrocarbon is classified as a physisorbed alkene π-complex if 

both distances between the acid proton and double bond C atoms are smaller than 2.85 Å; if 

not a van der Waals complex is sampled. If all distances between a hydrogen atom and a 

framework oxygen of the acid site, Oz, are larger than 1.25 Å, the intermediate is considered 

to be a carbenium ion. Finally, an alkoxide is sampled if a covalent C-Oz bond, smaller than 

1.9 Å with the framework exists. 

For each material, three simulations are carried out for linear butene with either the 2-

butene π-complex, 2-butyl carbenium ion or 2-butoxide as initial configurations. For the 

branched isobutene, four simulations are performed with either the isobutene π-complex, 

the tert-butyl carbenium ion, the isobutoxide or the tert-butoxide as initial configurations. 

The resulting sampling percentages of the intermediates during these simulations at 323 K or 

773 K are listed in Table S19 through Table S22 for all materials. Figure S7 and Figure S8 as 

well as Figure 4 and Figure 8 in the main manuscript show the influence of topology and acid 

strength on the sampling time and hence stability of the 2-butene and isobutene 

intermediates respectively. Note that the results of the simulations starting from a π-

complex configuration and carbenium ion configuration are averaged and displayed in Figure 

4 and Figure 8. Averaging the sampling fractions is allowed as due to the regular transitions 

taking place between the vdW-complex, π-complex and carbenium ion configurations, both 

simulations actually describe the same ensemble of configurations. Finally, also note that for 

zeolite MOR, 2 acid site positions were considered, the T1 site located in the main 12-ring 
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channel and the T2 site located at the intersection of the main channel and the 8-ring side 

pocket which provides an additional (partial) confinement for the adsorbates. 

At low temperature, the 2-butene π-complex and 2-butoxide are stable intermediates in all 

frameworks. At cracking temperature, both the alkoxide and π-complex suffer from entropic 

penalties, resulting in the 2-butene vdW-complex becoming the most stable state in all 

frameworks. The importance of the zeolite pore topology on the stability of the physisorbed 

linear alkenes and alkoxides is rather subtle.  

In the narrow 1D 10-ring channels of ZSM-22, the 2-butene π-complex exists as a very stable 

intermediate, even with a sampling probability of around 40% at high temperature. On the 

other hand, in the larger 1D 12-ring channels of SSZ-24, the more freely adsorbed 2-butene 

vdW-complex is significantly more favored with a sampling probability of more than 90% at 

773 K. Remarkably, ZSM-22 is also the only zeolite in which the 2-butyl carbenium ion has a 

finite lifetime at cracking conditions. Due to the much better confinement, guest species can 

be more stabilized and hence more strongly adsorbed than in the spacious channels of SSZ-

24. Simultaneously, the entropy loss upon formation of a physisorbed π-complex will be 

much lower in ZSM-22 than in the SSZ-24, thus explaining their higher preference for a 2-

butene vdW-complex. 
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Table S19. Sampling percentages for the MD simulations on the linear butene intermediates at 323K. 

ZSM-22 π-complex vdW complex carbocation alkoxide 

2-butene π-complex 97 3 0 0 

2-butyl carbocation 100 0 0 0 

2-butoxide 0 0 0 100 

SSZ-24 π-complex vdW complex carbocation alkoxide 

2-butene π-complex 67 33 0 0 

2-butyl carbocation 60 40 0 0 

2-butoxide 0 0 0 100 

ZSM-5 π-complex vdW complex carbocation alkoxide 

2-butene π-complex 99 1 0 0 

2-butyl carbocation 97 3 0 0 

2-butoxide 0 0 0 100 

MOR (T1) π-complex vdW complex carbocation alkoxide 

2-butene π-complex 86 14 0 0 

2-butyl carbocation 71 29 0 0 

2-butoxide 0 0 0 100 

MOR (T2) π-complex vdW complex carbocation alkoxide 

2-butene π-complex 54 46 0 0 

2-butyl carbocation 53 47 0 0 

2-butoxide 0 0 0 100 

Y π-complex vdW complex carbocation alkoxide 

2-butene π-complex 97 3 0 0 

2-butyl carbocation 97 3 0 0 

2-butoxide 0 0 0 100 

SSZ-13 π-complex vdW complex carbocation alkoxide 

2-butene π-complex 61 39 0 0 

2-butyl carbocation 95 5 0 0 

2-butoxide 0 0 0 100 

MgAlPO-5 π-complex vdW complex carbocation alkoxide 

2-butene π-complex 99 1 0 0 

2-butyl carbocation 97 3 0 0 

2-butoxide 0 0 0 100 

SAPO-5 π-complex vdW complex carbocation alkoxide 

2-butene π-complex 81 19 0 0 

2-butyl carbocation 53 47 0 0 

2-butoxide 0 0 0 100 

ZrAlPO-5 π-complex vdW complex carbocation alkoxide 

2-butene π-complex 74 26 0 0 

2-butyl carbocation 81 19 0 0 

2-butoxide 0 0 0 100 
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Table S20. Sampling percentages for the MD simulations on the linear butene intermediates at 773K. 

(X denotes that the alkoxide intermediate is unstable and immediately transforms into a carbenium 

ion/π-complex at the start of the production run) 

ZSM-22 π-complex vdW complex carbocation alkoxide 

2-butene π-complex 41 50 9 0 

2-butyl carbocation 67 27 6 0 

2-butoxide X X X X 

SSZ-24 π-complex vdW complex carbocation alkoxide 

2-butene π-complex 4 96 0 0 

2-butyl carbocation 4 96 0 0 

2-butoxide X X X X 

ZSM-5 π-complex vdW complex carbocation alkoxide 

2-butene π-complex 32 68 0 0 

2-butyl carbocation 32 68 0 0 

2-butoxide X X X X 

MOR (T1) π-complex vdW complex carbocation alkoxide 

2-butene π-complex 3 97 0 0 

2-butyl carbocation 4 92 4 0 

2-butoxide X X X X 

MOR (T2) π-complex vdW complex carbocation alkoxide 

2-butene π-complex 6 93 1 0 

2-butyl carbocation 16 84 0 0 

2-butoxide X X X X 

Y π-complex vdW complex carbocation alkoxide 

2-butene π-complex 7 93 0 0 

2-butyl carbocation 8 92 0 0 

2-butoxide X X X X 

SSZ-13 π-complex vdW complex carbocation alkoxide 

2-butene π-complex 0 100 0 0 

2-butyl carbocation 14 86 0 0 

2-butoxide 11 74 0 15 

MgAlPO-5 π-complex vdW complex carbocation alkoxide 

2-butene π-complex 4 91 5 0 

2-butyl carbocation 8 89 3 0 

2-butoxide X X X X 

SAPO-5 π-complex vdW complex carbocation alkoxide 

2-butene π-complex 5 95 0 0 

2-butyl carbocation 6 94 0 0 

2-butoxide 2 75 0 23 

ZrAlPO-5 π-complex vdW complex carbocation alkoxide 

2-butene π-complex 5 95 0 0 

2-butyl carbocation 2 98 0 0 

2-butoxide 4 62 0 34 
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Table S21. Sampling percentages for the MD simulations on the isobutene intermediates at 323K.  

(X denotes that the alkoxide intermediate is unstable and immediately transforms into a carbenium 

ion/π-complex at the start of the production run) 

ZSM-22 π-complex vdW complex carbocation alkoxide 
isobutene π-complex 0 0 100 0 
tert-butyl carbocation 2 0 98 0 

isobutoxide 0 0 0 100 
tert-butoxide X X X X 

SSZ-24 π-complex vdW complex carbocation alkoxide 
isobutene π-complex 33 17 50 0 
tert-butyl carbocation 12 35 53 0 

isobutoxide 0 0 0 100 
tert-butoxide X X X X 

ZSM-5 π-complex vdW complex carbocation alkoxide 
isobutene π-complex 45 5 50 0 
tert-butyl carbocation 13 1 86 0 

isobutoxide 0 0 0 100 
tert-butoxide X X X X 

MOR (T1) π-complex vdW complex carbocation alkoxide 
isobutene π-complex 20 80 0 0 
tert-butyl carbocation 11 41 48 0 

isobutoxide 0 0 0 100 
tert-butoxide X X X X 

MOR (T2) π-complex vdW complex carbocation alkoxide 
isobutene π-complex 54 10 36 0 
tert-butyl carbocation 52 3 45 0 

isobutoxide 0 0 0 100 
tert-butoxide X X X X 

Y π-complex vdW complex carbocation alkoxide 
isobutene π-complex 82 3 15 0 
tert-butyl carbocation 83 4 13 0 

isobutoxide 0 0 0 100 
tert-butoxide X X X X 

SSZ-13 π-complex vdW complex carbocation alkoxide 
isobutene π-complex 26 19 55 0 
tert-butyl carbocation 0 0 100 0 

isobutoxide 0 0 0 100 
tert-butoxide X X X X 

MgAlPO-5 π-complex vdW complex carbocation alkoxide 
isobutene π-complex 1 0 99 0 
tert-butyl carbocation 0 0 100 0 

isobutoxide 0 0 0 100 
tert-butoxide X X X X 

SAPO-5 π-complex vdW complex carbocation alkoxide 
isobutene π-complex 85 15 0 0 
tert-butyl carbocation 84 16 0 0 

isobutoxide 0 0 0 100 
tert-butoxide X X X X 

ZrAlPO-5 π-complex vdW complex carbocation alkoxide 
isobutene π-complex 81 19 0 0 
tert-butyl carbocation 85 15 0 0 

isobutoxide 0 0 0 100 
tert-butoxide 0 0 0 100 
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Table S22. Sampling percentages for the MD simulations on the isobutene intermediates at 773K. 

(X denotes that the alkoxide intermediate is unstable and immediately transforms into a carbenium 

ion/π-complex at the start of the production run) 

ZSM-22 π-complex vdW complex carbocation alkoxide 
isobutene π-complex 1 3 96 0 
tert-butyl carbocation 4 1 95 0 

isobutoxide 0 0 0 100 
tert-butoxide X X X X 

SSZ-24 π-complex vdW complex carbocation alkoxide 
isobutene π-complex 1 37 62 0 
tert-butyl carbocation 2 27 71 0 

isobutoxide 0 0 0 100 
tert-butoxide X X X X 

ZSM-5 π-complex vdW complex carbocation alkoxide 
isobutene π-complex 1 11 88 0 
tert-butyl carbocation 3 6 91 0 

isobutoxide 0 0 0 100 
tert-butoxide X X X X 

MOR (T1) π-complex vdW complex carbocation alkoxide 
isobutene π-complex 2 98 0 0 
tert-butyl carbocation 2 31 67 0 

isobutoxide 0 0 0 100 
tert-butoxide X X X X 

MOR (T2) π-complex vdW complex carbocation alkoxide 
isobutene π-complex 2 45 53 0 
tert-butyl carbocation 2 37 61 0 

isobutoxide 0 0 0 100 
tert-butoxide X X X X 

Y π-complex vdW complex carbocation alkoxide 
isobutene π-complex 1 99 0 0 
tert-butyl carbocation 2 37 61 0 

isobutoxide 0 0 0 100 
tert-butoxide X X X X 

SSZ-13 π-complex vdW complex carbocation alkoxide 
isobutene π-complex 1 26 73 0 
tert-butyl carbocation 0 2 98 0 

isobutoxide 0 0 0 100 
tert-butoxide X X X X 

MgAlPO-5 π-complex vdW complex carbocation alkoxide 
isobutene π-complex 0 0 100 0 
tert-butyl carbocation 0 0 100 0 

isobutoxide 0 0 0 100 
tert-butoxide X X X X 

SAPO-5 π-complex vdW complex carbocation alkoxide 
isobutene π-complex 1 99 0 0 
tert-butyl carbocation 3 95 2 0 

isobutoxide 0 0 0 100 
tert-butoxide X X X X 

ZrAlPO-5 π-complex vdW complex carbocation alkoxide 
isobutene π-complex 3 97 0 0 
tert-butyl carbocation 2 98 0 0 

isobutoxide 0 0 0 100 
tert-butoxide X X X X 
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Figure S7. Sampling probability of the π-complex, vdW-complex and carbenium ion intermediates 

during MD simulations of the linear butene species in different zeolite topologies at 323K and 773K. 

Results are averaged from 2 independent simulations with either the π-complex and carbenium ion 

as initial configuration. 

 

 

Figure S8. Sampling probability of the π-complex, vdW-complex and carbenium ion intermediates 

during MD simulations of the linear butene species in the different metal substituted AlPO-5 

materials with different acid site strength and H-SSZ-24 at 323K and 773K. Results are averaged from 

2 independent simulations with either the π-complex and carbenium ion as initial configuration. 
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S5.   Regular MD Simulations: Mobility 

 

To make a qualitative assessment of the entropy of the adsorbed isobutene intermediates in 

the different zeolite topologies, the mobility of these species during an MD simulation can 

be analyzed. Starting from an MD trajectory, we can track the location of the center-of-mass 

(COM) of the guest molecule inside the pores of the zeolite. This allows to make scatter plots 

of the COM location and probability distributions along each axis of the coordinate system. 

Based on these probability distributions, the translational entropy of the species can be 

computed. 

To compute the translational entropy, we start from the expression of the classical partition 

function in the canonical ensemble: 

Z =
1

h3N
∫e−βH(r⃗ N,p⃗⃗ N) dp⃗ Ndr N 

The integration over the momenta can be separated and performed analytically, and leads 

to the translational partition function: 

Z = C𝑡𝑟 ∫e−βV(r⃗ N) dr N 

 with 

C𝑡𝑟 =
1

h3𝑁
(
2𝜋

𝛽
)

3𝑁
2

 

 

One can introduce the configurational probability density as: 

p(r N) =
C𝑡𝑟

Z
e−βV(r⃗ N) 

with the normalization ∫p(r N)dr N = 1. 

The entropy is defined as: 

S = −(
∂F

∂T
)
N,V

= kB ln Z − kBβ (
∂ ln Z

∂β
)
N,V

 

Using the configurational probability density, we can rewrite the entropy as: 

S = kB ln C − kB𝛽
𝜕

𝜕𝛽
𝑙𝑛𝐶𝑡𝑟 − kB ∫p(r N) ln(p(r N)) dr N 
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where the first two terms contain the kinetic contribution, while the second term represents 

the configurational contribution. Furthermore, if we consider an isolated molecule, we can 

isolate the center-of-mass (COM) translations from the configurational contribution of the 

entropy. This can be done by expressing that the COM position can be perfectly decoupled 

from all other internal degrees of freedom: 

p(r N) = pR(R⃗⃗ )pq(q⃗ 
N−1) 

dr N = J ∙ dR⃗⃗ dq⃗ N−1 

in which J = |
∂[r⃗ N]

∂[R⃗⃗ ,q⃗⃗ N−1]
| represents the Jacobian for the transformation of Cartesian 

coordinates r N to the COM and internal coordinates q⃗ N−1. Due to the fact that the COM can 

be perfectly decoupled from the internal coordinates, the Jacobian is unity. As a result, the 

configurational entropy can be rewritten as: 

Sconf = −kB ∫p(r N) ln(p(r N))dr N 

           = −kB ∫pR(R⃗⃗ )pq(q⃗ 
N−1) ln (pR(R⃗⃗ )pq(q⃗ 

N−1)) dR⃗⃗ dq⃗ N−1 

           = −kB ∫pR(R⃗⃗ ) ln (pR(R⃗⃗ )) dR⃗⃗ ∫pq(q⃗ 
N−1)dq⃗ N−1

− kB ∫pR(R⃗⃗ )dR⃗⃗ ∫pq(q⃗ 
N−1) ln (pq(q⃗ 

N−1)) dq⃗ N−1 

           = −kB ∫pR(R⃗⃗ ) ln (pR(R⃗⃗ )) dR⃗⃗ − kB ∫pq(q⃗ 
N−1) ln (pq(q⃗ 

N−1)) dq⃗ N−1 

           = SR + Sq 

Where SR and Sq represent the contributions to the configurational entropy related to the 

COM translations (i.e. the translational entropy) and the internal degrees of freedom 

respectively. Furthermore, due to the fact that the X, Y and Z components of the COM are 

also decoupled from each other, with corresponding probability distributions pX, pY and pZ, 

the translational entropy can be further expanded as: 

SR = SX + SY + SZ 

      = −kB ∫pX(X) ln(pX(X)) dX − kB ∫pY(Y) ln(pY(Y)) dY − kB ∫pZ(Z) ln(pZ(Z)) dZ 

Finally, we will apply this formula to estimate the translational entropy of a guest molecule 

adsorbed inside the pores of a zeolite. Although the guest COM is not fully decoupled from 

the zeolite degrees of freedom due to the guest-zeolite interaction, we will assume these 

interactions be weak enough to still be able to apply the above formula to estimate the 

translational entropy. 
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The resulting translational contributions to the entropy, obtained from regular MD 

simulations at 323 K and 773 K are listed in Table S23 for the isobutene adsorbates. Note 

that during most MD simulations, an equilibrium between neutral isobutene and the 

protonated tert-butyl carbenium ion is sampled. The calculated translational entropy values 

are therefore also computed for this equilibrium of both states. Also note that the reported 

values are the average of the translational entropy from two MD simulations, starting either 

from an isobutene π-complex or a tert-butyl carbenium ion configuration, to obtain a more 

reliable estimate. The lowest mobility and translational entropy is observed for the narrow 

pore zeolites ZSM-5 and ZSM-22, where the 10-ring channels provide a strong adsorption 

and reduced configurational freedom. In the large pore 12-ring channel zeolites SSZ-24 and 

MOR, the mobility of the physisorbed isobutene intermediates is significantly enhanced and 

isobutene can quite freely diffuse along the channel direction. Also in the chabazite cages of 

SSZ-13, the mobility of the isobutene intermediates is rather restricted, which might be 

caused by the hindered diffusion of isobutene through the small 8-ring windows that 

connect different cages. On the other hand, the faujasite supercages of zeolite Y result in a 

free isobutene diffusion and consequently large mobility and translational entropy.  

 

Table S23. Translational entropy for the physisorbed isobutene/ tert-butyl carbenium ion equilibrium 

in 100 ps regular MD simulations at 323 K and 773K in the different zeolite materials. 

Topology Stransl, 323K [J.mol-1.K-1] Stransl, 773K [J.mol-1.K-1] 

ZSM-22 2.41 3.72 

SSZ-24 4.96 19.27 

ZSM-5 3.31 2.53 

MOR (T2) 5.48 21.64 

SSZ-13 3.40 3.95 

Y 9.58 46.36 

 

To assess the importance of mobility and entropy effects on the protonation of isobutene in 

the different zeolite topologies, the translational entropy is computed for both the reactant 

state (physisorbed isobutene) and the protonation transition state from the trajectories of 

the umbrella sampling simulations. To obtain more reliable estimates, the average 

translational entropy is computed from six neighboring windows located around the 

reactant well for the reactant state and from six neighboring windows around the transition 

state region for the transition state. Table S24 summarizes the computed translational 

entropy values for the reactant, transition state as well as the translational entropy barrier 

for the protonation reaction in the different topologies. Interestingly, for the 10-ring channel 

zeolite topologies, ZSM-22 and ZSM-5, no increase or decrease in translational entropy 

occurs upon isobutene protonation. Therefore, both the physisorbed isobutene reactant and 
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protonation transition state exhibit a similar degree of conformational freedom and the 

protonation will be almost exclusively governed by enthalpic effects. Also for the cage 

topology SSZ-13 and the FER topology, a very small decrease in mobility and translational 

entropy upon formation of the transition state can be distinguished. The medium or large 

sized pore zeolites with a 12-ring channel system such as ITQ-4, SSZ-24, MOR and β are all 

characterized by a considerable loss of translational entropy and hence mobility upon 

protonation of the double bond, varying from -8 to -20 J.mol-1.K-1. Therefore, next to the 

enthalpic effects, the reduced conformational freedom and entropy will contribute to the 

overall protonation barrier. Finally, in the extra-large pore zeolites such as the 14-ring 

channel zeolite DON and the supercage topology Y, the protonation of isobutene is 

accompanied by a high reduction in translational entropy of -33 to -35 J.mol-1.K-1. In this 

case, the reduction in mobility and configurational freedom required to protonate isobutene 

will result in a substantial contribution to the overall protonation barrier – next to the 

enthalpic contribution – and might even be responsible for one third up to one half of the 

total barrier. Since the entropic contribution for the protonation becomes clearly non-

negligible in this case, it may explain why an elementary descriptor based mainly on 

enthalpic effects to distinguish framework topologies might prove ineffective for zeolites 

consisting of a very large pore system. 

 

Table S24. Translational entropy for the physisorbed isobutene (reactant) and isobutene protonation 

transition states at 773K in the different zeolite materials. 

Topology Stransl, rea [J.mol-1.K-1] Stransl, TS [J.mol-1.K-1] ΔStransl, TS- rea [J.mol-1.K-1] 

ZSM-22 3.47 3.88 0.41 

SSZ-24 21.87 4.55 -17.32 

ITQ-4 13.47 5.41 -8.06 

DON 43.53 10.34 -33.19 

ZSM-5 2.81 2.73 -0.08 

FER 2.89 1.38 -1.51 

MOR 19.87 4.52 -15.35 

β 23.58 3.64 -19.94 

SSZ-13 3.51 2.59 -0.92 

Y 42.57 7.46 -35.11 
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Figure S9. Snapshots of an adsorbed isobutene pi-complex and tert-butyl carbenium ion 

configuration in zeolite topologies ITQ-4 (top) and DON (bottom) during the US simulations of 

isobutene protonation at 773 K. 
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S6.   Umbrella Sampling Overview 

 

An overview of the Helmholtz free energy profiles for isobutene protonation in the tert-butyl 

carbenium ion at 773 K is given in Figure S10 for the one-dimensional zeolite topologies, 

Figure S11 for the multi-dimensional zeolite topologies and Figure S12 for the metal 

substituted MeAlPO-5 topologies with varying Brønsted acid strength. For each free energy 

profile, the error bar corresponding to a 95% confidence interval, obtained from the MLE 

method is highlighted by the colored area. A summary of the computed phenomenological 

protonation free energy barriers and reaction free energies (free energy difference between 

physisorbed isobutene and the tert-butyl carbenium ion) is given in Table S25. 

 

 

 

Figure S10. Free energy profiles at 773K for isobutene protonation into a tert-butyl carbenium ion in 

the one-dimensional zeolite topologies ZSM-22, SSZ-24, ITQ-4 and DON with indication of the error 

bars (colored area) as obtained from the MLE method. 
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Figure S11. Free energy profiles at 773K for isobutene protonation into a tert-butyl carbenium ion in 

the multi-dimensional zeolite topologies ZSM-5, FER, MOR, β, SSZ-13 and Y with indication of the 

error bars (colored area) as obtained from the MLE method. 
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Figure S12. Free energy profiles at 773K for isobutene protonation into a tert-butyl carbenium ion in 

the AFI topologies with varying acid site strength MgAlPO-5, SiAlPO-5, ZrAlPO-5 and SSZ-24 with 

indication of the error bars (colored area) as obtained from the MLE method. 
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Table S25. Phenomenological isobutene protonation barriers and reaction free energies at 773K for 

the different zeolite materials. 

 
ΔF‡

phen 
[kJ.mol-1] 

ΔFr,phen 
[kJ.mol-1] 

H-ZSM-22 24.8 -2.3 

H-SSZ-24 53.1 27.0 

H-ITQ-4 49.8 23.1 

H-DON 42.5 28.0 

H-ZSM-5 31.1 2.5 

H-FER 33.8 5.6 

H-MOR 43.4 17.9 

H-β 48.7 23.1 

H-SSZ-13 50.6 20.5 

H-Y 42.3 26.9 

H-MgAlPO-5 35.2 5.0 

H-SAPO-5 57.0 43.6 

H-ZrAlPO-5 72.7 66.7 
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S7.   Topology Descriptors 

 

Due to the broad versatility in zeolite framework architectures, ranging from channel to cage 

topologies and from one-dimensional to three-dimensional topologies, it is far from trivial to 

identify a universal descriptor. A proper descriptor for adsorption properties should be 

capable to capture all intricate effects for the adsorbed intermediates, including covalent 

interactions, dispersion stabilization and entropic effects. Multiple possible descriptors have 

been previously suggested in literature to correlate the framework structure with their 

adsorption or catalytic behavior. These descriptors were typically either based on structural 

parameters (such as the available pore volume, pore limiting diameter or largest cavity 

diameter)  or on thermodynamic properties (such as adsorption entropies or free energies of 

key model components).46–54 Hereafter, we try if the proposed descriptors could be 

functional descriptors to predict trends in the adsorption behavior of the isobutene 

intermediates (isobutene π-complex and tert-butyl carbenium ion). Figure S13 shows the 

performance of the maximum diameter of a sphere that can fit inside or diffuse along the 

pores of the framework (taken from the IZA database1) as topology descriptors. Figure S14 

shows the performance of the largest cavity diameter (LCD) or the pore limiting diameter 

(PLD), as determined by First et al.,55 for the topology scaling relations. Figure S15 illustrates 

the possible scaling relations with the available or occupiable pore volume by a probe sphere 

of 2.8 Å diameter of the framework topologies, as determined by Treacy and Foster.56 Figure 

S16 shows the correlation plots with the translational entropy of the physisorbed isobutene 

(from our US simulations) or the adsorption entropy of the tert-butyl carbenium ion at 773K 

(from our static calculations) as topology descriptors. 

 

 
Figure S13. Scaling relations between the static isobutene π-complex and tert-butyl carbenium ion 

adsorption energies for the various topologies and the maximum diameter of a sphere that can fit 

inside the framework (left) or maximum diameter of a sphere that can diffuse along the main 

channel or through the pore windows of the framework (right), according to the IZA database.1 
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Figure S14. Scaling relations between the static isobutene π-complex and tert-butyl carbenium ion 

adsorption energies for the various topologies and the largest cavity diameter, LCD (left) or the pore 

limiting diameter, PLD (right), according to the study of First et al.55 

 

 
Figure S15. Scaling relations between the static isobutene π-complex and tert-butyl carbenium ion 

adsorption energies for the various topologies and the occupiable pore volume (left) or the available 

pore volume (right), according to the work of Treacy and Foster.56 

 

 
Figure S16. Scaling relations between the static isobutene π-complex and tert-butyl carbenium ion 

adsorption energies for the various topologies and the translational entropy of the physisorbed 

isobutene reactant from the US simulations at 773K (left) or the tert-butyl carbenium ion adsorption 

entropy at 773K from static calculations (right).  
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So far, none of these topology descriptors was very successful in predicting a clear 

correlation with the isobutene adsorption energies. Previously, Iglesia et al.49 and Studt et 

al.54 highlighted the importance of van der Waals contributions for the adsorption of alkenes 

and showed that the van der Waals energies can yield linear correlations with transition 

state energies for alkene conversions in different zeolite frameworks. Analogously, we 

suggest using the D3 dispersion component of the isobutene adsorption energies as possible 

descriptor for the adsorption of the isobutene intermediates. Since the magnitude of the D3 

dispersion contribution to the static adsorption energies may show significant variations, 

depending on the specific orientation of the adsorbate, in particular for the large pore 

frameworks with high conformational freedom, we opted to compute the D3 dispersion in a 

different way. From the isobutene reactant windows in the US simulations at 773 K, 10 

significantly different conformations of the physisorbed isobutene (both π-complex and 

vdW-complex states) were selected. For each of these conformations, a single-point 

calculation at the revPBE-D3 level of theory was carried out on (i) the framework with 

adsorbed isobutene, (ii) the empty framework with isobutene removed and also on (iii) 

isobutene in gas phase with the framework removed. From each single point calculation the 

Grimme D3 dispersion energy was deduced and the dispersion component of the isobutene 

adsorption energy was calculated. Ultimately, the average D3 dispersion energy of the 10 

conformations was computed as the final estimate. Table S26 summarizes the dispersion 

energies for all investigated frameworks. Figure 2 in the main manuscript shows the 

performance of this descriptor for the static isobutene intermediates adsorption energies. 

∆𝐸𝑑𝑖𝑠𝑝−𝐷3 = 
1

10
∑(𝐸𝐷3,   𝑍−𝐻+𝐶4𝐻8

− 𝐸𝐷3,   𝑍−𝐻 − 𝐸𝐷3,   𝐶4𝐻8
)

10

𝑛=1
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Table S26. Grimme D3 dispersion energy components, ΔEdisp-D3 [kJ.mol-1], to the isobutene adsorption 

energies, averaged from 10 different conformations. 
 

Topology 
ΔEdisp-D3 

Average  
[kJ.mol-1] 

Standard deviation  
[kJ.mol-1] 

ZSM-22 -75.82  1.74 

SSZ-24 -52.85  3.58 

ITQ-4 -54.65  3.63 

DON -48.15  5.06 

ZSM-5 -73.26  7.07 

FER -72.79  2.52 

MOR -59.80  3.69 

β -55.72 4.68 

SSZ-13 -57.88  4.75 

Y -37.35  6.02 
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