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S1 EtOH dehydration barriers at 473.15K and 573.15K

In Table |[S1|we show the adsorption free energies and free energy barriers computed for the EtOH dehydration steps at 473.15K and
a reference pressure of 1bar. The data for the same conditions, but a temperature of 573.15K is presented in Table Analogous to
previous work, the reference concentration of the active site (ZOH) was set to 17.9 molm—3 1

Table S1 Adsorption free energies of water, EtOH and DEE as well as forward and backward free energy barriers at 473.15K and a reference pressure
of 1bar for all elementary reaction steps considered in the EtOH dehydration.

No. Elementary reaction AG* <£>
mol
1 ZOH + H,0 = ZOH*H,0 -5
2 ZOH + EtOH = ZOH*EtOH —12¢
3 ZOH + DEE = ZOH*DEE —44
4 ZOH*EtOH = SES + H,0 130, 118
5 SES + EtOH = ZOH*DEE 110, 113
6 ZOH*EtOH + EtOH = ZOH*H,0 + DEE 146, 155
7 SES = ZOH + ethene 125, 147
8 ZOH*EtOH = ZOH*H,0 + ethene 176, 190
9 ZOH*DEE — ZOH*EtOH + ethene 171, 183

@ adsorption free energies; low thermodynamically consistent
barriers have been used for numerical reasons with
no rate-limiting effect to the simulation results, see Section|[S1.1
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Table S2 Adsorption free energies of water, EtOH and DEE as well as forward and backward free energy barriers at 573.15K and a reference pressure
of 1bar for all elementary reaction steps considered in the EtOH dehydration.

No. Elementary reaction AG* < K >
mol
1 ZOH + H,0 = ZOH*H,0 10¢
2 ZOH + EtOH = ZOH*EtOH 64
3 ZOH + DEE = ZOH*DEE 16¢
4 ZOH*EtOH = SES + H,O 130, 133
5 SES + EtOH = ZOH*DEE 126, 129
6 ZOH*EtOH + EtOH = ZOH*H,0 + DEE 161,172
7 SES = ZOH + ethene 125, 163
8 ZOH*EtOH = ZOH*H,;0 + ethene 176, 206
9 ZOH*DEE = ZOH*EtOH + ethene 169, 199

@ adsorption free energies; low thermodynamically consistent
barriers have been used for numerical reasons with
no rate-limiting effect to the simulation results, see Section[S1.1
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Fig. S1 Simulated partial pressures of gas phase species using the reactions mechanism for EtOH dehydration from Figure 1 with varying numerical
thresholds for the adsorption/desorption steps (60, 80, 120, 140, 160kJmol~!). Apart from the numerical thresholds all parameters are identical.

S$1.1 Numerical treatment of adsorption kinetics

We assume that adsorption steps are much faster than reaction steps such that adsorption equilibria are almost instantaneously equili-
brated. Under this assumption, we use low thermodynamically consistent barriers for adsorption steps in the kinetic model. Here we
choose 80kJmol~! as the numerical threshold which we assign to all adsorption/desorption barriers while the corresponding reversed
process (desorption/adsorption) is assigned the same barrier shifted by the adsorption free energy for thermodynamic consistency. A
higher numerical threshold allows us to choose larger time integration steps, hence faster simulations, but risks to influence the result if
the threshold is too close to the reaction barriers. In Figure we show that our chosen numerical threshold for adsorption/desorption
steps has no influence on the simulation results. From the simulation with varying numerical thresholds we see that for 120kJmol~!
and higher thresholds for adsorption/desorption steps, the results become biased by the threshold. For this reason we chose 80 kJmol~!
as the numerical threshold for adsorption/desorption steps.

S2 Gas phase equilibrium of dehydration as a function of temperature

From the computed absolute free energies we can compute temperature-dependent equilibrium constants and thus the composition of
the equilibrated gas phase as a function of the temperature. The equilibrium pressures based on an initial pressure of 1 bar EtOH are
depicted in Figure where only the gas phase species EtOH, DEE, H,O and C,H, were considered. Our computed equilibrium is in
good agreement with experimental data by|Garbarino et al., who measured the DEE:ethene ratio of 1:1 at roughly 370K similar to our
calculated value.? Likewise, they did not observe significant amounts of DEE at temperatures above 425 K.
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Fig. S2 Computed gas phase composition after equilibration of 1 bar EtOH as a function of temperature. The considered gas phase species include
EtOH, DEE, H,O and C,H,.

S3 Butene and hexene formation barriers with a common reference

The barriers for butene and hexene formation in our article can be presented with a common reference, EtOH in the gas phase, that has
also been used in Figure 1 and that corresponds to the starting conditions in our simulations. In Figure |S3| we present the ethylation
barriers of ethene from Figure 3 referenced to EtOH in the gas phase. We do not show the formation pathways to the ethylation agents
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Fig. S3 Gibbs free energy diagram and transition states for the ethylations of ethene at 673.15K through EtOH directly (blue), DEE directly (orange),
SES stepwise formed from ethene (black) and dimerization (red) at the acid site. All states are referenced to EtOH in the gas phase and then shifted
so that the first shown state is at zero. The formation of the ethylation agents is shown in Figure 1.

— adsorbed EtOH (ZOH*EtOH), adsorbed DEE (ZOH*DEE), SES and ethene - in this Figure, because they are shown in Figure 1 and
because ethene formation from EtOH is much faster than subsequent ethylation steps. The ethylation barriers of butene from Figure 4

referenced to EtOH in the gas phase are shown in Figure[S4]
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Fig. S4 Gibbs free energy diagram for the ethylations of butene at 673.15K through EtOH directly (blue), DEE directly (orange), SES stepwise
formed from ethene (black) and dimerization (red) at the acid site. The formation and cracking of linear (left) and branched (right) hexene isomers
can be compared. All states are referenced to EtOH in the gas phase and then shifted so that the first shown state is at zero. The formation of the
ethylation agents is shown in Figure 1.

S4 Reaction flow analysis

In this section we show the reaction flow analysis that was used to determine relevant reactions in EtOH dehydration and subsequent
homologation and cracking steps. By tracking the cumulative throughput for each reaction path during the microkinetic simulation of
our complete mechanism (reactions no. 1-23 in Tables 1-3) at 673.15K, we obtained the data depicted in Figure We observe that
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Fig. S5 Reaction flows showing cumulative throughput of reaction paths for the complete mechanism at 673.15K. The results for the most important
reactions are labeled.

the stepwise dehydration pathway via reactions no. 2, 4 and 7 (indicated by arrows) is taken exclusively. Over the course of the process,
however, about half of the formed ethene reacts back to SES, which is consumed in ethylations of ethene and butene. From this analysis
of the reaction kinetics we see that the largest contributions come from reactions no. 2, 4, 7, 11, 17, 22 and 23.
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S5 vdW contribution in a parity diagram

The vdW part of the reaction barriers, here approximated with the D3 Grimme dispersion correction, largely depends on the size of the
adsorbate.” For this reason we display the D3 contribution to the alkylation barriers in the parity plot in Figure By comparing the
parity plot in Figure 6 with the parity plot in Figure [S6lwe see that about 70 % of the differences in alkylation barrier height are caused
by the D3 contribution (8 kJmol~! shift in D3 contribution, 11 kImol~! total shift). As expected the adsorbate size together with the
confinement of the zeolite plays a significant role. However, the data points for linear and branched products do not group together
in clusters as they do in for the total barriers in Figure 6. Hence, the preference for branched products does not come from the D3
contribution.

1 I 1 T 1
—40 @ linear product ’
X branched product

E eor 8 kJ/mol i
=

g 80F i

8 =100 .
<

MAE: 1 kJ/mol
“120F a | -

-120 -100 —80 —60 —40
AD3} (kJ/mol)

methylation

Fig. S6 Correlation of D3 contributions to methylation and ethylation barriers, referenced to the gas phase, for the second step of the stepwise alkylation
between ETO and MTO processes at 673.15K and a reference pressure of 1bar. The formation of linear and branched products is distinguished. The
mean absolute error (MAE) is 1 kJmol~! from the diagonal with a slope of one and an offset of 8 kJmol~!.

S6 Location of bulkier transition states within the cavity

Here, in Figure[S7] we show the transition structure for the formation of 3-methyl-2-pentene via SES from different angles to visualize
the orientation of the hydrocarbon chain inside the pore of the zeolite. The coordinates of all structures are attached as additional
electronic supporting information.

Fig. S7 Transition structure for the formation of 3-methyl-2-pentene via SES shown from different angles to visualize the orientation of the hydrocarbon
chain inside the pore of the zeolite. Color code: oxygen (red), silicon (yellow), aluminum (blue), carbon (brownish), hydrogen (whitish).
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S7 Energy contributions

All computed energy contributions for all involved species and transition states are listed in Table

Table S3 Energy contributions in eV for all species and transition states.

Species EpbE.p3 i3 E?)E;NOVCCSD(T]/DZ Eé?ﬂ.gNo-Mpz/CBs Efﬁgno-mpz/nz Gtrans,rot,vib,zpvE)

‘water -14.2236 -2074.6244 -2077.6909 -2074.2781 -2078.4155 -0.7142

methanol -30.2363 -3140.7477 -3144.7413 -3139.8560 -3146.5337 -0.2976

ethanol -46.9334 -4207.5134 -4212.5863 -4206.1402 -4215.3280 0.2024
dimethylether -46.4401 -4207.0622 -4212.0228 -4205.6431 -4214.8411 0.2080

diethylether -79.8388 -6340.6021 -6347.7251 -6338.2229 -6352.4190 1.2210

ethene -31.9836 -2132.1470 -2134.2218 -2131.0593 -2136.1590 -0.1736

propene -48.7104 -3198.8892 -3202.0676 -3197.3389 -3204.9723 0.2339

iso-butene -65.4386 -4265.6626 -4269.9649 -4263.6543 -4273.7880 0.7344

(E)-but-2-ene -65.4087 -4265.6225 -4269.9014 -4263.6059 -4273.7593 0.7316
(E)-pent-2-ene -81.9621 -5332.2596 -5337.6229 -5329.7690 -5342.4014 1.2306
(E)-hex-2-ene -98.5346 -6398.9069 -6405.3487 -6395.9367 -6411.0606 1.7624
(E)-hept-2-ene -115.1015 -7465.5506 -7473.0720 -7462.0994 -7479.7151 2.2449

(E)-oct-2-ene -131.6672 -8532.1936 -8540.7964 -8528.2601 -8548.3696 2.7844
(E)-non-2-ene -148.2347 -9598.8364 -9608.5158 -9594.4205 -9617.0241 3.3233
(E)-2-methyl-but-2-ene -82.0695 -5332.3226 -5337.7281 -5329.8515 -5342.5096 1.2153
(E)-2-methyl-pent-2-ene -98.6228 -6398.9616 -6405.4544 -6396.0178 -6411.1513 1.7190
(E)-3-methyl-pent-2-ene -98.5976 -6398.9421 -6405.4418 -6395.9999 -6411.1275 1.7404
(E)-23-dimethyl-but-2-ene -98.6189 -6398.9321 -6405.4568 -6396.0045 -6411.1475 1.5922
(E)-34-dimethyl-pent-2-ene -115.1441 -7465.5890 -7473.1993 -7462.1840 -7479.7632 2.2210
233-trimethyl-but-1-ene -115.0754 -7465.6236 -7473.2485 -7462.2331 -7479.6948 2.3764

Al-OH (ZOH) -862.5998 -508388.1885 -508683.3830 -508366.3082 -509092.8742 0.3258

Al-OMe (SMS) -878.7042 -509454.5696 -509750.5704 -509432.1366 -510161.0570 0.8638

Al-OEt (SES) -895.5121 -510521.4039 -510818.3768 -510498.4996 -511229.9360 1.4564

ZOH*EtOH -910.8627 -512597.2048 -512897.0343 -512574.0185 -513309.5182 1.7819

ZOH*DEE -943.7615 -514730.2211 -515032.1544 -514706.0350 -515446.5449 2.9528

ZOH*H20 -877.8887 -510464.1181 -510761.9593 -510441.9352 -511172.3765 0.6887

Transition state

DEE = ethene + EtOH -942.1896 -514728.3728 -515030.2100 -514704.1256 -515445.0455 2.7400

EtOH = ethene + water -909.1331 -512595.0947 -512895.0465 -512571.8659 -513307.8376 1.5978

SES = ethene + ZOH -894.3656 -510519.5514 -510816.8521 -510496.6230 -511228.7809 1.2568

2 EtOH = DEE + water -957.4575 -516804.3262 -517108.8821 -516779.7101 -517524.4656 3.1734

EtOH + SES = DEE + ZOH -942.3901 -514728.5845 -515030.3951 -514704.2710 -515445.0186 2.7886

SMS + water = MeOH + ZOH -892.3536 -511528.5904 -511827.3701 -511505.8005 -512238.9863 1.2399

SES + water = EtOH + ZOH -909.5190 -512595.7852 -512895.5353 -512572.4927 -513308.1108 1.8066

ethene + SMS = propene + ZOH -910.2108 -511585.9743 -511883.9223 -511562.5439 -512296.7047 1.7147

propene + SMS = (E)-but-2-ene + ZOH -927.2368 -512652.9851 -512951.9812 -512629.0825 -513365.8302 2.2118

iso-butene + SMS = (E)-2-methyl-but-2-ene + ZOH -944.2188 -513719.9989 -514020.1131 -513695.6404 -514434.9103 2.8137

but-1-ene + SMS = (E)-pent-2-ene + ZOH -943.9212 -513719.6814 -514019.7636 -513695.3049 -514434.5660 2.8400

pent-1-ene + SMS = (E)-hex-2-ene + ZOH -960.6326 -514786.5030 -515087.6133 -514761.6412 -515503.3867 3.3367

hex-1-ene + SMS = (E)-hept-2-ene + ZOH -977.3055 -515853.1732 -516155.4746 -515827.8443 -516572.1178 3.9139

hept-1-ene + SMS = (E)-oct-2-ene + ZOH -993.7894 -516919.8456 -517222.9081 -516894.0187 -517640.7215 4.5743

(E)-but-2-ene + SMS = (E)-2-methyl-but-2-ene + ZOH -944.1093 -513719.8366 -514019.9710 -513695.4731 -514434.7557 2.8634
(E)-pent-2-ene + SMS = (E)-2-methyl-pent-2-ene + ZOH -960.7364 -514786.6201 -515087.7284 -514761.7669 -515503.5222 3.3248

(E)-hex-2-ene + SMS = (E)-2-methyl-hex-2-ene + ZOH -977.4487 -515853.3737 -516155.5645 -515828.0485 -516572.3045 3.9332
(E)-hept-2-ene + SMS = (E)-2-methyl-hept-2-ene + ZOH -993.9850 -516919.9130 -517223.2879 -516894.1251 -517640.9045 4.5843
(E)-2-methyl-but-2-ene + SMS = (E)-23-dimethyl-but-2-ene + ZOH -960.9967 -514786.7756 -515088.0237 -514761.9608 -515503.7433 3.3550
23-dimethyl-but-1-ene + SMS = (E)-23-dimethyl-pent-2-ene + ZOH -977.5836 -515853.5431 -516155.7432 -515828.2441 -516572.4293 3.8957
(E)-23-dimethyl-but-2-ene + SMS = 233-trimethyl-but-1-ene + ZOH -977.6282 -515853.4710 -516155.8157 -515828.1963 -516572.4408 3.8285
(E)-34-dimethyl-pent-2-ene + SMS = (E)-234-trimethyl-pent-2-ene + ZOH -994.3550 -516920.3289 -517223.6746 -516894.5848 -517641.2663 4.4731
233-trimethyl-but-1-ene + SMS = (E)-223-trimethyl-pent-2-ene + ZOH -994.2438 -516920.2881 -517223.6123 -516894.5414 -517641.1638 4.4492

ethene + EtOH = (E)-but-2-ene + HZO -941.9872 -514728.1988 -515030.0377 -514703.9735 -515444.7328 2.5560

but-1-ene + EtOH = (E)-hex-2-ene + H20 -975.5373 -516861.8034 -517165.8363 -516836.6438 -517582.4629 3.8561

(E)-but-2-ene + EtOH = (E)-3-methyl-pent-2-ene + H,0 -975.9601 -516862.1270 -517166.2198 -516836.9672 -517582.9343 3.6197

ethene + SES = (E)-but-2-ene + ZOH + ZOH -927.0208 -512652.8246 -512951.7359 -512628.8629 -513365.6187 2.1893

propene + SES = (E)-pent-2-ene + ZOH + ZOH -944.0069 -513719.7833 -514019.7792 -513695.3667 -514434.6624 2.7783

iso-butene + SES = (E)-2-methyl-pent-2-ene + ZOH -961.0044 -514786.8124 -515087.9033 -514761.9466 -515503.7599 3.2543

but-1-ene + SES = (E)-hex-2-ene + ZOH -960.6277 -514786.3775 -515087.5744 -514761.4885 -515503.3116 3.3925

pent-1-ene + SES = (E)-hept-2-ene + ZOH -977.3956 -515853.2737 -516155.4312 -515827.9139 -516572.1976 3.9111

hex-1-ene + SES = (E)-oct-2-ene + ZOH -994.0641 -516919.9182 -517223.2535 -516894.0922 -517640.9130 4.5760

hept-1-ene + SES = (E)-non-2-ene + ZOH -1010.5189 -517986.4203 -518290.8950 -517960.1226 -518709.4127 5.2494

(E)-but-2-ene + SES = (E)-3-methyl-pent-2-ene + ZOH -960.9295 -514786.7139 -515087.7652 -514761.8311 -515503.6525 3.3415
(E)-pent-2-ene + SES = (E)-3-ethyl-pent-2-ene + ZOH -977.5994 -515853.5228 -516155.6047 -515828.1657 -516572.4580 3.8544 -7.2490
(E)-hex-2-ene + SES = (E)-3-ethyl-hex-2-ene + ZOH -994.2773 -516920.2009 -517223.4444 -516894.3824 -517641.1920 4.3851 -7.4879
(E)-hept-2-ene + SES = (E)-3-ethyl-hept-2-ene + ZOH -1010.7719 -517986.6768 -518291.1204 -517960.3968 -518709.7383 5.1298 7297
2-methyl-but-1-ene + SES = (E)-3-methyl-hex-2-ene + ZOH -977.6805 -515853.5852 -516155.6941 -515828.2428 -516572.5239 3.7290 -7.2651
(E)-2-methyl-but-2-ene + SES = (E)-23-dimethyl-pent-2-ene + ZOH -977.7715 -515853.6010 -516155.7799 -515828.2727 -516572.5856 3.8805 -7.3462
23-dimethyl-but-1-ene + SES = (E)-23-dimethyl-hex-2-ene + ZOH -994.3130 -516920.2922 -517223.4913 -516894.4694 -517641.2309 4.3935 -7.5091
(E)-23-dimethyl-but-2-ene + SES = (E)-233-trimethyl-pent-2-ene + ZOH -994.5378 -516920.4204 -517223.6984 -516894.6419 -517641.4438 4.3503 .5615
(E)-34-dimethyl-pent-2-ene + SES = (E)-234-trimethyl-hex-2-ene + ZOH -1011.1543 -517987.1740 -518291.4988 -517960.9199 -518710.1331 5.1197 -7.7832
233-trimethyl-but-1-ene + SES = (E)-223-trimethyl-hex-3-ene + ZOH -1011.0026 -517987.1232 -518291.4115 -517960.8729 -518709.9917 5.0102 -7.7403
ethene + DEE = (E)-but-2-ene + EtOH -974.8790 -516861.0982 -517165.1262 -516835.8277 -517581.7671 3.6546 2120
but-1-ene + DEE = (E)-hex-2-ene + EtOH -1008.6030 -518994.8799 -519300.9885 -518968.6682 -519719.6512 4.7705 -7.6471
(E)-but-2-ene + DEE = (E)-2-methyl-pent-2-ene + EtOH -1008.8210 -518995.0768 -519301.1472 -518968.8813 -519719.8584 4.7695 -7.6415
(E)-but-2-ene = 2 ethene -926.8335 -512652.4143 -512951.3360 -512628.4904 -513365.3850 2.0237 .6986
(E)-hex-2-ene = ethene + but-1-ene -960.5008 -514786.0844 -515087.2416 -514761.2575 -515503.2463 3.1636 -7.0229
(E)-hex-2-ene = 2 propene -960.6643 -514786.2325 -515087.4529 -514761.3999 -515503.3824 3.1979 -7.1424
(E)-2-methyl-pent-2-ene = 2 propene -960.7631 -514786.2740 -515087.5340 -514761.4068 -515503.4599 3.0633 1772
(E)-3-methyl-pent-2-ene = (E)-2-methyl-pent-2-ene -961.2125 -514786.8253 -515087.7227 -514761.9740 -515503.5231 3.3099 -7.0077

Notes and references
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2 G. Garbarino, G. Pampararo, T. K. Phung, P. Riani and G. Busca, Energies, 2020, 13, 3587.
3 P. N. Plessow and F. Studt, Catal. Lett., 2018, 148, 1246-1253.
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