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Section S1. MD simulations cell parameters

The unit cell parameters (Table S1) were averaged from NPT equilibration simulations,
and then carried forward to our NVT simulations.
Table S1. Cell parameters of NPT simulations at 300 K and 1 atm specific to the Si/Al ratio of

simulation models (top three rows), given in A and °, compared to experimental values (bottom
row).

a(A)

Si/Al b (A) c(A) a(°) B ) Y ()
95 20.05 19.85 13.38 90.87 90.42 90.28
95* 20.09 19.92 13.40 90.02 90.01 90.11
47 20.05 19.84 13.43 91.16 89.80 89.92

299! 20.02 19.90 13.38 90.00 90.00 90.00

* Parameters used for MD simulation at 670 K of 5 methanol molecules per one acid

site unit cell.



Section S2. Methanol loading per pore volume analysis

The Zeo++ package? was used to evaluate the available space within the H-ZSM-5
framework that could accommodate guest molecules (Figure S1). The pore-occupiable volume
implemented in Zeo++ was used as an estimate for the available space. This analysis includes

both channels and intersections within the zeolite framework.
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Figure S1. Plot of the accessible space within the entire zeolite unit cell of ZSM-5 against guest
molecule radius, given in A% and A, respectively.

We use as an approximate probe radius of the methanol molecule as 1 A, which allows
us to estimate the number of methanol molecules that can be inserted in the zeolite model while

avoiding sampling of the space in between atoms or small cages.

Considering the adsorption energy of a single methanol molecule within the zeolite,
which falls between -90 and -115 kJ/mol in previous work, one can evaluate the loading of the
pore with methanol (Figure S2)3. The relatively large adsorption energy of methanol to the
Brensted acid site resulted in a high saturation, with up to 13 methanol molecules around one
active site, however this may be overestimated since the adsorption is assumed to be
homogenous throughout the entire pore volume. High quantity of up to 11 methanol molecules

coordinating with one acid site is also observed experimentally*.
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Figure S2. Methanol loading per acid site as a function of the methanol vapor pressure. A
key is provided.



Section S3. Geometric analysis of MD simulations

Table S2. Minimum, average and maximum intermolecular distances, d, between methanol
molecules of interest throughout the NVT simulations. In particular, we present distances
between methyl groups (Cm-Cwm), oxygen atoms of methanol molecules (Om-Owm). Schematic
representation of the analysed intermolecular distances given in Figure 1 of article. Distances
are given in A.

Methanol/cell 3 MeOH 5 MeOH
Si/Al ratio 95 47 95 47
d(Cm1-Cm2) min. 3.18 3.31 3.46 3.64 - - -
ave. 4.38 4.25 4.47 4.52
max. 4.96 5.05 5.43 5.08 - - -
d(Cm2-Cwma) min. 3.25 3.24 3.32 2.81 - - -
ave. 4.27 4.28 4.10 3.40
max. 5.17 5.48 4.87 4.06 - - -
d(Cm3z-Cwma) min. - - 3.14 - - - -
ave. 4.45
max. - - 5.69 - - - -
d(C|v|4-C|v|5) min. - - 2.93 - - - -
ave. 3.87
max. - - 4.96 - - - -
Methanol/cell 1 MeOH 3 MeOH 5 MeOH
Si/Al ratio 95 47 47* 95 47 95 47
d(Om1-Omz) min. - - - 2.25 | 2.25 2.28 2.26
ave. 245 | 251 2.60 2.47
max. - - - 2.94 | 3.27 3.17 2.99
d(Om2-Oms) min. - - - 2.29 | 2.27 2.25 2.29
ave. 259 | 253 2.47 2.59
max. - - - 3.15 | 3.43 2.89 3.20
d(Oms-Owma) min. - - - - - 2.26 -
ave. 2.56
max. - - - - - 3.16 -
d(Oms-Ows) min. - - - - - 2.34 -
ave. 2.83
max. - - - - - 3.55 -

[T

no results to present
*Results of methanol adsorbed on T8 acid site instead of T12.



Table S3. Minimum and maximum intermolecular hydrogen bond distances, d(Om-H), in
methanol molecules of interest (R), taken over from our NVT simulations. Schematic
representation of the analysed intermolecular distances given in Figure 1 of article.

Methanol/cell 1 MeOH 3 MeOH 5 MeOH
Si/Al ratio 95 47 47* 95 47 95 47
d(Hm1-Om1) min. 0.95 0.90 | 0.90 0.90 0.90 0.88 0.90
max. 191 1.77 | 1.75 1.35 1.28 1.21 1.36
d(Om1-Hmz) min. - - - 0.96 0.94 0.97 0.93
max. - - - 1.99 2.56 2.35 2.21
d(Hm2-Om2) min. - - - 0.94 0.93 0.92 0.91
max. - - - 1.79 1.75 1.59 1.90
d(Om2-Hwmz) min. - - - 0.91 0.93 0.93 0.91
max. - - - 1.56 1.72 2.01 1.53
d(Hmz-Owmz) min. - - - 1.03 0.99 0.93 1.00
max. - - - 2.23 2.66 1.83 2.33
d(Hwmsz-Oma) min. - - - 0.85 0.90 0.92 0.82
max. - - - 1.25 1.20 1.63 1.29
d(H|v|4-O|v|4) min. - - - - - 0.94 -
max. - - - - - 2.51 -
d(Oma-Hwms) min. - - - - - 0.87 -
max. - - - - - 1.35 -
d(Hms-Owms) min. - - - - - 1.14 -
max. - - - - - 3.05 -
d(O|v|5-H|v|6) min. - - - - - 0.81 -
max. - - - - - 1.29 -

¢

no results to present
*Results of methanol adsorbed on T8 acid site instead of T12.



Section S4. MTD cell parameters and analysis of methodology employed
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Figure S3. Schematic representation of the CVs employed in Metadynamics simulations.

Upon each recrossing of the barrier, the height of the Gaussian hills is halved in order
to improve the convergence of the free energy profile; this process is repeated until a final hill
height of 0.65 kJ/mol is used. To ensure we sample chemically relevant space with the
metadynamics simulations, we use constraints to keep the reactant and product molecules in
the vicinity of the acid site. In particular, we constrain the C-O bonds represented by CV1 and
CV2 to the reaction transition state by using a series of single-sided energy “walls”, that extend
from the barrier (B) towards smaller values of the collective variable (CV), represented by a
quadratic potential K(CV-B)?, with K - quadratic potential constant: for CV1, this barrier is at
CN(Cmeon-Omeon) = 0.04 (K=50 Ha), which corresponds to a bond distance of 3.4 A; and for
CV2, the barrier is at CN(CmeoH-Ozeaiite) = 0.03 (K=200 Ha). In addition, to keep the reactant
methanol protonated, which we observe as an active part of the reaction mechanism when more
than one methanol is adsorbed on the active site, we applied a quadratic wall in position 0.056
of CV3 (K=100 Ha), which corresponds to an average O-H stretch of 1.25 A and a maximum
elongation from the the methanol of 2 A; this parameter choice is based on the average O-H

bond lengths observed for the protonated methanol in our NPT simulations.



For metadynamics simulations, it is necessary to use unit cells equilibrated in the NPT
ensemble with the appropriate methanol loading from the outset (Table S4). Furthermore, the
average O-H bond distance for the methoxonium ion is also presented in Table S5. An overview
of all the simulated models is presented in Table S6.

Table S4. Average unit cell parameters observed during NPT simulations with methanol loaded
into the unit cell. These parameters were subsequently used for metadynamics simulations.
Lattice vectors and angles are given in A and °, respectively.

Si/Al | Methanol/cell | a(A) b(A) | c a (°) B (°) v (°)
95 ) ) .
1 MeOH 20.05 19.79 13.41 91.24 90.63 90.24
47 20.04 19.86 13.39 90.90 90.59 90.30
95 90.14 90.20 90.35
3 MeOH 19.96 19.80 13.27
47 20.03 19.84 13.38 90.91 89.89 90.15
95 ) ) .
5 MeOH 20.02 19.81 13.38 91.03 90.36 90.20
47 20.05 19.82 13.38 91.13 90.14 90.15

Table S5. Average O-H distance observed for the protonated methanol in our NPT
equilibration calculations. Values are given in A.

Si/Al Methanol/cell d(O-H)
95
3 MeOH 1.24
47 1.13
95
5 MeOH 1.19
47 1.16




Table S6. Overview of models employed for MD and MTD simulations, with methanol and
Si/Al ration presented alongside simulation time given in picoseconds (ps) and meta-
picoseconds (m-ps)

MD. NPT* MD. NVT

Si/Al | Methanol loading | time [ps] | Si/Al '\fcf;zf‘;‘g' time [ps]
95 1 50 95 1 50
95 3 50 95 3 50
95 5 50 95 5 50
47 1 50 47 1 50
a7 3 50 a7* 3 50
a7 5 50 a7 5 50

Metadynamics
Si/Al | Methanol loading | time [m-ps]

95 1 277
95 3 231
95 5 213
47 1 223
47 3 184
47 5 196

* Two MD, NPT runs were simulated in parallel for each model, to ensure a proper sampling
process occurred.

** Two distinct configurations were simulated for the MD, NVT 3 methanol, 2 acid sites per
unit cell models.

To validate our method and parameters for the metadynamics simulations themselves,
multiple simulations were conducted to obtain accurate parameters. To perform this validation,
the unit cell chosen was a zeolite model containing three methanol molecules and one acid site.
In order to ensure that no different reaction path is taken when employing two CVs, the
accuracy behind using two CVs was analysed by conducting a MTD simulation having a single
biased CV: CN1-CN2 or the difference between the coordination number of the methyl to the
oxygen of the methanol hydroxyl — (CV1) and the coordination number of the as methyl to the
oxygen atoms of the active site—(CV2), as shown in the Methodology section of the article.

With respect to the refinement of the energy landscape and the Gaussian “hills” added
when sampling, it was concluded that a “hill” height of 0.65 kJ/mol was adequate; subsequent
refinement with energy hills of 0.30 kJ/mol and 0.10 kJ/mol, both of which were performed

for an additional 25 ps (corresponding to 500 energy hills added for each energy “layer”) did
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not give a statistically significant change in the minimum energy path (MEP) free energy

barrier (Table S7).

Table S7. MEP free energy barriers calculated from metadynamics simulation with two
collective variables biased - MTD (CN1, CN2), one collective variable biased (CN1-CN2).

Values are presented in kJ/mol.

“Hill” height:

0.65 0.30 0.10
MTD (CN1, CN2) 169 166 165
MTD (CN1 - CN2) 171 - -

“-“no results to present
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Section S5. OM/MM geometry optimisation of single methanol adsorption

To further validate that single methanol adsorption can lead to acid site deprotonation, an
additional set of simulations was performed by taking an MD snapshot from a single acid site
per unit cell production run, in which the acid site was deprotonated, as the starting geometry.
This model was geometrically optimised using QM/MM static calculations, which resulted in
the methanol being in a protonated state (Figure S3) thus validating that the PES contains local

minimums in which the acid site is deprotonated.

NI

> L8 -

Figure S4. QM/MM optimised model of single methanol adsorption on T12 acid site, with

-

atoms colour key as described in Figure 3 in the main article.

To perform the QM/MM calculations, we created spherical embedded-cluster models
of H-ZSM-5 from the experimental unit cells of siliceous MFI°, centred on a T12 Si tetrahedral
in the intersection channel. During QM calculations, the terminal oxygens are saturated with
hydrogen atoms: these artificial “link” atoms do not inadvertently affect the electronic solution
of the QM calculations, as a bond-dipole correction is added at the boundary to the surrounding
MM region, to ensure an accurate electrostatic embedding potential.® Encapsulating the QM
region are two concentric MM regions. The inner MM region contains atoms that can move
during a geometry optimisation; and the outer region is frozen to ensure a bulk-like structure
at the far limit from any chemical reactions. In our calculations, the inner and outer MM regions
extend from the central T-site to a radius of 10.58 A (20 ap) and 21.17 A (40 ao), respectively.

12



Surrounding the entire QM/MM cluster is a series of embedding point charges, the values of
which have been fitted to give the correct bulk electrostatic potential for all the sites allowed
to move during any geometry optimisation (i.e. the QM and inner MM region), as referenced
against a periodic MM calculation for the same system.”:®

After creating our embedded-cluster model, we replaced the central Si atom in each
model with an Al atom, and have added a charge compensating H on a neighbouring oxygen
atom in a manner that facilitates reaction modelling, specifically where the H atom is most
accessible, noting that the energy differences between H locations are typically small®!!!, The
QM region, which is the chemically active part of our model, includes atoms up to the fifth
nearest neighbour (the third oxygen atom) from the central T-site. In their entirety, the total

number of atoms in each cluster model is 2165, with 74 QM atoms and 197 inner MM atoms.

Throughout, the QM energy has been calculated using hybrid-DFT with the Becke97-
3 exchange-correlation (XC) functional?, using the dispersion corrected B97-D version®?, as
provided in the NWChem code!*. Throughout, the atomic orbitals are represented using the
Ahlrichs and Taylor TZVP Gaussian basis sets'®. The self-consistent field (SCF) convergence
criteria was set to an energy change of less than 2.72 x 10 eV (1 x 107" Hartrees) between SCF
iterations.'®1” The MM energy was calculated using DL_POLY,*® employing the forcefield of
Hill and Sauer’8, with the coordination dependent charges in the original forcefield replaced
with fixed 1.2 and -0.6 e point charges for silicon and oxygen respectively, as parameterised in
the work of Sherwood et al.® Because we have a neutrally charged system, we employed
Restricted Hartree-Fock (RHF) conditions to simulate our models, corresponding to all spins
being paired and singlet spin multiplicity. Geometry optimizations were performed by
ChemShell*® in a Cartesian coordinate space using the Limited-Memory Broyden-Fletcher-
Goldfarb-Shanno (L-BFGS) algorithm, with a convergence threshold of 0.015 eV/A, gradients
of root-mean-square (rms) of 0.002 Ha/ao, rms of 0.008 ap, maximum gradient of 0.003 Ha/a,
maximum displacement of 0.012 ao.2%?1:2223 Vibrational frequencies were also calculated using
ChemShell, with a task-farmed finite-difference approach, 2* allowing us to confirm that the

geometry corresponds to local minima.?>%
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Section S6. Time dependent variation of M-A and M-R distances
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Figure S5. Variation of M-A distance (A) as a function of simulation time (fs) for a 50 ps NVT
simulation. Data is presented for one (top row) and two (bottom row) acid sites, with one (left
column), three (middle column) and five (right column) methanol molecules per unit. The
orange horizontal line highlights the average distance.
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Figure S6. Variation of M-R distance (A) as a function of simulation time (fs) in a 50 ps NVT
simulation. Data is presented for one (top row) and two (bottom row) acid sites, with one
(left column), three (middle column) and five (right column) methanol molecules per unit cell.
A blue horizontal line highlights the average distance.
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Table S8. Average distances of M-A and M-R from NVT MD simulations, given in A. The
definitions of M, A and R are given in the manuscript Methodology.

Si/Al ratio Methanol/cell M-A M-R
95 1 MeOH 3.08 4.89
47 3.32 5.65
95 3 MeOH 4.48 2.97
47 3.06 2.87
95 5 MeOH 4,05 1.71
47 3.73 3.22
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Section S7. Kinetic and FES results.

The methylation reaction rate constants (k) are calculated as follows:

K= 2 (e-ﬁF(q*)

ZR

with F(g*) representing the free energy of the transition state g*, which is relative to the energy
minimum in the reactant “valley”; Zr is proportional to the partition function of the reactant
“valley”; and A is a factor related to rate of change of the collective variable in the transition

state and was computed by the procedure proposed by Bucko et a

Table S9. Kinetic properties and MEP barriers derived from the FES analysis, specifically,
free energy barriers of the forward reaction (4Fg), backward reaction (4Fg) presented in
kJ/mol, reaction rates of the forward (kr) and backward reactions (kg) (given in s), calculated

as provided in the methodology section of main article.

1)

|27

Phenomenological barriers Kinetic rates
Si/Al ratio | Methanol/u.c. AFr AFg ke ks
95 1 MeOH 142 98 7.37-108 | 1.22.10?
95 3 MeOH 169 55 1.94-10%7 | 1.66-10°
47 142 79 1.38-10%2 | 1.13-10
95 5 MeOH 149 44 6.24-1014 | 1.22.10°
47 112 66 1.73-107 | 1.73-10
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