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The diffusion in ZSM-5 zeolite of methanol and of two series of promoters of the methanol to dimethyl
ether reaction (linear methyl esters, benzaldehyde, 4-n-alkyl benzaldehydes) has been studied using
classical molecular dynamics in the NVT ensemble. Whereas promoter diffusion coefficients decrease with
increasing alkyl chain length in methyl esters, the aromatic aldehyde promoters all have similar diffusion
coefficients. The lowest diffusion coefficient is that of benzaldehyde. All the promoters exhibit a preference
for moving in the straight pore, a preference that is most pronounced for the 4-n-alkylbenzaldehydes and
least for the longest aliphatic esters. A novel diffusion mechanism, a molecular ‘3-point turn’, is observed.
This likely plays an important role in allowing the most potent promoters, with longer linear alkyl chains, to
access all of the Bronsted acid reaction sites. The diffusion coefficient of methanol is larger than that of all
the promoters. The more catalytically active aromatic aldehyde promoters limit methanol diffusion less
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1 Introduction

The utilisation of alternative feedstocks for everyday
chemicals is of key industrial importance as we move towards
net zero and beyond. Methanol derived from various carbon
sources, such as CO,, biomass, and biogas, is already of
considerable  economic interest.’ The methanol-to-
hydrocarbon (MTH) process is poised to offer a pathway to
numerous commercially and industrially significant
chemicals. The first step in the MTH process, the dehydration
of methanol to dimethyl ether (DME), is of particular interest
as DME is an important solvent and the starting material for
many other products.

The methanol to DME reaction is promoted by the unique
porous structure of zeolites, this provides a confinement effect
that leads to transition state stabilisation.>”® This work focuses
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on the MFI framework type structure (commonly known as
ZSM-5), shown in Fig. 1. This framework has orthorhombic
symmetry (Pnma) within a large range of operating
temperatures, and is composed of straight parallel pores
(Fig. 1a) intersected by sinusoidal pores (Fig. 1b). These
ordered pores provide large internal surface areas which leads
to the transition state stabilising confinement effect. Addition
of organic carbonyl compounds further promotes the methanol
to DME reaction allowing for use of milder reaction conditions;
this reduces the risk of catalyst deactivation and side reactions
in the hydrocarbon pool mechanism.” The aliphatic esters and
aromatic aldehydes investigated here have shown significant
promotional effects (increasing catalytic activity by well over an
order of magnitude) down to concentrations as low as 1 ppm
in methanol.””®

Promoter potency was found to increase markedly with
alkyl group chain length, for both linear aliphatic methyl
esters, and 4-n-alkylbenzaldehydes. In situ FT-IR studies
showed that the potent methyl n-hexanoate and very potent
4-n-pentylbenzaldedhyde promoters are able to fully titrate all
the Bronsted acid (BA) sites in H-ZSM-5, indicating that they
can readily navigate around the zeolite microporous
network.”® For the aliphatic ester promoters, kinetic,
spectroscopic and molecular modelling studies are consistent
with DME being formed via a bimolecular reaction between
methanol and a methyl ester interacting with a Brensted acid
site. In the case of the aromatic aldehyde promoters the
reaction was found to proceed via the formation of a methyl

This journal is © The Royal Society of Chemistry 2024
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(a) Unit cell representation looking along the straight pores.
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(b) Unit cell representation looking along the sinusoidal pores.
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Fig. 1 The unit cell structure of the MFI framework. Colour key: orange tetrahedra = SiO,4; red atom = O. Figures made using VESTA.1°

oxonium species formed from methanol and the aldehyde
interacting with a Brensted acid site, which reacts in a second
step with another methanol to form DME.

Our previous work employed a set of multilevel quantum
calculations to investigate the action of aliphatic ester
promoters in DME formation from methanol dehydration
within H-ZSM-5.'* Our results showed how the promoters
provide a more favourable route to DME formation. The
promoters’ adsorption to the reaction site is one crucial
factor. Previously, we did not consider the role of diffusion;
in the lead-up to the reaction, molecules must navigate the
zeolite pores to access reaction sites and the reaction site
becomes accessible for further reactions after product
molecules diffuse away. At elevated temperatures the reaction
potentially becomes diffusion limited, if the rate-limiting step
shifts to diffusion of reactants in and products out of the
reaction site. Many factors affect the diffusion of molecules
in microporous solids, and molecular dynamics (MD)
simulations have long been used to elucidate the dynamics
of organic molecules in porous systems. Key to this is the
flexibility of both the organic and inorganic components.'” It
is not possible to know a priori how zeolite flexibility will
affect diffusion, so results with a fixed framework cannot be
extrapolated to one which is flexible."> Compounding this,
recent work by Xu et al. has demonstrated flaws in the way
some MD codes calculate temperatures and apply degrees of
freedom for systems with rigid or frozen particles.'* For these
reasons, in this paper we opt for simulations of flexible
molecules within a flexible zeolite.

Molecules can follow different diffusion pathways in
zeolites depending on their size and shape.””™ 1In the
present work, we examine the diffusion through the
different pores within ZSM-5 of methanol and the larger
organic promoter molecules shown in Scheme 1. We
investigate the spatial distribution of the promoter
molecules. Diffusion coefficients are estimated and how
these change when promoter and methanol are present
together are examined. Novel behaviour, a molecular

This journal is © The Royal Society of Chemistry 2024

‘3-point turn’, is observed which we suggest enhances
the manoeuvrability of the promoters and their navigation
through the three dimensional zeolite network, allowing
greater access to reaction sites.

2 Methodology

The MD simulations presented here were carried out with
the open-source MD engine LAMMPS, utilising its
Stermer-Verlet time integration algorithm.'®' The ZSM-5
unit cell was obtained from the Database of Disordered
Zeolite Structures, and a 2 X 2 x 2 supercell was
constructed, containing 768 Si atoms and 1536 O atoms.*”
All simulations were performed with periodic boundary
conditions in the canonical ensemble (NVT) at 423; lattice
parameters can be found in the ESL} No Brgnsted acid
sites were present in the zeolite simulated here. We used
a Nosé-Hoover thermostat with a chain length of 3 and a
damping parameter of 200 fs. Tests using the Langevin
thermostat showed it was unsuitable; these results can be
found in the ESL{ The well-known inter-atomic rigid-ion
potentials for zeolites of Catlow et al. were combined with
the OPLS force field.***® Interactions between organic
molecules and zeolites were modelled with Lennard-Jones
potentials. The OPLS parameters were obtained from
LigParGen.>® This combination has been used successfully
in previous work on adsorption of organic molecules on
clay surfaces.”” The set of force field parameters used
here can be found in the ESLj

a) b) R
(0] R H

Scheme 1 a) Aliphatic esters, b) 4-n-alkylbenzaldehyde (R = H,
ChHani1; n = 1-5).
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2.1 Simulations without methanol

Promoter molecules were placed at the intersection of the
straight and sinusoidal pores in the ZSM-5 structure. One
promoter molecule was placed in each primitive unit cell,
leading to 8 molecules in the simulation cell. Equilibration
was then carried out at 10 K for 2 ns, the temperature was
then increased to 423 K over the next 2 ns. A new set of
velocities was assessed, and equilibration continued at 423 K
for a further 2 ns. Placement of large molecules into the
zeolite structure can lead to unphysically short interatomic
separations with high potential energy and thus this careful
equilibration process is required. A timestep of 0.5 fs was
used for aliphatic ester promoters and 1 fs for aromatic
aldehyde promoters; a 0.5 fs timestep was trialled for
aromatic aldehydes but was found to be too computationally
expensive and did not provide simulations long enough, in
the time frame of this study, for appropriate diffusion
statistics. Ten production runs were performed for each
promoter, during which the atomic positions was recorded
every 2000 steps. These production simulations were run for
sufficient time to produce a linear dependence of the mean-

(a) Aliphatic esters alone.

D* /(107% cm? s71)

H CHs CyHs

n-CsH; n-C4Hg n-CsHjqp
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squared displacement (MSD) on time; this was 10 ns for the
linear aliphatic esters and 100 ns for the aromatic aldehydes,
as shown in the ESLf

2.2 Simulations with methanol and promoters

Taking well-equilibrated structures from the promoter
simulations, two methanol molecules were added per promoter
molecule, and the simulations were then equilibrated at 423 K
for 2 ns. This loading was chosen to mimic the starting reaction
conditions for the methanol to DME reaction.

2.3 Calculation of diffusion coefficients

Diffusion coefficients were computed from simulation
trajectories using the Python package Kkinisi-1.0.0.>® This
package implements a Bayesian regression scheme that
obtains a statistically efficient estimate of the diffusion
coefficient and predicts associated uncertainties.>® This
approach parameterises multivariate normal distributions
that describe the sets of MSDs obtained from the data. These
sets average over all similar molecules across similar

production runs: leading to 80 molecules in the promoter

(b) Aliphatic esters with methanol present.
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Fig. 2 Estimated self-diffusion coefficients (D*) of methyl aliphatic ester promoters (of the form RCO,Me, where R is given on the x axis) along
the a, b, c directions shown in Fig. 1. Error bars show the standard deviation in the diffusion coefficient. Diffusion coefficient of methanol alone

is 18.2 x 10°° cm? s7%.

(a) Aromatic aldehydes alone.
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Fig. 3 Estimated self-diffusion coefficients (D*) of aromatic aldehyde promoters (of the form RCcH4,CHO, where R is given on the x axis) along
the a, b, c directions shown in Fig. 1. Error bars show the standard deviation in the diffusion coefficient. Diffusion coefficient of methanol alone

is 18.2 x 10> cm? s,
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sets and 160 molecules in the methanol sets. Markov-chain
Monte Carlo sampling is then used to sample the posterior
distribution of the self-diffusion coefficient, D* from the
Einstein relation:

(*) = 2nD*At, (1)

where (r*) is the ensemble mean-squared displacement, 7 is
the dimensionality (1 for a, b, & c¢ diffusion and 3 for
combined abc diffusion), and At is the time interval. The
ballistic regime at small values of At is unsuitable for
calculating diffusion coefficients using the Einstein relation.
Diffusion coefficients are therefore calculated from the linear
region, where the MSD is in the diffusive regime. MSD plots
can be found in the ESL}

3 Results and discussion
3.1 Promoter diffusion

3.1.1 Aliphatic ester promoters. The calculated self-
diffusion coefficients of the aliphatic ester promoters are
shown in Fig. 2a. The diffusion coefficients decrease as the
alkyl chain length increases. The activation enthalpies of
diffusion increase with chain length (as do enthalpies of
adsorption") due to increased dispersion interactions with
the zeolite pore walls.

Smaller promoters exhibit a preference for diffusion
through the straight pore, consistent with greater self-
diffusion coefficients in the straight pores (b direction) than
the sinusoidal pores (a direction) (Fig. 2a). This preference
decreases as the alkyl chain length increases, and completely
disappears for methyl n-hexanoate for which the diffusion
coefficients through each type of pore are comparable.

View Article Online
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Previous interactive molecular dynamics in virtual reality
studies identified a diffusion bottleneck for methyl
n-hexanoate in ZSM-5, created by a 10-membered ring in the
straight pore.”" Furthermore, Cnudde et al.’**** demonstrated
that diffusion of longer chain hydrocarbons through similar
rings is more hindered than short chains, due to reduced
conformational freedom. Consequently, this bottleneck
hinders the diffusion of the longer alkyl chain promoters to a
greater extent, reducing their preference for diffusion
through the straight pore, and reducing their overall rate of
diffusion within the 3D pore network.

The estimated self-diffusion coefficients of the aliphatic
ester promoters with methanol present are depicted in
Fig. 2b. These data show trends identical to those
discussed above, in that longer chain lengths result in
decreased self-diffusion coefficients. When the promoter is
of comparable size to methanol, such as methyl formate,
competitive diffusion reduces the total diffusion of both
species. Where promoter and methanol differ substantially
in size (e.g., methyl n-hexanoate), there is an increase in
the preference for diffusion of the promoter in the
straight pores (b direction). Methanol thus influences the
diffusion pathways of the large aliphatic promoters,
mitigating the effects of the bottleneck observed in the
straight pore.

3.1.2 Aromatic aldehyde promoters. Unlike the aliphatic
ester promoters above, the diffusion coefficients of the 4-n-
alkylbenzaldehydes are broadly similar (Fig. 3a), allowing for
the estimated uncertainties. Here, increasing alkyl chain
length, in the 4 position of the benzene ring, does not lead to
a significant change in the total diffusion coefficient. In
contrast, smaller and lighter benzaldehyde has a lower
diffusion coefficient of all the promoters studied. In all cases,

i
i
E
0.02
}_ 0.015
E.I‘
r
‘I
0.01
0.005
I: 0.0

Fig. 4 Spatial probability distribution of the molecular centre of mass, in a and b, of a) benzaldehyde and b) 4-n-pentylbenzaldehyde, overlaid on
the internal surface of ZSM-5 (Ovito was used to produce this surface with the Gaussian density method*°).
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(d) The promoter molecule exits the pore intersection with its direction reversed.

Fig. 5 Snapshots of a 4-n-pentylbenzaldehyde molecule performing a ‘3-point turn’ in a pore intersection.
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the diffusion coefficient is greater along the straight pores (b
direction).

The free energy barrier of diffusion depends both on the
enthalpy of the transition state and the probability that the
molecules are in an appropriate location with an appropriate
velocity towards the bottleneck (see above). Spatial
probability distributions for the molecular centre of mass
(COM) of benzaldehyde and 4-n-pentylbenzaldehyde can be
seen in Fig. 4, probability distributions on the other axes are
in the ESLt In all cases the highest probability COM position
is in the pore intersections. With increasing chain length in
the 4-n-alkylbenzaldehydes, there is an increasing tendency
to lie in the straight pore (b direction) and around the
identified bottleneck. We suggest there is a smaller
probability of benzaldehyde adopting the orientation need to
pass through the bottleneck, in the straight pore, than for
other aromatic aldehyde promoters, due to the greater
rotational freedom it experiences in the intersection. The
presence of the alkyl chains in the 4-n-alkylbenzaldehydes
limits the promoters' ability to rotate in the intersection,
analogous to toluene and p-xylene in ZSM-5.%47¢

There is no significant reduction in aromatic aldehyde
promoter diffusion on addition of methanol (Fig. 3b). This
trend aligns with the larger aliphatic ester promoters, where
non-competitive diffusion is present. We observe that those
promoters that have the highest catalytic efficiency exhibit
non-competitive diffusion.

3.1.3 3-Point turn. An interesting feature we have seen
when analysing our MD simulations is the occasional reversal
of the direction of motion by the promoters performing a ‘3-
point turn’ (a.k.a. ‘K-, ‘Y-" or ‘broken u-’ turn). Most often,
this is precipitated at the pore intersection by the alkyl chain
moving from the straight pore into the sinusoidal pore. This
provides room for the ester group or aromatic ring to
manoeuvre in the intersection and subsequently exit in the
reverse direction. A representation of one of these events can
be seen in Fig. 5. We have previously seen this behaviour in
less thermodynamically rigorous interactive molecular
dynamics simulations in virtual reality, in which the user
applies an external force to the promoter molecule.** This
process takes many forms from partial turnarounds to much
longer manoeuvres involving many steps; a video of one of
these processes can be found in the ESLt These changes of
conformation and orientation allow the promoters to
navigate around the zeolite and reach all the Brgnsted acid
reaction sites. These manoeuvres likely play an important
role in the efficacy of the most potent promoters (those with
long linear alkyl chains).

3.2 Methanol diffusion

The estimated self-diffusion coefficients of methanol with an
aliphatic ester or aromatic aldehyde promoter present are
shown in Fig. 6 and 7. Methanol diffuses faster than any of
the promoters; aliphatic ester and aromatic aldehyde
promoters substantially reduce its diffusion coefficient by an

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Estimated self-diffusion coefficients (D*) of methanol with
methyl aliphatic ester promoters (of the form RCO,Me, where R is
given on the x axis) present. Error bars show the standard deviation in
the diffusion coefficient.
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Fig. 7 Estimated self-diffusion coefficients (D*) of methanol with
aromatic aldehyde promoters (of the form RCgH4CHO, where R is
given on the x axis) present. Error bars show the standard deviation in
the diffusion coefficient.

average of 70% and 41%, respectively. Methanol diffusion is
reduced in the straight pores (b direction) more than in the
sinusoidal (a direction).

4 Conclusions

The diffusion of two series of promoters, linear methyl esters
and 4-n-alkylbenzaldehydes, and of methanol in ZSM-5 have
been studied using molecular dynamics. Promoter diffusion
decreases with increasing alkyl chain length in methyl esters.
The much slower diffusing aromatic aldehydes do not show
this trend, instead having similar diffusion coefficients
irrespective of alkyl chain length. Benzaldehyde itself has the
lowest diffusion coefficient of any promoter studied. All studied
promoters exhibit a preference for diffusion in the straight
pore, which is more pronounced for 4-n-alkylbenzaldehydes.
We observed a behaviour previously only seen in approximate
sampling of rare events in interactive molecular dynamics in
virtual reality - a molecular ‘3-point turn’. The diffusion
coefficient of methanol is always greater than that of the
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promoters; the more catalytically active aromatic aldehyde
promoters limit methanol diffusion less than the aliphatic
ester promoters. This could be critical at low methanol partial
pressure, where diffusion of methanol to reaction sites may
start to become a limiting factor.

In future work it will be worthwhile to consider a wider
range of promoters, and different loadings and clustering of
methanol (see e.g., Woodward et al’’) and promoters.
Extension to simulations incorporating Brgnsted acid sites,
will require ab initio molecular dynamics.”® We believe the
methods here can be applied more widely to different
reactions and different zeolites and it will be interesting to
see what general principles and trends emerge.
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