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ABSTRACT

Formaldehyde plays an important role in the methanol to olefins (MTO) process as a hydrogen-acceptor and
also as a precursor to carbon monoxide. Therefore, it is discussed both as a central intermediate in the
initiation of the MTO process as well as during deactivation. Here, we compute activation barriers for hydrogen
transfer reactions that eventually yield formaldehyde and CH, from the reaction of DME or methanol and a
surface methoxy species (SMS). Analogous reactions lead to the formation of CO from formaldehyde. Using
the intermediate hard sphere model, we compute anharmonic adsorption free energies and then apparent free
energies using molecular dynamics (MD) simulations. Additionally, we perform high level electronic structure
calculations using the random phase approximation (RPA) evaluated with free energy perturbation theory
(FEPT). Together with recently reported methylation barriers for CO and ketenes, this provides highly accurate
barriers for the initiation of the MTO process via the CO-catalyzed mechanism. Combining the data provides a
seamless Gibbs free energy profile where the kinetically relevant parts - including adsorption — are computed
explicitly with MD simulations and corrected with RPA calculations. Formaldehyde formation occurs more
readily than the second dehydrogenation step that yields CO, which is thus the rate-limiting step. This analysis
is only possible with the availability of anharmonic adsorption free energies at the surface methoxy species.
At 400 °C and 1 bar reference pressure adsorption is generally unfavorable in terms of Gibbs free energy for

the adsorbates considered.

1. Introduction

The catalytic transformation of methanol into light olefins (MTO)
stands as a promising alternative for light olefin production [1-3], and
thus a vector for transitioning from a crude oil-based petrochemical
industry towards a sustainable one [4,5]. Methanol (MeOH) can be
produced from biomass [6,7] or CO, hydrogenation [8-11], which
would reduce the impact of the pollutant gases emitted from industrial
processes and those already present as greenhouse gases in the atmo-
sphere [12,13]. The MTO process employs acidic zeolites as catalysts
and the methanol feed or, more precisely, the equilibrium mixture
of methanol and dimethyl ether (DME) [14,15], reacts with the hy-
drocarbon species present in the reaction medium, which are named
hydrocarbon pool (HCP) [16-18]. Later works proposed the dual-
cycle mechanism to explain the wide range of products formed during
MTO [5,19,20]. There is significant interest in improving the MTO
process, also through reaching a better understanding of the underlying

mechanism [4,21-28].

The mechanism of the initiation of the MTO process has attracted
a lot of attention over the past decades [29,30]. The question is how
the HCP, consisting of hydrocarbons with C-C bonds is built, when
starting from a pristine zeolite and a pure methanol or DME feed. One
explanation brought forward is that impurities in the zeolite or in the
feed will be sufficient to initiate the hydrocarbon pool [31,32], but the
more popular explanation is that there are reaction mechanisms that
allow the direct formation of C-C bonds starting from clean methanol
or DME. Several mechanisms for this initial C-C bond formation have
been proposed over the years and have been investigated both exper-
imentally and theoretically. Experimental investigations mainly rely
on the detection of reactive intermediates during the initiation phase.
A problem with this approach is that it is usually not clear that a
detected intermediate is necessarily involved in the initiation, and
thus theoretical investigations are used to support the experimentally
observed results.
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Theoretical investigations typically provide Gibbs free energy pro-
files for reaction mechanisms. There are several pitfalls in the the-
oretical investigations, starting from the fact that the most feasible
generalized gradient approximation (GGA) functionals, such as PBE,
generally predict too low barriers, and mechanisms will therefore
appear more favorable than they actually are [33-38]. Additional
problems can occur, when no kinetic simulations are performed and
instead a rough estimate of the kinetics in terms of the interpretation of
barriers is pursued. The latter approach will often result in statements
such as “mechanism A is feasible at the investigated conditions” or
“mechanism A is more favorable than mechanism B”. In such a case,
it is best practice to follow the recipe described as the energetic span
model [39] and to apply it to Gibbs free energies at the appropri-
ate temperature and reference pressure. The discussion of individual,
intrinsic barriers or of activation energies (rather than free energies)
is generally insufficient to predict overall kinetics. While these are
general issues in computational catalysis, the initiation kinetics are
even more complicated. This is because initiation does need to supply a
certain rate of product formation as judged by the turn-over-frequency
(TOF). In the case of MTO, a sufficient amount of hydrocarbons must
be present to start up the hydrocarbon-pool, which will initially only
consist of the autocatalytic olefin cycle. It is impossible to decide based
on chemical intuition or on the application of the energetic span model,
what a reasonable barrier height during initiation is. This will also
depend on the kinetics of the autocatalytic olefin cycle. In our kinetic
simulations of the initiation process using a batch reactor model, we
found that high barriers during initiation are not prohibitive since
small amounts of impurities are sufficient to initiate the hydrocarbon
pool [32,40].

Most of the mechanisms for the initiation that are still debated
have been investigated theoretically by Tajima et al. in 1998 [41].
Among those are the oxonium-ylide and carbene mechanism that are
in the current literature no longer proposed as likely mechanisms. The
main two candidate mechanisms that have emerged are the methane-
formaldehyde mechanism [41] and the CO-catalyzed mechanism [42],
see Fig. 1. Both mechanisms have been further investigated and refined
since their original proposal. In the methane-formaldehyde mecha-
nism, formaldehyde needs to be formed first, where Tajima et al.
proposed a hydride transfer from the CHj;-group of methanol to a
surface methoxy species (SMS), thus liberating CH, as a byproduct.
This is generally still believed to be the most favorable mechanism
for creating formaldehyde and is corroborated by the experimental
detection of CH,. The analogous reaction of DME was often found to be
somewhat more favorable [43], but requires that DME is first formed
from methanol through dehydration. Formaldehyde then reacts with
CH, to give ethanol, which can subsequently eliminate water to yield
ethylene. This requires the reaction of two rare species and is therefore
intrinsically unfavorable. Variants of the methane-formaldehyde mech-
anism have been proposed in which instead of the C-H bond of CH,,
other C-H bonds are attacked [44-46]. The CH;-groups of methanol
and DME were studied by Fan and coworkers [44,45], as they are
the most abundant species during initiation. Recently, van Speybroeck
and coworkers studied the hydrate, the hemi-acetal and the acetal of
formaldehyde that are formed through the reaction of formaldehyde
with water or methanol as additional substrates [46]. They concluded
that the barriers for these substrates are lower and attributed this to
lower C-H bond strengths.

The CO-catalyzed mechanism was first proposed by Jackson and
Bertsch in 1990 [42] and later taken up by Tajima et al. [41] At that
time no specific proposal regarding the origin of CO was made, but it
was speculated that it originates from further oxidation of formalde-
hyde, which is still accepted as the most likely mechanism. The ox-
idation of formaldehyde is in principle analogous to its formation
from methanol or DME. In one way or another, a hydrogen transfer
needs to take place, which is commonly believed to be more facile
when transferred to an SMS yielding CH,. The main difference is that
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Fig. 1. Overview of selected mechanisms discussed for the initiation of the
MTO process.

the direct reaction of formaldehyde was found to be rather unfavor-
able [47]. Instead, the hydrate, hemi-acetal or acetal of formaldehyde
(OHCH,OH, OHCH,OCHj;, CH;0CH,OCH,3) are more reactive, but less
stable than formaldehyde in terms of Gibbs free energy. Having formed
CO, the CO-catalyzed mechanism proceeds via methylation of CO to
ketene, further to methyl ketene and then dimethyl ketene, followed
by decarbonylation to propylene [42]. The CO-catalyzed mechanism
is similar to SMS carbonylation, or more precisely DME carbonyla-
tion, also performed over acidic zeolites, for which acetic acid, in
equilibrium with methyl acetate, is the commonly accepted reaction
product [48-51]. It should be noted that the latter is performed at 150
to 200 °C, instead of the 350 °C plus used typically for MTO process.

Both the CO-catalyzed mechanism and the methane-formaldehyde
mechanism require that formaldehyde is formed, which is in fact ob-
served frequently [43] also in the form of its acetal, dimethoxy methane
(DMM) [46,52]. Methane-formation during initiation has been reported
in many experimental studies [43,53-56], although H,-formation was
also observed in a few cases [56-58]. CO is frequently detected [43],
as well as surface acetate [52] and methyl acetate [52,56], which can
form from ketene and vice versa. Despite being present only in low
concentration, both ketene and methyl ketene have been detected [59—
61]. The detection of ketenes is usually seen as a confirmation of the
CO-catalyzed pathway, but we note here that it is also an interme-
diate in the methane-formaldehyde related mechanism proposed by
van Speybroeck and coworkers [46]. There are also reactants observed
during initiation that fit neither to methane-formaldehyde nor to the
CO-catalyzed pathway: CO,[16,43,62] and acetaldehyde [58]. In our
theoretical investigations on possible origins of CO,-formation, we have
concluded that coupling of formaldehyde with ketene is more favorable
under initiation conditions than ketonic decarboxylation of ketene via
acetic acid [63,64].

Formaldehyde also plays an important role in the deactivation of ze-
olites. After formation through hydrogen-transfer reactions, formalde-
hyde is believed to engage in the formation of dienes through a Prins
reaction, leading eventually to coke formation [62,65-70]. It is also
interesting to note that formaldehyde was reported to form in steel
reactors without zeolites present [71]. Ketene is another main reactive
intermediate and is also being investigated extensively. Besides being
an intermediate during initiation, ketene also forms during the syngas-
to-olefin and OX/ZEO processes [59,60,72]. Due to this central role,
several investigations focus on the reactivity of ketene [61,73-80].

In this work, we use MD simulation with the intermediate hard
sphere model (IHSM) [81,82] to compute adsorption free energies of
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Fig. 2. Atomic structure of the employed primitive cell of chabazite (red = O,
black = H, brown = C, blue = Al, yellow = Si, gray = remaining framework).
(For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

MeOH, DME, DMM and methyl ketene at SMS. Using blue moon sam-
pling, intrinsic activation free energies are then computed for hydrogen
transfer from methanol, DME and DMM to the SMS, generating CH, as
a byproduct. Together with previous results and static calculations, a
complete Gibbs free energy diagram for the initiation pathway of the
MTO process is then constructed. Importantly, all crucial parts were
computed using MD simulations. All PBE-D3 results are improved using
the random phase approximation (RPA), either as single point energy
calculations or using free energy perturbation theory (FEPT), for static
and MD simulations, respectively.

2. Methods

The primitive cell of CHA with 12 T atoms was employed, with
either the proton or the SMS placed at the oxygen commonly labeled O4
that connects two T atoms in the same double six-ring, where one is in
the upper and one in the lower six-ring, as depicted in Fig. 2. For CHA,
we employ the lattice constants from our previous work [81,82], where
the unit cell was optimized for the pristine pure SiO,-zeolite without
symmetry constraints. The same unit cell was used in all calculations,
including gas phase species.

All structure optimizations and MD simulations were performed
using the PBE functional [83] along with the D3-correction in the
zero-damping version [84]. The DFT calculations were performed using
the Vienna Ab-Initio program package (VASP) in versions 6.3.0 and
6.4.3 with the projector augmented wave (PAW) method [85-87] and
standard PAW potentials and real-space projectors for all PBE calcu-
lations. A cutoff of 400 eV was used for the expansion of the wave
function in plane waves, and a FFT-grid using lattice vectors with a
norm up to 2 times larger than for the wave function, using (PREC
= Accurate). The Brillouin zone was sampled only at the I'-point.
This approximation was checked by performing single-point energy
calculations using (2 x 2 x 2)-k-point sampling at the PBE-D3 level
of theory, see Table S15. The largest observed differences for reaction
energies relative to the initial state a are —2.3 kJ mol~! for TS(a-b) and
—1.4 kJ mol~! for TS(c-d).

Vibrational analysis was performed by calculating the full Hessian
numerically, using central differences with displacements of 0.01 A.
Free energy contributions were obtained on the one hand using the
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classical harmonic partition function [88] to compare with results from
the MD simulations:

kgT
AGharm,c]ass. =—kgT Z In <m> '6))
i i

Here, kg is the Boltzmann constant, 7 the temperature, # the reduced
Planck constant and w; the angular frequency of the harmonic vibra-
tion. For the calculation of the final free energy profile, the quantum
mechanical partition function was used:

AGpymom = —kgT Y In )

i 1 —exp (— ﬂ) .

kgT
The total harmonic Gibbs free energy at the PBE-D3 level of theory is
then:

GPBE—D3,harm,QM = EPBE—D3 + AGharm,QM + AGmt—trans (3)
GPBE—D3.harm,class = EPBE—D3 + AGharm,class + AGmt—lrans’ (4)

using the QM and classical version of the vibrational harmonic partition
function, where AG,,_,,,, is the contribution from the rigid-rotator and
free translator model.

The blue moon [89-92] simulations were performed at 400 °C using
the Andersen thermostat, a collision probability of 0.025, and a time
step of 0.5 fs. Constrained simulations with a length of about 90 ps
(180,000 steps) were carried out for different values of ¢ (see Tables
S6 and S7). To calculate adsorption properties, which do not depend
on atomic masses, the mass of hydrogen was substituted with that of
tritium (3.0 a.u.), and a larger collision probability and time step of
0.05 and 1 fs, respectively, were used. The initiation period for each MD
simulation was determined using the Mann-Kendall test, based on the
total energy averaged over blocks of 2000 steps [93]. After removing
the initiation period, the correlation length was determined using the
blocking method [94], again based on the total energy.

To increase the level of accuracy of our calculations we performed
RPA (random phase approximation) calculations, using single point en-
ergy calculations at stationary points for the harmonic approximation,
and FEPT using every 1000th MD-step for the MD simulations. All RPA
calculations were performed only at the I'-point, using well-converged
PBE wave functions, with a cubic-scaling version as implemented in
VASP [95]. The RPA calculations were also carried out using standard
PAW potentials with a cutoff of 400 eV. We used the second-order
cumulant expansion of FEPT due to the small number of structures,
although we note that results using the full exponential expression
differ by less than 1 kJ mol~!, even in terms of total free energies,
see Table S10. Using every 1000th MD-step results in 100 to 200 RPA-
calculations per step, depending on the specific length and initiation
period of the MD. The I,,-index [96] is above 0.10 for all the adsorption
and transition state calculations (see Table S10), except for DMM where
0.05 and 0.07 are found for TS and adsorption, respectively. Due
to the poorer overlap of the distributions for DMM, additional RPA
calculations were performed every 500th step leading to more than 300
energies in this case. The observed change in free energy differences
is below 0.6 kJ mol~!. This, as well as an additional summary of
free energies obtained from FEPT-calculations employing fewer RPA-
calculations, is shown in Tables S11 and S12. Overall, we thus consider
the accuracy of the RPA FEPT-calculations and thus the number of un-
derlying RPA-calculations sufficient. Further improvements in sampling
would be possible by performing additional calculations or by training
machine learning models to the difference between RPA and PBE-
D3 and then using these models in FEPT, so called machine learning
thermodynamic perturbation theory (MLPT) [96-99].

The harmonic Gibbs free energy used eventually to discuss the
reaction mechanisms at 400 °C is obtained as:

GRPA,harm = Egpp + AGharm,QM + AG g _irans- 5)
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Fig. 3. Adsorption of DME at an SMS at 400 °C. (a) Selected snapshots of
the MD trajectory showing the mobility of the adsorbate (red = O, black =
H, brown = C, blue = Al, yellow = Si, gray = remaining framework). (b)
Probability distributions for the interaction energy (in presence of the IHSM)
between zeolite and adsorbate. The probability based on the separate MD
simulations (sep-MD) and on the interacting MD (int-MD) are shown. The
dashed lines show a histogram that is weighted by the exponential factor of
the FEPT-expression. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Here, Egp, is the RPA energy obtained as a single point calculation for
the PBE-D3 optimized structure.

Adsorption free energies based on MD simulations were computed
using a recently developed approach that employs an intermediate hard
sphere model (ISHM) [81,82]. Same as for the Widom test particle
method [100-102], the free energies difference between the zeolite
with and without adsorbate is computed based on MD-simulations. The
hamiltonian for any system can be written as:

H=H,

sep

+V, ©)

where H,,, corresponds to the separate hamiltonian of empty zeo-
lite and the adsorbate in the gas phase. The interaction is described
by V and is zero in the non-interacting system, and equals V,, for
the interacting system. In the IHSM-approach an intermediate hard
sphere potential Vg is introduced to generate intermediate states.
The potential acts only between zeolite and adsorbate and is given by:

N, N,

zeolite *¥adsorbate

Viusm = Viirsm Fii)- 7)
i=1 j=1
The pairwise atomic distances are r;; and the corresponding hard
sphere radii are r}"":
. 0 if r;; > phard
Viisamip) = Vo (8
HSM™H oo else.
The same large radii were employed as in our previous work [81,82].
The resulting potentials of states O (non-interacting), 1, 2 and 3 (fully

interacting) are:
Vo =0 9
Vi =Viusm (10)
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Vo =Vine + Vinsm an
V3 =Vin- 12)

In the Widom test particle method, the adsorption free energy is
computed directly between states 0 and 3 using forward FEPT based
on state 0. This is done in practice based on DFT simulations of the
separate empty zeolite and the adsorbate in the gas phase. The energy
differences are then computed by combining adsorbate and zeolite
structures from both trajectories and evaluating the DFT-energy of
the combined structure. A practical issue with this is that there are
collisions between adsorbates and zeolites, which need to be dealt with.
The IHSM solves this issue, by introducing the intermediate states and
decomposing the adsorption free energy into the components:

AA g = AA1 g+ AAyq + AAs. (13)

The hard-sphere model effectively removes all structures from the
trajectory where zeolite and adsorbate collide. By choosing reasonably
high radii, one can additionally remove structures in which the zeolite
and adsorbate interact repulsively. The benefit of this is that the central
quantity 44, ;, where the actual interacting potential is switched on,
is much better defined and has very good overlap between initial and
final state (1 and 2). We compute 44,_, using Bennett’s acceptance
ratio method (BAR) [103,104] based on state 1 and 2, although one
could also use only forward or backward FEPT.

Evaluating 44, and 4A5, is trivial and is done based on FEPT
using the existing MD trajectories of separate and interacting states (0
and 3):

14

AAq g =—kpTn{ exp (—M> 14)
kT )/,
17

AAg o =+kgTIn{ exp [ ——25M @s)
kyT )/,

According to Eq. (8), the exponential in Egs. (14) and (15) is either 0
or 1. For AA;_, this corresponds simply to a reduction in the accessible
volume, starting from state 0, where the adsorbate in the gas phase
has the same probability for all positions in the unit cell. For AA3,,
the situation is a bit different, since mainly the part of the trajectory is
removed where zeolite and adsorbate interact repulsively.

3. Results and discussion
3.1. Adsorption of MeOH, DME, DMM and methyl ketene

The adsorbates interact generally weakly with the SMS and can
rotate and translate freely within the cavity. This free movement is
exemplified in Fig. 3(a) for DME. For MeOH and DME, we additionally
observed that coordination of the oxygen to the Al atom of the active
site occurs for a small part of the trajectory. Due to the rare occur-
rence, we deem this state insignificant (see Supporting Information for
detailed discussion). For analysis we simply employed a continuous
part of the MD trajectory, where this coordination does not occur. The
results of the calculation of the adsorption free energy using the IHSM-
model are shown in Fig. 3 for DME. Fig. 3(a) illustrates the mobility of
DME which can access the entire cavity of H-SSZ-13. Fig. 3(b) shows
the probability distribution for the adsorption energy in the presence
of the THSM, specifically ¥, — V}. It can be seen that the distributions
overlap significantly and are well-behaved. The same is observed for
the rest of adsorbates in Fig. S2.

The obtained adsorption free energy values are listed in Table 1,
with the anharmonicity values in Table 2, calculated as the differences
from the values in Table 1. Additional data for the individual contribu-
tions to the adsorption free energy, including error estimates is given
in Table S3 in the supporting information. The statistical error based
on the BAR method is largest for DMM with 0.3 kJ mol~!. As expected,
Table 2 shows that the harmonic approximations generally underbinds,
with anharmonicities between —15 and —26 kJ mol~!. At the PBE-D3
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level of theory, adsorption free energies range from 0 to 12 kJ mol~1,
with the largest adsorbate DMM binding strongest. At the RPA level of
theory, binding is weaker, with adsorption free energies between 22
and 24 kJ mol~1.

3.2. Hydrogen transfer from methanol, DME and DMM to a surface
methoxy species

The formation of unsaturated hydrocarbons such as formaldehyde
during initiation is believed to mainly proceed via the formation of
CH,[43,53-56], although H,-formation [56-58] is also discussed. The
reaction occurs through hydrogen transfer to an SMS, yielding CH,
and a carbocation that can then quickly react to a more stable neutral
species. The transition state in the harmonic approximation is depicted
in Fig. 4(a) for the case of DME. The collective variable used to
determine the activation free energy is a linear combination of three
bond lengths: The CH-distance d; of the hydrogen to the carbon of
DME, to which it is initially bound, the CH-distance d, of the hydrogen
to the CH;-group and the CO-distance between the CH;-group and the
oxygen atom of the zeolite to which it is initially bound. Fig. 4(b) shows
a histogram of the collective variable for the initial, adsorbed state,
which has a maximum around & = —0.3 A. The histograms for the other
molecules are displayed in Fig. S4. We choose &, = 0 as a reference
point and Fig. 4(c) shows the obtained free energy gradient, its spline
interpolation and the free energy curve obtained by integration of the
spline. The maximum of the free energy curve is located at & = 2.00
A for methanol, & = 1.95 A for DME and & = 1.85 A for DMM. As
described in Ref. [105], the intrinsic free energy barrier is obtained as:

:

AA;f'm = A(E*) = AlGer) — kT In [kn% %P(fref)] .

The free energy profile of MeOH and DMM is similar to DME and is
shown in Fig. S3. Individual contribution to the activation free energies
including error estimates are listed in Table S5. The statistical error
for the intrinsic activation free energy is largest for DMM with 1.9
kJ mol~!. For DMM, we introduced additional Fermi-type-potentials to
suppress side reactions. The side reactions can occur in the transition
state region (¢ >1.4 A) and consist of hydrogen transfers from other C-H
bonds to the CH; group, forming CH,. This was prevented by adding
a repulsive Fermi-type potential for the interaction of the carbon of
the CH; group with the other hydrogens of DMM, centered at 1.8 A
with a height of 1 eV and a width of FBIAS_D=50. An additional side
reaction is the transfer of the CH;-group to the oxygens of DMM and
this was prevented by adding similar potentials, but with a height of 2
eV centered at 2.0 A.

The choice of the small T12 unit cell is motivated by the fact
that it is possible to perform RPA calculations on standard computing
facilities. The limitations of using such a small unit cell were tested
by comparing static PBE-D3 activation energies for the T12 cell with
a (2 x 2 x 1) T48 super cell that contains only one adsorbate, but the
same Si/Al ratio, see Fig. S5. The largest difference in barrier height is
observed for MeOH, where the barrier is 11.1 kJ mol~! lower in the T12
cell. This can be explained by hydrogen bonding between the OH-group
of the reacting methanol and the periodic image of the reacting active
site. All other deviation are smaller, but still all barriers are lower for
the T12 cell, ranging from a stabilization of 0.5 kJ mol~! for CO to 5.7
kJ mol~! for DME. The error in apparent barriers due to using a small
unit cell is thus in all cases smaller than the anharmonicity, although
this gets close for MeOH (—11.1 kJ mol~! versus —16.7 kJ mol~!). The
error of PBE-D3 versus the RPA is in all cases multiple times larger than
that associated with the small unit cell and we therefore consider our
calculations accurate despite these limitations.

We will now analyze the source of anharmonicity, giving rise to the
observed difference between the results obtained via the MD simulation
and the harmonic approximation. For the considered weakly adsorbed
species, the adsorbates are translating and rotating in the cavity, which
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Fig. 4. Calculation of intrinsic activation free energies for hydrogen transfer
from DME at 400 °C using the blue moon approach. (a) Transition state for
DME (red = O, black = H, brown = C, blue = Al, yellow = Si, gray = remaining
framework) (b) Probability distribution of the reaction coordinate & of the
initial state, with &, = 0 highlighted. (c) Free energy gradient obtained from
blue moon sampling, with &, and &* highlighted. The spline interpolation of
the gradient and the free energy profile obtained through integration are also
shown. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Table 1

Results of the MD simulations and static calculations with the harmonic
approximation for adsorptions and barriers computed in this work at 400 °C,
given in kJ mol.

Method Quantity MeOH DME DMM Methyl
ketene

PBE-D3/MD 4Gy, 11.8 6.8 -0.0 5.9
Vi 133.4 130.6 121.4 93.5

4AGE, 145.2 137.4 121.4 99.5

PBE-D3/harm.” 4G, 35.4 32.8 15.6 31.6
A4%, 126.5 113.5 117.0 81.9

AGE 161.9 146.3 132.6 1135

PBE-D3/harm.” 4G, 35.4 33.1 15.8 315
AAE, 120.7 108.8 112.9 81.1

AGE, 156.1 141.9 128.7 1126

RPA/MD (FEPT) 4Gy, 22.4 23.5 215 23.2
AAY 168.0 161.5 153.5 104.7

AGE 190.3 185.0 175.0 127.9

app

a Classical vibrational partition function.
Y Quantum mechanical vibrational partition function.
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Fig. 5. (a) Atomic structure of the transition state for hydrogen transfer from
DME to an SMS (a) and (b) show two harmonic transitions states, i.e. saddle
points on the potential energy surface. The rotation of DME is measured by the
angle ¢ and is illustrated in (a) The orientation of the terminal CH;-group is
determined by the dihedral angle 7, shown in (b). (c) Probability distribution
P(¢) obtained through MD simulation at the transition state at & = &% at 400 °C
(d) Same as (b) for P(z).

cannot be described by the harmonic approximation. For the transition
states, the origin of anharmonicity is less obvious. One degree of
freedom we discussed in our previous work [81,82], is the rotation of
the substrate (propene and ketene) during methylation by the SMS. A
similar situation is observed for the hydrogen transfer reactions and
we will discuss this now in detail for DME. The angle ¢ measures the
rotation of the methoxy group of DME along the C-C axis determined
by other carbon of DME and by the carbon of the SMS. The angle
is given relative to the z-axis, as illustrated in Fig. 5(a). For the two
obtained saddle points in Fig. 5(a-b), the values of ¢ are 40° and 45°.
Fig. 5(c) shows a histogram of ¢ obtained from the MD-simulations.
This simulation shows one broad peak ranging from 300° to 360° and
continuing from 0° to around 80°, thus describing structures where the
methoxy group generally points in positive z-direction.

An additional degree of freedom of the DME moiety in the transition
state can be described by the torsional angle C(SMS)-C(DME)-O(DME)-
C(DME), as illustrated in Fig. 5(b). The two saddle points in Fig. 5(a-b)
show values of 7 = 68° and 277°. The distribution obtained from MD
in Fig. 5(d) shows two distinct, localized peaks corresponding to values
where the methoxy group is oriented roughly orthogonally to the C-C
vector determined by the other carbon of DME and by the carbon of
the SMS.

We note that the rate with which the system switches between
the two orientations defined by the dihedral angle r depends on the
value of the reaction coordinate &. At the transition state & = 1.95 A
during a total simulation time of 354 ps, the methoxy group is in each
orientation two times, i.e. it changes back and forth only three times.
The same is observed at ¢ <1.8 A. At E=1.6 A the system switches
between the two possible orientations more rapidly, approximately six
times during 153 ps. The structure with = ~ 90 ° is also preferred in
these cases. At £ <1.4 A the probability distribution for r becomes
much broader without the distinct states visible for & >1.6 A. At
the same time, the angle r changes much more frequently. We thus
conclude regarding the orientation of the methoxy group described
by r that different orientations are possible and contribute along the
integrated pathway used to determine the activation free energy. In
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Table 2
Differences in free energies at 400 °C based in on Table 1, given in kJ mol™.
Method Quantity MeOH DME DMM Methyl
ketene
Anharmonicity® AAG 4 -23.6 -26.0 -15.6 -25.6
AAAE, 7.0 17.1 4.4 11.6
AAG;‘t -16.7 -89 -11.2 -14.1
pp
class—QM" AAG 4, -0.1 0.3 0.3 -0.1
AAAF, -5.7 -4.6 -4.1 -0.8
E _ _ _ —
AZAGapp 5.8 4.4 3.9 0.9
RPA-PBE-D3¢ AG 4 10.6 16.7 21.6 17.3
AAAY, 345 30.9 32.1 11.1
AAGH 45.1 47.6 53.6 28.4

app

a Difference of PBE-D3/MD and PBE-D3/harm. class.
b Difference of PBE-D3/harm. class and PBE-D3/harm. QM.
¢ Difference of RPA/MD (FEPT) and PBE-D3/MD.

the transition state region, two local minima for = emerge and rotation
between these minima occurs less frequently.

The results using the harmonic approximation are also listed in
Table 1, with the relative and total energy values, with the contri-
butions from the harmonic approximation listed in Tables S13 and
S14, respectively. There is a distinct difference of about 5 kJ mol~!
in both apparent and intrinsic barriers for hydrogen transfer reactions
between the results using the classical and the quantum mechanical
vibrational partition function, see Table 2 for differences and Table S9
for free energy values. This is in contrast to adsorption free energies
and barriers for methylation, where the same difference is on the order
of 1 kJ mol~! or lower. We ascribe this quantum effect to the strong
C-H bond that is broken in the transition state and that comes with a
high harmonic frequency of around 3000 cm™1.

The adsorption free energies of CO and ketene at an SMS as well
as the barriers for the their methylation were taken from our previ-
ous work [81,82]. The barrier for methylation of methyl ketene was
computed for this work in analogy to Refs. [81,82]. The apparent and
intrinsic free energy barriers computed with MD for methyl ketene both
at PBE-D3 and RPA (FEPT) level of theory differ by less than 5 kJ mol~!
from those obtained previously for ketene.

3.3. Errors of PBE-D3 and the harmonic approximation for adsorption and
barriers

Based on the results presented in Table 1 as well as those published
previously [81,82] the deviations are listed in Table 2 and visualized
in Fig. 6 (the numerical values are shown in Table S1). In our analy-
sis, we refer to the difference between the results obtained with MD
simulations and with the harmonic approximation as anharmonicity.
However, we note that the difference is also due to using only a single
stationary point to apply the harmonic approximation, while the MD
simulation in principle samples all accessible space. Focusing first on
the error of the harmonic approximation, the results are generally as ex-
pected: adsorption is too weak and apparent activation free energies are
too high. The error is generally larger for adsorption than for the appar-
ent activation free energies. The anharmonicity for adsorption ranges
from around —15 to —25 kJ mol~! without a clear trend among the
adsorbates. For transition states, the range is from 0 to —20 kJ mol~!,
with no obvious dependence on the type of transition state (methylation
or hydrogen transfer). The main outlier is CO-methylation, which has
no significant anharmonicity, which can be explained by the lack of
additional degrees of freedom in the transition state present for the
other substrates.

The difference between RPA and PBE-D3 as obtained through FEPT,
is generally of opposite sign, i.e. adsorption is too strong and apparent
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Fig. 6. Overview of errors found for adsorption free energies and activation
free energies at 400 °C. Errors of the harmonic approximation (all < 0) and of
PBE-D3 (all > 0) are shown in the same graph. The errors of the harmonic
approximation are obtained by comparing with the results from the MD-
simulations, both at the PBE-D3 level of theory. The errors of PBE-D3 as
compared to RPA, are evaluated using FEPT.

activation free energies are too low with PBE-D3. For the error of
adsorption, there is a rough correlation with size, as one would expect if
dispersion interaction is generally overestimated by PBE-D3. It is note-
worthy, that the RPA is expected to slightly underbind,[106] although
we expect this error to be smaller in magnitude than that of PBE-D3.
Overall, compared to the RPA, PBE-D3 overbinds by 10 to 25 kJ mol~!
in adsorption free energies. For apparent activation free energies, there
is a clear difference between the two types of reaction. For methylation,
the errors are around 30 kJ mol~!, for hydrogen transfer around 50 kJ
mol 1.

The adsorption free energies and free energy barriers discussed
above and extracted from previous work [81,82] can be considered
highly accurate. Both adsorption and barriers are computed with MD
simulations. The accuracy is improved to the RPA-level by using FEPT,
which is deemed reasonable based on the good overlap as judged by the
I;-Index [96] (see Tables S4 and S10). The RPA itself is generally the
most accurate electronic structure method that can still be applied in
practice to periodic systems using a plane wave basis set. For reactions
in zeolites, we have recently benchmarked the RPA (among other
density functionals) for cluster models against DLPNO-CCSD(T) calcu-
lations with complete-basis set extrapolated MP2 calculations [37]. We
found that the RPA agrees very well, with a mean absolute error of 5
kJ mol~! for the entire test set.
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3.4. Free energy profile for initiation

To study the entire reaction pathway for the formation of the first
C—C bond, additional calculations were performed in the static ap-
proximation, using the harmonic approximation to compute Gibbs free
energies and performing single-point energy calculations to compute
RPA-corrections. Fig. 7 shows a simplified free energy diagram, where
only the highest barrier is shown for some transformations (see Fig.
S1 for a scheme containing all computed steps). The simplifications
were applied to better visualize the most important aspects, i.e. the
highest barriers and most stable intermediates. This can generally
be judged by applying the energetic span model [39]. If important
minima or transition were omitted, this would generally lead to an
underestimation of the energetic span and thus an overestimation of
the TOF.

In Fig. 7, calculations performed using MD-simulations are shown in
blue, while simulations based on the static approximation are shown in
black. The static calculations were kept as they are for two reasons: (1)
If barriers are already low in the static approximation, for TS(e-f) and
TS(I-m), then they are not expected to be higher if MD simulations were
performed and they are in general not expected to be rate-limiting.
(2) For gas phase free energy differences without a clear source of
anharmonicity (b—c, i2—1i, k2—k and 12—1), the static approximation
is generally expected to be accurate. Lastly, SMS-formation is not
explicitly shown in Fig. 7. Using the static approximation (including a
single-point correction based on RPA), we obtain an apparent activation
free energy for SMS-formation from clean site (ZOH) and methanol in
the gas phase of 165 kJ mol~! for the oxygen considered. This barrier is
thus lower than the much higher barrier required for hydrogen transfer
and methylation of CO, ketene and methyl ketene by an SMS. Addition-
ally, intermediates like ketene can desorb and react with available SMS
either in the same cavity or elsewhere. Consequently, SMS-formation
does not necessarily have to occur strictly sequentially at the same
active site at which ketene was formed. Therefore, only the free energy
difference between ZOH and methanol in the gas phase and the SMS
(5 kJ mol~1) are displayed in Fig. 7, for example for intermediate f to
g.

Fig. 7 thus shows Gibbs free energies obtained with RPA as the
electronic structure method. For all cases that we considered relevant,
free energy differences, in particular adsorption, were determined using
MD simulations. Starting from DME in the gas phase, the first step is
its adsorption, with the aforementioned 4G4, = 23.6 kJ mol~!. The
adsorbed state is here — and in all cases — depicted as a horizontal
line, labeled with a ’*’ above the level of the corresponding gas phase
species. Hydrogen transfer from DME to the SMS creates CH, and
methylated formaldehyde (CH,-O-CH;)*. Methane readily desorbs, and
methylated formaldehyde easily transfers its methyl group back to the
zeolite with a low intrinsic free energy barrier of 83 kJ mol~! to give
free formaldehyde, which is most stable in the gas phase. The computed
apparent free energy for the reaction of DME with an SMS to create CH,
is 181 kJ mol~'. A similar barrier for the same reaction was estimated
based on experimental kinetics to be 193 kJ mol~! in H-ZSM-5 at 748
K [43]. In the same work and at the same conditions we computed
a barrier of 212 kJ mol~1[43]. The higher barrier can be explained
by the difference in electronic structure method (wave function meth-
ods on cluster models vs. RPA), the difference in temperature, the
anharmonicity as well as the difference in zeolite catalyst.

Direct hydrogen transfer from formaldehyde to an SMS is rather
unfavorable (~ 250 kJ mol~1) and it is more favorable if formaldehyde
first forms an acetal or a hemiacetal [47]. Here, we consider formation
of DMM through reaction of formaldehyde with DME, which is (in the
gas phase) uphill in Gibbs free energy by 54 kJ mol~'. As described
above, the adsorption free energy of DMM at an SMS is 22 kJ mol~!
with an intrinsic barrier of 154 kJ mol~! for H-transfer. Overall, hy-
drogen transfer from DMM to an SMS via TS(c-d) thus has the highest
energetic span in Gibbs free energy of 226 kJ mol~! relative to the
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Fig. 7. Simplified Gibbs Free energy diagram at 400 °C and 1 bar reference pressure. Adsorbed molecular states are highlighted with a star
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(a*, c*, g%, i* and k*). In all other cases, the Gibbs free energy of the molecular reactants, intermediates and products refers to the gas phase. The underlying
reaction network is shown as an inset and the complete reaction network is given in Fig. S1. Dashed lines are drawn between states where the adsorbate needs
to switch from a BAS to an SMS, which can happen either by desorption/adsorption of the adsorbate or by chemical transformation of the active site from BAS
to SMS. The formation of the esters (i2, k2 and 12) is a multi-step process, which we assume to be equilibrated.

most stable preceding state, formaldehyde in the gas phase. Computing
a rate using the energetic span model would require knowing the
partial pressure of formaldehyde, which generally depends on external
conditions as well as the reactor setup. However, in previous work we
have modeled the initiation kinetics coupled with autocatalytic olefin
cycle and have concluded that high barriers are not prohibitive since
only small amounts of hydrocarbons need to be formed.

Similar to DME, this hydrogen transfer results in CH, and methy-
lated methyl formate (CH;-O-CH-O-CH;)*, which readily transfer a
methyl group to the anionic zeolite site to form neutral methyl formate
(intrinsic barrier 60 kJ mol~!). Methyl formate decomposes to CO and
methanol via TS(e-f) with a moderate activation free energy of 154 kJ
mol1.

CO-methylation requires the formation of an SMS, which is com-
puted to be 5 kJ mol~! uphill from a clean acid site (ZOH). With the
previously computed apparent activation free energy of 187 kJ mol~!
for TS(g-h), this gives 192 kJ mol~! relative to CO in the gas phase and
a clean acid site. The fate of the formed adsorbed ketene, which can be
protonated, neutral or adsorbed as surface acetate, has been discussed
at length [107]. The rates for ketene protonation to acyl cation and
coordination of the acyl cation to the zeolite forming a surface acetyl
species are high and these reactions can be considered equilibrated.

In the presence of oxygenates such as methanol, the most stable state
will be a neutral acetate. Here, we compute that methyl acetate (i2)
in the gas phase is 55 kJ mol~! more stable than ketene and methanol
in the gas phase (i). Together with the previously computed apparent
activation free energy for methylation of ketene via TS(i-j) of 133 kJ
mol~!, this gives 189 kJ mol~! relative to methyl acetate in the gas
phase. The transition state free energy for formation of methyl acetate
is clearly higher than for rearrangement between the other states of
ketene, but is 16 kJ mol~! lower than that for ketene methylation
towards methyl ketene (Fig. S1). While this difference in barriers will
actually likely be somewhat higher due to anharmonicity, it is not large
enough to exclude that methyl acetate formation is kinetically limited.
This depends of course also on the partial pressure of methanol, but
we assume here equilibration with the ester, while noting the relatively
small separation of the involved barriers. Overall, limited equilibration
with the ester is expected to lead to increased reaction rates for forward
methylation, since the esters act as thermodynamic sinks. Since the
methylation of the ketenes is not the rate-limiting step for the CO-
catalyzed initiation mechanism, the question of equilibration with the
esters is not going to change the overall assessment of the mechanism.

Methyl ketene can again form an ester (methyl propionate k2)
through reaction with methanol, which we find to be 48 kJ mol~!
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more stable in the gas phase. The transition state for the formation
of k2 by reaction with methanol is here 21 kJ mol~! lower than that
for the forward reaction, methylation towards dimethyl ether. Given
the apparent activation free energy of 128 kJ mol~! for methylation of
ketene via TS(k-1), this gives 179 kJ mol~! relative to k2. The situation
for the formed dimethyl ketene is again analogous, with the neutral
ester (12) being 45 kJ mol~! more stable than dimethyl ketene in the
gas phase. The activation free energy for decarbonylation of dimethyl
ketene via TS(I-m) is 147 kJ mol~! relative to 12 and therefore too low
to be rate limiting. This last step produces propene and thus a free
olefin that can build up the hydrocarbon pool through initiation of the
autocatalytic olefin cycle.

4. Summary and conclusion

We have computed an anharmonic Gibbs free energy profile for the
initiation of the MTO process, starting from DME until the formation
of propene. All states were corrected with ab initio RPA-calculations,
for MD simulations based on FEPT. For the crucial parts, adsorption
free energies and activation free energies were computed using MD
simulations.

Adsorption at the SMS of the zeolite is weak and positive in Gibbs
free energy at 400 °C and 1 bar reference pressure, with MD-computed
adsorption free energies in the range of +20 to +30 kJ mol~!. Together
with the MD-computed intrinsic free energy barriers, apparent activa-
tion free energies can be deduced, which allows to interpret the Gibbs
free energy diagrams in terms of the energetic span model, or allows
to perform microkinetic modeling. This is not possible with regular MD
simulations, as they only provide intrinsic barrier and thus allow no
immediate conclusion regarding kinetics.

The harmonic approximation fails badly for adsorption free energies
of weakly bound states, with underbinding of around 25 kJ mol~!. For
this reason, it is not advisable to combine intrinsic activation free en-
ergies from MD simulations with adsorption free energies based on the
harmonic approximation in such a case. The harmonic approximation
works better for apparent activation free energies and systematically
overestimates these with smaller errors ranging from 1.7 to 16.6 kJ
mol~!. We note that additional approximations like using only a partial
Hessian will likely increase these errors.

PBE-D3 systematically underestimates barriers in zeolites, which is a
well-known fact based on static ab initio calculations on cluster models.
Here we show that this is also the case, when performing ab initio
calculations directly on periodic models and applying them via FEPT to
MD simulations. For methylations, PBE-D3 apparent activation barriers
are underestimated by around 25 to 30 kJ mol~!, when compared to
RPA. For the hydrogen-transfer reactions, the errors are in the range
from 45.1 to 53.6 kJ mol 1.

The energetic span in terms of free energies for the initiation
barriers computed here (226 kJ mol~!) is in a similar range as those
reported previously, when ab initio methods were used [40,47,108].
Low computed barriers for initiation reactions are typically obtained
when either intrinsic barriers are reported, or GGA-functionals are
used, or both. Kinetic simulations of the autocatalytic initiation process
have previously shown that high barriers are not prohibitive for the
initiation of the MTO reaction, as only small amounts of olefins need
to be generated to initiate the more reactive hydrocarbon pool [40].
What exactly a small amount is cannot be predicted with the chemical
intuition that can otherwise be used to understand the steady state re-
activity of catalytic cycles based on Gibbs free energy profiles. Instead,
this can only be quantified with kinetic simulations that need to include
also the autocatalytic part of the hydrocarbon pool reactivity.

The highest barrier of 226 kJ mol~! is found here for the second
hydrogen transfer, which leads from formaldehyde to CO. Alterna-
tive reactions analogous to the methane-formaldehyde mechanism of
formaldehyde with its acetals and hemiacetals have recently been in-
vestigated by van Speybroeck and coworkers [46]. In our investigation
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in 2017 [47], we have studied some of these reactions and found
them to be less favorable than the reaction of formaldehyde to CO and
then further to ketenes. However, we did not investigate all flavors of
the methane-formaldehyde mechanism proposed recently [46] and it
remains a future challenge to study these using a high level of electronic
structure theory and MD simulations, while accounting for adsorption.

Beyond the initiation of the MTO process discussed here, formalde-
hyde is also discussed as a reactive intermediate in coke formation [62,
65-70]. Here, formaldehyde formed by hydrogen transfer is believed to
mainly react in Prins reactions with olefins to eventually form dienes.
Our investigation furthermore provides insights into the formation
and reaction of ketene, which is also a key intermediate in zeolite
catalysis [70,73,78], for example during the initiation mechanism of
the MTO process as well as in the OXZEO process [59,60,72].

We expect that the accurate barriers for formation and reactivity
of formaldehyde and ketene computed herein will also benefit related
research in this area. In future work, we plan to apply the methodology
employed here to other important reactions in zeolite catalysis. We
expect that this will be particularly interesting for transition states that
are loosely bound and which could therefore benefit even more from
anharmonicity corrections than those studied here.
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