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a b s t r a c t

This work uses DFT to investigate diene formation during methanol-to-olefins (MTO) via alkene-
mediated and CH2O-mediated pathways in MFI and CHA zeolites. The rate controlling hydride transfer
reactions were investigated with C1–C4 surface-bound alkyls present during MTO. In the CH2O-
mediated pathway, rate-determining hydride transfer between surface-bound alkyl and CH3OH occurs
most favorably with tert-butyl where rates of the hydride transfer exceed that of methyl at C4:C1 alkyl
ratios as low as 10�10 in MFI and 10�6 in CHA. In the alkene-mediated route, hydride transfers proceed
most favorably between C4H8 and secondary alkyls to form butadiene, where propyl--C4H8 (in MFI)
and sec-butyl--C4H8 (in CHA) hydride transfers occur over methyl--C4H8 when their relative surface con-
centrations are 10�10 and 10�5 times that of methyl, respectively. Generally, once formed, C2+ surface
alkyls are better hydride acceptors than CH3–Z, suggesting deactivation may be driven by larger
surface-bound alkyls, formed by MTO products.

� 2021 Elsevier Inc. All rights reserved.
1. Introduction

Zeolites are microporous aluminosilicate materials with many
industrial applications, such as fluid catalytic cracking processes
[1–6], and are widely studied academically [7–13]. The substitu-
tion of Si4+ with Al3+ in these frameworks yields a charge imbal-
ance which can be mitigated by a proton (H+) to form a Brønsted
acid site. Methanol-to-olefins (MTO) processes in proton-form zeo-
lites form light olefins through pathways mediated by aromatic
cocatalysts occluded within zeolites near internal Brønsted acid
sites. Previous computational [14–18] and experimental [19–26]
work has demonstrated that CH3OH and CH3OCH3 react with
hydrocarbon species in zeolite cavities to produce C2–C4 alkenes
via a hydrocarbon pool mechanism. Two complementary cycles—
olefin and aromatic—cooperate during MTO to selectively form
C2–C4 alkenes [14,24,27–30]. Olefins are repeatedly methylated
to a size capable of cracking (C6+) to form C3–C8 alkenes which
can egress from the zeolite as products or participate in the olefin
cycle [24,31–33]. Alternatively, olefins can undergo hydride trans-
fer reactions to form alkanes and dienes [34–38], which can lead to
the formation of aromatics via cyclization reactions [39–41]. These
aromatics cocatalyze the formation of alkenes through isomeriza-
tion reactions in the aromatic cycle.[14,15,32,42,43] Additional
cyclization reactions between dienes and aromatic cocatalysts
can lead to the formation of polyaromatic coke species [4,44–47],
which block access to catalytically active Brønsted acid sites and
deactivate the catalyst. Diene species formed during MTO pro-
cesses are critical in both catalyst activation and deactivation path-
ways; therefore, a comprehensive understanding of diene
formation pathways is crucial for the rational design of MTO cata-
lysts to promote or inhibit such reactions.

Hydrogen transfer reactions, including protonation and hydride
transfers, mediate the formation of dienes, arenes, and polyaro-
matic species [36,48,49]. Hydrogen transfers typically involve a
bimolecular reaction between a hydride donor—generally an
alkane or alkene—and a hydride acceptor—a surface-bound alkyl
or carbenium ion. Measuring the propagation of these reactions
typically involves measuring the amount of hydrogen transfer
products—alkanes and aromatics—and these products are observed
with pure alkene feeds in H-ZSM-5 frameworks. Prior studies have
demonstrated direct correlations between arene and alkane selec-
tivities [50,51], suggesting that hydrogen transfer reactions can
occur between two alkene species in either a concerted alkene
hydride transfer mechanism:

CxH2x + CyH2y !CxH2xþ2 + CyH2y�2 ð1Þ

or this can happen in a sequential mechanismwhere the alkene first
forms a surface-bound alkyl species
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CxH2x + H—Z ! CxH2xþ1—Z ð2Þ
and the alkyl species can react with another alkene to form a diene:

CxH2xþ1—Z + CyH2y ! CxH2xþ2 + CyH2y�2 + H—Z ð3Þ
where Z represents the zeolite framework. Kinetic studies examin-
ing 1-hexene conversion over H-ZSM-5 demonstrated that pure 1-
hexene feeds show ~0.15% selectivity to hydrogen transfer products
(0.0297 bar 1-hexene, 723 K, 80% conversion) [48]. These results are
corroborated by work investigating hydrogen transfer product yield
in pure C5–C7 olefin co-feeds which show 0.5% selectivity towards
hydrogen transfer products in H-ZSM-5 (0.004 bar alkene, 723 K,
96% conversion, 0.4 min kgcat mol�1) [52].

Selectivity towards hydrogen transfer products increases in
methanol-olefin mixed co-feeds [48,49,52], suggesting that metha-
nol can facilitate hydride transfers. Co-feeding methanol with C5–
C7 olefin co-feeds (0.1 bar CH3OH, 0.004 bar alkene, 723 K, 96%
conversion, 0.4 min kgcat mol�1) increases hydrogen transfer pro-
duct selectivity up to 2.5% (from 0.5% in pure olefin co-feed) [52].
These studies suggest that methanol can participate in hydrogen
transfer reactions and decompose to formaldehyde (CH2O) and
methane (CH4), the former of which subsequently reacts with an
alkene to form dienes. CH3OH can facilitate hydrogen transfer
through a methanol disproportionation route, first involving for-
mation of a CH3–Z group, which occurs facilely at high tempera-
tures: [53]

CH3OH + H—Z ! H2O + CH3—Z ð4Þ
Surface-bound methyl groups can then react with methanol to

form CH2O and methane, which occurs readily during MTO:
[49,54–56]

CH3—Z + CH3OH ! CH4 + CH2O + H—Z ð5Þ
Formaldehyde can alternatively be formed via a one-step con-

certed mechanism:

CH3OH + CH3OH ! CH4 + H2O + CH2O ð6Þ
and can be present as a surface hydroxymethyl group through
protonation:

CH2O + H—Z ! CH2OH—Z ð7Þ
Formaldehyde or hydroxymethyl can react with an alkene to

form an alcohol:

CH2OH—Z + CxH2x ! Cxþ1H2xþ1OH ð8Þ
which can dehydrate to form a diene

Cxþ1H2xþ1OH ! Cxþ1H2x + H2O ð9Þ
This mechanism has been proposed alongside prior experimen-

tal studies [36], but the complete pathway has not been investi-
gated using density functional theory (DFT) in common MTO
zeolites.

Kinetic studies have demonstrated that increasing the methanol
inlet pressure (0.6–52.5 kPa) results in a monotonic increase in the
ethene:propene ratio (2–18) during MTO reactions in H-ZSM-5
(30% conversion, 623–773 K), and this increase is attributed to
enhanced propagation of the aromatic cycle at higher methanol
pressures [57]. This same study co-fed formaldehyde (1.1 � 10�4

bar) and propene (0.001 bar) and observed 5.5-fold increases in
aromatic selectivity, indicating that formaldehyde, once formed,
contributes to aromatic formation [57]. Formaldehyde scavenging
Y2O3 species reduce the rate of deactivation in CHA when co-fed
during MTO processes [58], further suggesting that formaldehyde
facilitates diene formation and deactivation. Catalyst lifetimes
can also be extended by H2 cofeeds in a variety of topological
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frameworks, including CHA and MFI [59,60]. Co-feeding H2

decreases the ethene:propene ratio within H-ZSM-5, likely because
elimination of hydrogen poor compounds (dienes and CH2O)
decreases the propagation of the aromatics cycle [59,60]. Experi-
mental results demonstrate that rate constants of butadiene and
CH2O hydrogenation are >15� higher than that of propene
[60,61], and this is corroborated by theoretical work suggesting
that effective barriers of butadiene, hexadiene, and CH2O hydro-
genation are 10–30 kJ mol�1 lower than that of C2–C4 alkenes in
MFI and CHA [62]. These studies suggest that methanol-derived
formaldehyde and dienes are critical to initial aromatic formation
and catalyst deactivation.

To our knowledge, there are no rigorous periodic DFT studies
comparing hydrogen transfer mechanisms to determine the source
of induction and deactivation in MTO processes. Molecular under-
standing of the steps that govern the rates and relative abundances
of these routes can provide valuable insights into the formation of
precursors to deactivation. Such an understanding would allow for
controlled propagation of the aromatic or alkene cycles during
MTO and clarify catalyst deactivation mechanisms.

Here, we compare two possible diene formation pathways—
alkene-mediated and CH2O-mediated—in MFI and CHA zeolites.
We elucidate the effects of zeolite topology and kinetics governing
these hydrogen transfer reactions to provide insight to the primary
route of diene formation. Reactant, transition state, and product
structures for each step were optimized and then systematically
reoriented to increase the likelihood of identifying global minima
and accurate saddle points for each state. Butadiene and CH2O for-
mation occur via reaction pathways that are governed by the rate
of hydride transfer between a surface-bound alkyl and either C4H8

(alkene-mediated; C4H8 refers specifically to trans-2-butene in this
work) or CH3OH (CH2O-mediated). This critical transition state was
investigated with C1–C4 alkyls which can either react with C4H8 or
CH3OH to form butadiene or CH2O, respectively. We find that the
predominant pathway is primarily dependent on the concentration
of surface-bound alkyls and the ratio of gas-phase CH3OH:C4H8.
Once the hydrocarbon pool is formed and alkenes (and thus
surface-bound alkyls) are present, the two mechanisms proceed
most favorably when secondary (C4H8 hydride donor) or tertiary
(CH3OH hydride donor) act as hydride acceptors in both frame-
works. During MTO, CH3OH pressure tends to be larger than that
of C4H8, indicating that CH2O-mediated pathways likely prevail
at relevant conditions. As such, we demonstrate that C2+ alkyls,
rather than CH3–Z species formed from reactants (CH3OH or CH3-
OCH3), are primarily responsible for forming butadiene through
direct or indirect (CH2O) mechanisms during MTO. Although the
reactions investigated here are only a subset of those involved in
the complex process of catalyst deactivation, our insights regard-
ing formaldehyde formation provide a crucial component to under-
standing the entire mechanism of deactivation during MTO.
2. Methods

2.1. Computational methods

The Vienna ab initio simulation package (VASP) [63–66] was
used to execute DFT calculations in fully periodic CHA and MFI
unit cells. All calculations were implemented in the Computa-
tional Catalysis Interface (CCI) [67]. Planewaves with an energy
cutoff of 400 eV were composed using projector augmented wave
(PAW) potentials. Structures were optimized using the Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional [68–70]
and the DFT-D3 method with Becke and Johnson damping to
adjust for dispersive interactions [71–73]. We note that PBE-D3
functionals are susceptible to large errors in entropy. Structures
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were optimized in a two-step process, which is ~3� more effi-
cient than traditional single-step optimizations [67]. No atoms
were constrained during optimizations. In the first step, struc-
tures were electronically converged such that energies varied by
<10�4 eV between iterations and until the forces on each atom
were <0.05 eV Å�1. This electronic convergence criterion results
in inaccurate force calculations near potential energy minima,
so structures were further optimized such that energies varied
by <10�6 eV between iterations and until the forces on each atom
were <0.05 eV Å�1. The Brillouin Zone was sampled at the C-
point [74].

The MFI structure (Fig. S1) was obtained from the results of
van Koningsveld et al. because restructuring artifacts are mini-
mized in this zeolite form [75]. The MFI O-site indices referenced
in this work are from the International Zeolite Association (IZA)
[76]. The indices are listed along with the van Koningsveld
indices and corresponding void environment in Table S4 of the
Supplemental Information. The CHA structure (Fig. S2) was
acquired from the IZA database [76]. The shape and lattice
parameters for CHA (a = b = 13.675 Å, c = 14.7670 Å, a = b = 9
0.0�, c = 120.0�) and MFI (a = 20.090 Å, b = 19.738 Å, c = 13.14
2 Å) were fixed. All calculations in CHA were performed at the
single crystallographically unique tetrahedral site (T-site) within
the framework, which has four unique O atoms. All calculations
in MFI were performed at T11, positioned to provide access to
the straight channel and its intersection with the sinusoidal chan-
nel. T11 has been previously demonstrated to have lower effec-
tive barriers for surface methylation than T3, T10, and T12 in
MFI [77]. Furthermore, recent work examining Al siting within
MFI has demonstrated that T11 is among the two most favorable
Al site locations [78], supporting its selection for analysis in this
work. There are four O atoms surrounding T11 of MFI: O14,
O16, O24, and O25. However, O24 is largely inaccessible to spe-
cies the size of methanol and larger [79]. Prior theoretical and
experimental work examining acid strength in zeolites has shown
that all O-sites within a zeolite have deprotonation energies
within 12 kJ mol�1, suggesting acid strength does not significantly
vary with O-site location [80,81]. Rather, O-site location effects
primarily affect confinement of transition states, thus altering
enthalpic and entropic contributions to reaction and activation
energies.

The nudged elastic band (NEB) [82] method with 12–16 images
was used to initiate transition state searches. NEBs were converged
such that the forces on all atoms in each image were <0.5 eV Å�1.
Transition states were refined using the Dimer method [83] and
optimized until the forces converged to 0.05 eV Å�1. Dimer calcu-
lations were performed using a two-step method similar to that
used for optimizations.

A fixed displacement method was used to determine vibrational
frequencies for reactant, product, and transition states. Zero-point
vibrational energies (ZPVE) and temperature-corrected free ener-
gies (G) and enthalpies (H) were subsequently calculated for each
state from vibrational frequencies (equations given in Section S2).
Similar to prior work [62,77,84], inaccurate low frequency modes
(<60 cm�1) were replaced with 60 cm�1 with the exception of
imaginary modes along reaction coordinates in transition states.
All framework atoms were fixed during frequency calculations,
except for the adsorbed species, the framework Al atom of the
Brønsted acid site, the proton, and the O atoms attached to Al atom.
We note that PBE-D3 functionals are susceptible to large errors in
entropy; however, these errors are generally consistent across dif-
ferent reactions and catalysts allowing comparison in barriers [85].
Our goal here is to compare relative reaction rates for different
pathways, not to accurately predict measured rates, and systematic
reorientations (Section 2.2) are used to improve the accuracy of
these relative comparisons.
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2.2. Reorientations of Reactants, Products, and transition states

All reactant, product, and transition states were initially opti-
mized by DFT from manually generated images that formed only
a small subset of all possible structures. To increase the likelihood
of determining the global energy minima, all states were systemat-
ically reoriented based on their specific interactions with the zeo-
lite framework and each reorientation was re-optimized with the
same criteria described in Section 2.1. The interactions between
the zeolite framework and adsorbates include electrostatic and dis-
persive interactions, H-bonding between adsorbates and frame-
work oxygen atoms, and covalent bonding of adsorbed species to
the acid site, the latter two of which constitute strong interactions
that were kept intact during reorientation. The structures were
reoriented spatially if there were no strong interactions between
the adsorbate and framework, internally for transition states, and
around the acid site for states strongly bound (H-bound or cova-
lently bound) to the acid site. The purpose of these reorientations
is to probe the potential energy surface more rigorously, while
avoiding costly molecular dynamics simulations. Each reoriented
state has 10–100 calculated orientations with an energy range of
~10–50 kJ mol�1. We note that these techniques may not identify
the global minima but, as demonstrated by previous work [79],
improves the accuracy of energies obtained from DFT optimiza-
tions while being ~100� more efficient than AIMD simulations.
3. Results and discussion

3.1. Alkene-mediated pathway in MFI

The alkene-mediated pathway can occur by a single-step con-
certed mechanism (Eq. (1)), where trans-butene (C4H8) and ethene
(C2H4) directly react with each other to form 1,3-butadiene (C4H6)
and ethane (C2H6) (Scheme 1). Alternatively, a two-step sequential
mechanism (Eqs. (2) and (3)) can occur where ethene first reacts
with a proton to form a surface-bound ethyl (or ethoxide), C2H5–
Z, which subsequently reacts with butene to form butadiene and
ethane (Scheme 1). Rate constants for kinetically relevant steps
are defined in Scheme 1 and discussed further at the end of this
section. C2H4 and C4H8 are the two smallest molecules capable of
producing butadiene via the alkene-mediated route and are dis-
cussed in this section; however, these reactions can occur with a
variety of surface-bound alkyls, which are examined in Section 3.5.

The formation of a surface-bound alkyl (e.g., C2H5–Z) is the first
step of the sequential mechanism and involves the protonation of
an alkene with the concurrent formation of a C–O framework bond.
Formation of C2H5–Z was investigated at all O-site combinations
involving O14, O16, and O25 which surround T11 (O24 was
neglected because it is geometrically hindered by the framework,
causing high transition state barriers) [79]. The most favorable
C2H5–Z formation transition state occurs between O16 (protona-
tion) and O25 (C–O bond formation), two O-sites that bridge the
straight channel and the channel intersection (Fig. 1a). Reactions
at O14 within the straight channel are less favorable (by
21 kJ mol�1, Fig. S3), indicating a preference for the straight chan-
nel pore mouth. Previous work [62,79] has demonstrated that
smaller transition states preferentially sit in straight channel or
at the edge of the straight channel and channel intersection where
stabilizing, non-covalent interactions with the framework are
maximized, and this same trend is observed for all alkyl-
formation steps. This reaction occurs with an intrinsic free energy
barrier (DGact) of 83 kJ mol�1 and reaction free energy (DGrxn) of
�13 kJ mol�1 (Fig. 2a), which agrees well with previous computa-
tional work in TON suggesting that C2H5–Z occurs with a DGrxn of
�17 kJ mol�1 [86].



Scheme 1. Concerted and sequential routes of the alkene-mediated pathway with
ethene (C2H4) as the hydride acceptor and butene (C4H8) as the hydride donor.
Relevant transition states, C2H5–Z formation (red), C2H5–Z hydride transfer (HT,
orange), and concerted hydrogen transfer (green) are labeled, and associated K and
k values (used in Eq. (10) and Section S3) are listed.
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Spectating aromatics have been shown to facilitate CH3–Z for-
mation via CH3OH dehydration [79], so C2H5–Z formation was also
investigated with a spectating C4H8. The most favorable transition
state is positioned at the edge of the straight channel, similar to
C2H5–Z formation without spectating C4H8 (Fig. 1a), but its orien-
tation is now parallel to C4H8 (Fig. 1b). This reaction was also
examined at all O-site combinations involving T11, and it prefers
reacting across the O16-O25 site-pair. The parallel orientation
between C2H4 and C4H8 is also evident in the most favorable
O16-O14 and O14-O25 transition states, which are 49 and
43 kJ mol�1 less favorable, respectively (Fig. S4). The presence of
Fig. 1. Lowest energy transition state of a) C2H5–Z formation, b) C2H5–Z formation with s
through the straight (top) and sinusoidal (bottom) channels in MFI. Effective enthalpy (D
reported at 433 K and relative to a bare acid site (proton) and stoichiometric amounts o
also given as (DEact) in italics. Dashed lines represent breaking and forming bonds.
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co-adsorbed C4H8, however, does not alter the intrinsic free energy
barrier (DGact of 83 kJ mol�1, Fig. 1b) compared to the same reac-
tion in the absence of C4H8, in contrast to the prior work for metha-
nol dehydration near aromatics [79]. This difference likely arises
because C4H8 is smaller than benzene and does not offer the same
van der Waals stabilization. This inability of C4H8 to lower the
C2H5–Z formation intrinsic barrier along with the entropy-loss
associated with the co-adsorption of C2H4 and C4H8 at a single acid
site suggests that this reaction is likely to occur in the absence of
co-adsorbed C4H8. Notably, this transition state, and those shown
in Fig. 1c and d, have negative effective enthalpy barriers relative
to a bare acid site (proton). The negative barrier stems from
adsorption of C2H4 and C4H8 being a combined 81 kJ mol�1 lower
in enthalpy than the reference state of a bare proton (Fig. S39).
However, this reference state is not likely representative of the
most abundant surface intermediate (MASI) during MTO reactions,
and we do not expect these reactions to have negative effective
enthalpy barriers if measured experimentally.

The second step of the sequential mechanism is the hydride
transfer from C4H8 to C2H5–Z, and it occurs with a DGact of
61 kJ mol�1 (Fig. 1c). After the hydride is transferred to C2H5–Z
both C2H6 and C4H7

+ are formed, the latter of which can either form
a surface-bound alkyl (C4H7–Z) with a positive free energy of
25 kJ mol�1 or easily deprotonate to form C4H6 [62]. The transition
state forms most easily in the 10-MR with C4H8 positioned in the
channel intersection and C2H5

+ residing primarily in the straight
channel and interacting with O16 (Fig. 1c). Previous computational
studies have investigated hydride transfer reactions between
surface-bound alkyls and hydrogen donors on 3 T zeolite cluster
models (B3LYP) [87], phosphotungstic acid (PW-91) [88], and H-
MOR (PW-91) [89]. These studies demonstrated that the hydride
transfer transition state involves cleavage of the C–O bond and for-
mation of a shared hydride intermediate state, in good agreement
with the transition state shown in Fig. 1c. The most favorable tran-
sition state at O25, which is also the most favorable O-site to form
C2H5–Z, has an intrinsic barrier 6 kJ mol�1 lower than that of O16.
pectating C4H8, c) C2H5–Z hydride transfer, and d) concerted hydride transfer viewed
H, kJ mol�1), entropy (DS, J mol�1 K�1), and free energy (DG, kJ mol�1) barriers are
f gas-phase C2H4 and C4H8. Intrinsic enthalpy, entropy, and free energy barriers are



Fig. 2. a) Reaction coordinate diagram of the sequential and concerted mechanisms for alkene-mediated pathway in MFI. Free energies (kJ mol�1, 433 K) relative to a bare
acid site (proton) and intrinsic free energy barriers (in italics) are included. b) Rates of C2H5–Z formation (red), C2H5–Z hydride transfer (orange), and concerted hydride
transfer (green) relative to the rate of C2H5–Z formation with co-adsorbed C4H8, the lowest rate according to maximum rate analysis, from 433 to 783 K at 0.004 bar C2H4 and
0.004 bar C4H8. Associated reactant, product, and transition state images associated are shown in Fig. 1 and Section S4. Rate equations are defined in Section S3. An enthalpy
reaction coordinate diagram is included in the SI as Fig. S38. Maximum rate analysis is included in Section S17 of the SI. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Intrinsic barriers for this reaction at O14 are at least 51 kJ mol�1

higher than at O16 (Fig. S5) or at O25—this is likely because O16
and O25 have a similar chemical environment, both bridging the
straight channel and the channel intersection, suggesting that such
environment is favorable for these transition states. Here (and in
the following sections), intrinsic and effective barriers are relative
to the most stable surface-bound alkyl or bare proton state, respec-
tively—regardless of O-site. Double bond isomerization is quasi-
equilibrated during MTO [90] and likely occurs through the
quasi-equilibrated formation of surface-bound alkyls; therefore,
surface-bound alkyl interconversion is likely rapid between the
accessible O-sites. As such, intrinsic barriers are calculated relative
to the lowest energy alkyl (regardless of O-site) for each state. Fur-
thermore, proton locations are also quasi-equilibrated during MTO,
because proton carriers (methanol and water, for example) and
alkyl-formation steps can shuttle protons between O-sites; there-
fore, effective energy barriers are calculated relative to the most
stable H–Z state (at O14).

Single-step concerted hydride transfer occurs with a DGact of
55 kJ mol�1 (Fig. 1d), slightly lower than that for the hydride trans-
fer reaction which starts from a more stable surface-bound alkyl
reactant. The transition state of the single-step concerted mecha-
nism, in which C2H4 undergoes a simultaneous protonation from
the surface and hydride transfer from C4H8, is most stable when
positioned in the channel intersection and protonated from O25
(Fig. 1d). The converged structure shows that the proton transfer
is nearly complete at the transition state, suggesting that the diffi-
cult step of this sequence is the hydride transfer. The partial nega-
tive charge of O16, which also interacts with the C2H5

+

intermediate, stabilizes the transition state by improving effective
charge distribution. In the lowest energy transition state at O14,
which has an energy 30 kJ mol�1 higher, C2H5

+ forms in the straight
channel and interacts exclusively with O14, the oxygen fromwhich
it is protonated (Fig. S6). The transition state energies for the con-
certed and hydride transfer step of the sequential mechanism are
within 10 kJ mol�1, and the transition states have similar
structures.

DFT-predicted effective free energy barriers (DG҂) are calcu-
lated for the most favorable transition state of each reaction rela-
tive to a bare acid site (proton) (Fig. 2a). We interpret these
effective barriers using maximum rate analysis to calculate maxi-
mum rates at conditions relevant to MTO (433–700 K, 0.004 bar
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C2H4 and C4H8), as explained in Section S17 in the SI. However,
incomplete site balances necessary to simplify maximum rate
analysis cause errors in the predictions of absolute rates. Instead,
we can divide the maximum rate of each step by the maximum
rate of the slowest overall step, C2H5–Z formation with co-
adsorbed C4H8 (Fig. S44), to cancel out site balances (derived in
Section S3) and compare relative maximum rates for elementary
steps relevant to the alkene-mediated route (Fig. 2b). The first
comparison is between the two steps in the sequential mechanism:
C2H5–Z formation in an empty pore and C2H5–Z hydride transfer,
and the sequential nature of these steps means that the step with
the lowest rate will be rate-determining. The relative rate of
C2H5–Z formation is at least 103-times higher than C2H5–Z hydride
transfer (Fig. 2b), indicating that C2H5–Z hydride transfer is the
rate-determining step of the sequential mechanism. Next, we com-
pare the rate of sequential hydride transfer to the rate of concerted
hydride transfer. Both hydride transfers have comparable transi-
tion state structures, and the C2H5–Z hydride transfer is predicted
to be just 10-times faster than the concerted hydride transfer
(Fig. 2b). We will assume that the alkene-mediated route in MFI
is likely to occur via the sequential pathway (although errors asso-
ciated with DFT mean the concerted pathway may also contribute)
and is limited by C2H5–Z hydride transfer to compare the alkene-
mediated pathway to the CH2O-mediated pathway. The rate
equation for the alkene-mediated route with rate and equilibrium
constants defined by the sequential pathway is given by:

r
½L� ¼ kHT;C2H5�ZKC2H5�ZKC2H4K

0
C4H8

C2H4ð Þ C4H8ð Þ ½��
L½ � ð10Þ

where rate constants are defined in Scheme 1 and [*]/[L] represents
the fraction of bare protons on the catalyst surface. Next, we con-
sider the CHA framework (H-SSZ-13), which is also frequently stud-
ied as an MTO catalyst.
3.2. Alkene-mediated pathway in CHA

The MFI framework is susceptible to restructuring during DFT
optimizations, which may produce artifacts in DFT calculated ener-
gies [75]; therefore, the same sequential (Eqs. (2) and (3)) and con-
certed mechanisms (Eq. (1)) for the alkene-mediated route were
also studied in CHA to corroborate our findings in MFI. A detailed



L. Kilburn, M. DeLuca, A.J. Hoffman et al. Journal of Catalysis 400 (2021) 124–139
description of the structures, analogous to the discussion in Sec-
tion 3.1, can be found in the SI (Section S12). Intrinsic and effective
free energy barriers in MFI and CHA are listed in Table S3 for com-
parison. C2H5–Z formation occurs in CHA with an intrinsic barrier
(DGact) of 86 kJ mol�1 (Fig. 3a), and the addition of spectating
C4H8 leaves the intrinsic barrier effectively unchanged (84 kJ mol�1,
Fig. 3b). These intrinsic barriers are comparable to those observed
in MFI (83 kJ mol�1, Fig. 1), but more importantly they further sug-
gest that spectating C4H8 does not facilitate C2H5–Z formation in
CHA, similarly to MFI. The second step of the sequential mecha-
nism, the hydride transfer between C4H8 and C2H5–Z, has a DGact

of 78 kJ mol�1 (Fig. 3c), and the concerted hydride transfer has a
DGact of 74 kJ mol�1 (Fig. 3d). Although the intrinsic barriers are
higher for these two reactions in CHA than MFI (by 19 and
17 kJ mol�1, respectively), both hydride transfers have similar tran-
sition state structures as those observed in MFI and have DGact val-
ues within 10 kJ mol�1 of each other. Intrinsic free energy barriers
in MFI and CHA are similar; however, effective free energy barriers
(DG҂) are generally 5–15 kJ mol�1 lower in CHA than MFI for reac-
tions in the alkene-mediated route. We suspect that the lower
effective barriers in CHA are the result of more exothermic alkene
adsorptions in CHA given by the smaller rings (8-MR vs. 10-MR)
which stabilize many of these intermediates and transition states.
These differences in CHA and MFI do not alter our primary conclu-
sions drawn from both frameworks: that intrinsic barriers for
C2H5–Z formation are unaffected by spectating C4H8 and the con-
certed and sequential hydride transfers occur with similar transi-
tion state structures and intrinsic barriers.

Effective free energy barriers relative to a bare acid site (Fig. 4)
were again used to perform maximum rate analysis and compare
relative rates for each step of the alkene-mediated pathway in
CHA. Rates were calculated and analyzed following the same pro-
cedures used in MFI, which are described in detail for CHA in Sec-
tion S17 of the SI. Comparing the relative rates of each step, the
Fig. 3. Lowest energy transition state of a) C2H5–Z formation, b) C2H5–Z formation with sp
Effective enthalpy (DH, kJ mol�1), entropy (DS, J mol�1 K�1), and free energy (DG, kJ m
stoichiometric amounts of gas-phase C2H4 and C4H8. Intrinsic enthalpy, entropy, and fre
and forming bonds.
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results in CHA further corroborate those observed for MFI: the
sequential mechanism is controlled by the rate of C2H5–Z hydride
transfer, and the maximum rates of sequential and concerted
hydride transfers are essentially identical (Fig. S41). The rate of
C2H5–Z hydride transfer is 10-times faster than the rate of con-
certed hydride transfer (Fig. S41), and we will again assume the
sequential mechanism dominates for the purposes of comparison
to the CH2O-mediated pathway. The rate equation of the alkene-
mediated pathway in CHA is the same as that derived for MFI in
Eq. (10). In both frameworks, the alkene-mediated route is gov-
erned by the rate of hydride transfer between butene and a
surface-bound alkyl.
3.3. CH2O-mediated pathway in MFI

Diene formation can also occur via a CH2O-mediated route
(Scheme 2). Analogously to the alkene-mediated pathway (Sec-
tion 3.2), the CH2O-mediated pathway was investigated by a
sequential mechanism (Eqs. (4)–(6)) where CH3OH adsorbs and
reacts with a proton to form a surface-bound methyl, CH3–Z, which
subsequently reacts with a second CH3OH to form CH2OH–Z
(Scheme 2). Alternatively, a concerted mechanism can occur where
two CH3OH directly react with each other to form CH2O then CH2-
OH–Z (Scheme 2). Once CH2OH–Z is formed, it can react with pro-
pene (C3H6) to form butenol (C4H7OH). Finally, butenol can
dehydrate to form butadiene (Scheme 2). Critical states and rate
constants are defined in Scheme 2 and used in maximum rate anal-
ysis at the end of this section and in Section S3 of the Supplemental
Information. This Section and Section 3.4 focus on CH2O-mediated
routes with the smallest possible reactants; however, it is possible
for these reactions to occur with a variety of surface-bound alkyls,
particularly the sequential route, which are further discussed in
Section 3.5.
ectating C4H8, c) C2H5–Z hydride transfer, and d) concerted hydride transfer in CHA.
ol�1) barriers are reported at 433 K and relative to a bare acid site (proton) and

e energy barriers are also given as (DEact) in italics. Dashed lines represent breaking



Fig. 4. Reaction coordinate diagram (RCD) of the sequential and concerted
mechanism for the alkene-mediated pathway in CHA. Free energies (kJ mol�1,
433 K) are relative to a bare acid site (proton) and stoichiometric amounts of gas-
phase C2H4, and C4H8. Intrinsic free energy barriers are included in italics. Reactant,
product, and transition state images associated with this RCD are partly shown in
Fig. 2 and Section S10 of the Supplemental Information. Rate equations are defined
in Section S3. An enthalpy reaction coordinate diagram is included in the SI as
Fig. S39. Maximum rate analysis and relative rates are included in Section S17 of the
SI.
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The first step of the sequential mechanism is the dehydration of
CH3OH to form a surface-bound methyl species (CH3–Z) (Eq. (4)),
and this reaction has been extensively studied in prior work
[77,79,91–93]. This transition state preferentially forms a C–O
bond with O16 in the 10-MR adjacent to the channel intersection,
where it is stabilized by dispersive forces and hydrogen bonding
between H2O and framework oxygens (Fig. 5a), occurring with a
DGact of 129 kJ mol�1. This intrinsic barrier is comparable to those
reported for CH3–Z formation in MFI (126 kJ mol�1) by previous
computational studies [77,79]. In this work, CH3–Z formation is
investigated with CH3OH as the methylation agent because it is
unlikely this step controls the rate. Other species, particularly
Scheme 2. CH2O-mediated diene formation showing both sequential and con-
certed CH2OH–Z mechanisms. Critical transition states CH3–Z formation (blue),
CH2OH–Z formation (hydride transfer, red), CH2O formation (hydride transfer,
green), butenol formation (gray), and butenol dehydration (black) are labeled. The
CH2O protonation transition state is omitted to simplify the scheme. Rate constants
used in Eq. (11) and Section S3 of the Supplemental Information are shown here.

130
CH3OCH3, are also capable of methylating the zeolite surface, and
may do so at higher rates than CH3OH [53,79,94].

The second step of the sequential mechanism is the quasi-
equilibrated adsorption of a second CH3OH, followed by a hydride
transfer reaction between CH3OH and CH3–Z to form hydrox-
ymethyl (CH2OH–Z) and CH4 (Eq. (5)). The transition state involves
the cleavage of the C–O framework bond and concurrent hydride
transfer from CH3OH to CH3

+ (Fig. 5b). The most stable transition
state occurs with a DGact of 102 kJ mol�1 and forms at O25, where
it is solvated by the 10-MR and stabilized by hydrogen bonding
between CH3OH and a framework oxygen (186 pm, Fig. 5b). The
most stable transition state at O16 forms in the same 10-MR at
the channel intersection, but the hydrogen bond to the framework
is slightly longer (191 pm, Fig. S10), contributing to an energy
11 kJ mol�1 higher than O25. The optimal transition state at O14
has a shorter hydrogen bond (183 pm, Fig. S10), but framework
strain at O14 causes this transition state to be 38 kJ mol�1 higher
than the most stable transition state (Fig. S10).

Formaldehyde formation can also proceed by a concerted mech-
anism, in which two CH3OH molecules directly react to form CH2O,
H2O, and CH4 (Eq. (7))—without forming CH3–Z or the associated
H2O desorption. The transition state preferentially forms at O25
in the channel intersection (Fig. 5c) and involves a CH3

+ species
accepting a hydride from CH3OH and the concurrent cleavage of
a C–O bond to form H2O. In the most favorable configuration,
H2O forms a hydrogen bond with O25 (166 pm, Fig. 5c) and CH3OH
hydrogen bonds with a framework oxygen (244 pm, Fig. 5c), indi-
cating a preference for structures which form strong hydrogen
bonds to the zeolite framework. This reaction occurs with a higher
intrinsic barrier (DGact of 162 kJ mol�1) than hydride transfer in the
sequential reaction (102 kJ mol�1), in part because it is starting
from a more thermodynamically favorable state.

The sequential and concerted mechanisms form slightly differ-
ent products, with the former forming CH2OH–Z (hydroxymethyl)
and the latter forming CH2O. Surface-bound CH2OH–Z species can
undergo a reaction to form CH2O and a protonated surface (H–Z).
The transition state requires simultaneous interaction with two
oxygens: one oxygen where the C–O framework bond is broken
and a second oxygen that is protonated by the CH2OH+ species.
The most favorable transition state resides in the straight channel,
where the C–O bond is cleaved at O16 and O14 is protonated
(Fig. 5d). The reaction occurs with a DGact of 69 kJ mol�1

(Fig. 5d), suggesting that the interconversion between CH2OH–Z
and CH2O is likely quasi-equilibrated. The energy of CH2OH–Z is
25 kJ mol�1 higher than the energy of CH2O (Fig. 6), therefore
formaldehyde likely exists as an adsorbed species in the pore
instead of CH2OH–Z.

CH2OH–Z can subsequently react with an alkene (Eqs. (8) and
(9)), such as propene, to form an alkenol. The reaction with pro-
pene forms butenol (Fig. 5e), which dehydrates to form butadiene
(Fig. 5f). Butenol forms most favorably at O16, where it is stabilized
by dispersive interactions with the 10-MR and hydrogen bonding
to framework oxygens (200 pm, Fig. 5e). Dehydration also occurs
preferentially at O16 and is solvated by the 10-MR; however,
C4H7

+ is positioned in the straight channel instead of the intersec-
tion (Fig. 5f). These reactions occur with a DGact of 31 kJ mol�1

and 79 kJ mol�1, respectively (Fig. 6).
Following the same procedure used for the alkene-mediated

pathway, maximum rate analysis was performed for the CH2O-
mediated route (Section S17). The slowest step in this pathway,
according to maximum rate analysis, is concerted CH2O formation,
and all relative rates are divided by the maximum rate of this step
(Fig. 7). First, we can compare the relative rates of the first two
steps of the sequential mechanism, CH3–Z formation and CH2-
OH–Z formation. The DG҂ of CH2OH–Z formation is 17 kJ mol�1

higher (Fig. 6) and the rate is 10-times lower than CH3–Z formation



Fig. 5. Lowest energy transition state of a) CH3–Z formation, b) CH2OH–Z formation, c) concerted CH2O formation, d) CH2O protonation, e) butenol formation, and f) butenol
dehydration viewed through the straight (top) and sinusoidal (bottom) channels in MFI. Effective enthalpy (DH, kJ mol�1), entropy (DS, J mol�1 K�1), and free energy (DG, kJ
mol�1) barriers are reported at 433 K and relative to a bare acid site (proton) and stoichiometric amounts of gas-phase CH3OH and C3H6. Intrinsic enthalpy, entropy, and free
energy barriers are also given as (DEact) in italics. Dashed lines on top images represent hydrogen bonding, and dashed lines on bottom images represent breaking and
forming bonds.

Fig. 6. Reaction coordinate diagram of the sequential and concerted pathways for the CH2O-mediated route in MFI. Free energies (kJ mol�1, 433 K) are relative to a bare acid
site (proton) and stoichiometric amounts of gas-phase CH3OH and C3H6. Intrinsic free energy barriers are included in italics. Associated reactant, product, and transition state
images are shown in Fig. 5 and Section S10. An enthalpy reaction coordinate diagram is included in the SI as Fig. S40.
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(Fig. 7); because these two steps are in series, we can conclude that
CH2OH–Z formation is rate determining for sequential formalde-
hyde formation. The rate of CH2OH–Z formation is then compared
to the relative rate of the remaining steps, all of which occur in ser-
ies, to establish the rate determining step of the entire CH2O-
mediated pathway. CH2O protonation, butenol formation, and
dehydration occur with a DG҂ 128 kJ mol�1, 126 kJ mol�1, and
172 kJ mol�1 (Fig. 6) lower than CH2OH–Z formation and are
entropically benefited by H2O and CH4 desorption. As a result,
these steps have relative rates >1010-fold faster than CH2OH–Z for-
mation (Fig. 7) and are kinetically irrelevant. This indicates that
CH2O is highly reactive upon formation and can readily form
dienes in the presence of small amounts of propene, likely con-
tributing to its miniscule concentrations during MTO processes.
CH2OH–Z formation, the rate determining step of the CH2O-
mediated pathway, involves a hydride transfer between CH3OH
and a surface-bound alkyl (CH3–Z) and is analogous to the rate-
131
determining transition state in the alkene-mediated route where
C4H8 transfers a hydride to a surface-bound alkyl (C2H5–Z). The
rate equation governing the CH2O-mediated pathway in MFI is
defined as:
r
½L� ¼ kHT;CH2OH�ZKCH3OH

K
0 0
CH3OH

CH3OHð Þ2 H2Oð Þ�1 ½��
L½ � ð11Þ
where KCH3OH represents adsorption of CH3OH, Kalkyl represents for-
mation of CH3–Z, K’’

CH3OH represents adsorption of CH3OH near CH3–
Z, and kHT,CH2OH–Z represents reaction of CH3–Z with CH3OH to form
CH2OH–Z as defined in Scheme 2. This reaction is analogous to Eq.
(10) and modified versions of these two rate equations are used to
compare the CH2O-mediated and alkene-mediated pathways in
Section 3.5.



Fig. 7. Rates of CH3–Z formation (blue), CH2OH–Z formation (blue), CH2O proto-
nation (orange), butenol formation (gray), and dehydration (black) relative to the
rate of concerted CH2O formation, the lowest rate according to maximum rate
analysis, from 433 to 783 K at 0.1 bar CH3OH, 0.01 bar H2O, 0.01 bar CH4, and 0.1 bar
C3H6. Maximum rate analysis is included in Section S17. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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3.4. CH2O-mediated pathway in CHA

The CH2O-mediated pathway was also investigated in CHA,
with the same sequential mechanism (Eqs. (5) and (6)) and con-
certed mechanism (Eq. (7)) as in MFI (Section 3.3). An in-depth
description of the transition state structures can be found in Sec-
tion S13, and intrinsic and effective free energy barriers in MFI
and CHA are included in Table S3 for comparison. We find that
the dehydration of CH3OH to form CH3–Z, the first step of the
sequential mechanism, occurs with a DGact of 130 kJ mol�1

(Fig. 8a), almost identical to the DGact of the same step in MFI
(129 kJ mol�1, Fig. 5a). This intrinsic barrier has been previously
calculated using the PBE-D3 function and reported as 171 kJ mol�1

at 673 K [95]; our predicted DGact at 673 K is substantially lower at
132 kJ mol�1, and we believe this difference originates from our
systematic reorientation approach. The intrinsic barrier for CH2-
OH–Z formation in CHA (101 kJ mol�1, Fig. 8b) is again essentially
the same as in MFI (102 kJ mol�1, Fig. 5b). Although concerted
CH2O formation has a higher intrinsic barrier than sequential CH2-
OH–Z formation in both frameworks, the DGact of the reaction in
CHA (143 kJ mol�1, Fig. 8c) is 18 kJ mol�1 lower than in MFI. We
attribute this decrease in DGact to the increased number of hydro-
gen bonds and the stronger average hydrogen bonding in the tran-
sition state in CHA (188 pm (Fig. 8c) versus 205 pm (Fig. 5c)). In all
reactions, the effective barriers are lower than intrinsic, which
arise because of a combination of strong hydrogen bonds between
–OH groups and the Bronsted acid site and entropic benefits of CH4

and H2O desorption, as is the case in MFI (Fig. 8d–f).
Following the same trend observed for the alkene-mediated

route, effective free energy barriers (DG҂) for the CH2O-mediated
pathway are 10–32 kJ mol�1 lower in CHA than MFI (Fig. 9),
excluding butenol dehydration, which is 17 kJ mol�1 higher
(Table S3). Prior investigations have reported that charged transi-
tion states are more effectively solvated by void environments that
approach the size of the transition state complex [96–98]. Just as
we discussed for the alkene-mediated route, it is our view that
the lower effective barriers result from enhanced stabilization of
these relatively small transition states in the 8-MRs of CHA com-
pared to the larger 10-MRs in MFI. We also consider lower effective
132
barriers for diene formation to be consistent with experimental
observations that the aromatic cycle of MTO is favored in small
pore zeolites such as CHA, as dienes are aromatic precursors [59].
Because the reactions investigated in this work comprise only a
subset of the reactions that occur during MTO, we cannot confi-
dently make overarching conclusions regarding catalyst selectivity.
Despite differences in effective barriers, our data in CHA corrobo-
rate the results obtained in MFI for the CH2O-mediated pathway
and suggest that the mechanism of diene formation will be similar
for the two zeolite frameworks.

Maximum rate analysis and relative rates, explained in depth in
Section S17 of the SI, were used to find the dominant mechanism of
the CH2O-mediated pathway in CHA. Analysis of relative rates in
CHA supports the same conclusions made in MFI, just as rates in
CHA followed the same trends in MFI for the alkene-mediated
pathway. In both frameworks, we find that formaldehyde is formed
via the sequential pathway and CH2OH–Z formation is the rate
determining step of the entire CH2O-mediated route (Fig. S46).
The rate of butadiene formation via CH2O-mediated pathways in
CHA is governed by the same rate equation (Eq. (11)) as derived
in Section 3.3.
3.5. Effect of alkyl size on Alkene-mediated and CH2O-mediated
pathways

Alkene-mediated and CH2O-mediated routes have been dis-
cussed with C2H5–Z and CH3–Z, respectively, as hydride acceptors.
However, larger surface-bound alkyls can be formed from the pro-
tonation of MTO product alkenes or through dealkylation (of e.g.,
CH3OCH3 or CH3OH) or cracking reactions during MTO. A given
alkyl can react with a C�4 alkene to form an alkane and diene or
with CH3OH to form CH2O and ultimately dienes (Scheme 3). Here,
we examine both hydride transfer reactions with five representa-
tive alkyls species: methyl, ethyl, propyl, sec-butyl, and tert-butyl.

The formation of the hydride transfer transition state, relative
to the adsorbed alkyl (CR3–Z), is given by:

ð12Þ

where G[TS҂] is the energy of the hydride transfer transition state
(CH3OH–-CR3–Z or C4H8--CR3–Z, Scheme 3), G[CR3–Z] is the energy
of the surface-bound alkyl, and G[donor(g)] is the energy of the gas-
phase hydride donor (CH3OH or C4H8). The lowest CH3OH hydride
transfer barrier (DGa҂) is with tert-butyl as the acceptor, and this
reaction has a DGa҂ of 55 kJ mol�1 in MFI and 104 kJ mol�1 in
CHA (Fig. 10). CH2O-mediated DGa҂ barriers inversely trend with
carbocation stability, where DGa҂ barriers follow the sequence: pri-
mary (1�) > secondary (2�) > tertiary (3�). This same trend has been
observed in diene hydrogenation effective barriers [62] as well as
alkene alkylation [31,99]. Notably, tert-butyl transition states in
MFI are 45 kJ mol�1 more stable than all other transition states,
while the tert-butyl transition state in CHA is only favored by
4 kJ mol�1 when reacting with CH3OH (Fig. 10). The exact reason
for this is unclear, but we hypothesize it is related to the proximity
of the transition state to the surrounding framework. The channel
intersection in MFI is surrounded by 10-MRs large enough to par-
tially accommodate and stabilize a transition state complex, as
evinced by transition states for the hydride transfer between CH3-
OH and the other alkyls in which the alkyl carbocation resides at
the edge of the channel intersection (Fig. S12). The tert-butyl tran-
sition state in MFI is in a similar but inverted position with the lar-
ger tert-butyl alkyl in the channel intersection and the smaller CH2O
species stabilized by hydrogen bonding (169 pm, Fig. S12) at the
edge of the 10-MR. Although the CHA cage has larger diameter
(~7.3 Å in CHA versus ~6.4 Å in MFI) [76], bulky adsorbates residing
within CHA are constricted by the smaller 8-MRs that surround the



Fig. 8. Lowest energy transition state of a) CH3–Z formation, b) CH2OH–Z formation, c) concerted CH2O formation, d) CH2O protonation, e) butenol formation, and f) butenol
dehydration in CHA. Effective enthalpy (DH, kJ mol�1), entropy (DS, J mol�1 K�1), and free energy (DG, kJ mol�1) barriers are reported at 433 K and relative to a bare acid site
(proton) and stoichiometric amounts of gas-phase CH3OH, H2O, CH4, and C3H6. Intrinsic enthalpy, entropy, and free energy barriers are also given as (DEact) in italics.

Fig. 9. Reaction coordinate diagram of the sequential and concerted pathways for the CH2O-mediated route in CHA. Free energies (kJ mol�1, 433 K) relative to a bare acid site
(proton) and intrinsic free energy barriers (in italics) are included. Associated reactant, product, and transition state images are shown in Fig. 8 and Section S10. An enthalpy
reaction coordinate diagram is included in the SI as Fig. S41. Maximum rate analysis and relative rates are included in Section S17.
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CHA cage. The tert-butyl transition state in CHA is positioned closer
to the framework than in MFI (Fig. S42, S43), incurring greater steric
penalties that offset the enhanced carbocation stability and stron-
ger hydrogen bonding (160 pm, Fig. S13). The differences in MFI
and CHA are worth investigating; however, within the uncertainties
of our DFT methods we feel it is best to focus on our overall
conclusion—that hydride transfer barriers are lower for larger
alkyls—which is the same for both frameworks.

Hydride transfer barriers between C4H8 and the 5 alkyl
acceptors follow a similar trend to those for CH3OH-alkyl reac-
tions in that reactions via primary carbocations occur with higher
DGa҂ barriers than those via secondary carbocations (Fig. 10). Ter-
tiary carbocation structures, however, have hydride transfer bar-
riers significantly higher than all other species
(DGa҂ 156 kJ mol�1 in MFI and 192 kJ mol�1 in CHA), suggesting
that the favorable effects conferred by enhanced carbocation sta-
bility are mitigated by unfavorable steric constraints for the
hydride transfer between C4H8 and tert-butyl (a C8 complex). This
is especially notable in CHA, where tert-butyl transition states
133
occur with DGa҂ barriers >40 kJ mol�1 higher than all other tran-
sition states. Analogous to the hydride transfer with CH3OH, the
transition states for the hydride transfer between C4H8 and alkyls
in MFI are almost entirely positioned in the channel intersection
to maximize non-covalent framework interactions. The exception
is the tert-butyl transition state, as the bulky geometry of tert-
butyl requires C4H8 to remain in the straight channel, where
interactions are less optimal (Fig. S14). All transition states with
C4H8 in CHA are stabilized by their proximity to an 8-MR to
enhance non-covalent interactions (Fig. S15). Again, the exception
is the tert-butyl transition state, in which C4H8 is located within
an 8-MR because it is too large to fit favorably inside the cage
with tert-butyl, resulting in a carbocation located further away
from an 8-MR (Fig. S15). Analysis of DGa҂ barriers suggest that
CH3OH primarily reacts with tert-butyl surface-bound alkyls in
both CHA and MFI, while C4H8 reacts with either propyl or
sec-butyl alkyls. Prior work examining olefin:paraffin ratios on
H-ZSM-5 (MFI framework) and H-SSZ-13 (CHA framework)
demonstrated that H-ZSM-5 forms C4–C7 paraffins (6.4%



Scheme 3. Abbreviated mechanism of alkene-mediated and CH2O-mediated diene formation routes demonstrating that surface-bound alkyls can participate in two
competing hydride transfer mechanism. Steps shown with gray substituents, R, represent H, CH3, or CH2CH3. Rate constants (k and K) used in Equations (13) and (15) are
defined here. Surface-bound alkyls can be formed from either CH3OH (to form CH3–Z) or an alkene, such as C2H4 (which forms C2H5–Z). Alkyl species are represented as CR3–Z
and in the case of the alkene formation route, at least one R group will be –CH3 or –C2H5. The hydride transfer transition state for each pathway (CH3OH–CR3–Z and C4H8–
CR3–Z) is the transition state used to calculate DGa҂ (Eq. (12)) relative to the CR3–Z state and corresponding gas-phase species.

Fig. 10. Free energy (DGa҂) barriers (kJ mol�1) for C1 (methyl), C2 (ethyl), C3

(propyl), s-C4 (sec-butyl), and t-C4 (tert-butyl) reaction via CH2O-mediated (left) and
alkene-mediated routes (right) in MFI (blue, squares) and CHA (red, triangles).
Reactions mediated by primary (1�), secondary (2�), and tertiary (3�) carbocations
are grouped. Transition state structures associated with these states are shown in
Section S8. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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selectivity) with higher selectivity than C2–C3 paraffins (<1%
selectivity) while H-SSZ-13 selectively forms C2–C3 paraffins
(5.1% selectivity) over C4–C7 paraffins(<1% selectivity) [59]. The
results presented here suggest that a possible explanation for dif-
ferences in observed paraffin selectivities is that large, tertiary
surface-bound alkyls act as hydride acceptors in MFI—resulting
in the formation of larger C4–C7 alkanes observed experimentally.
Conversely, these larger species can start to experience repulsive
interactions in CHA, favoring hydride transfer between smaller,
secondary surface-bound alkyls to form C2–C3 alkanes.

We can use these DGa҂ values to examine which surface-bound
alkyls will dominate the two hydride transfer pathways at varying
alkyl (CR3–Z) concentrations by examining the hydride transfer
rate (rHT) ratio for a given alkyl to methyl (for either hydride
donor):
134
ð13Þ

where kHT;CR3 is the rate constant for hydride transfer between the
donor (CH3OH or C4H8) and CR3 alkyl, Kdonor;CR3 is the co-
adsorption equilibrium constant for the donor molecule near the
CR3 alkyl, and [CR3–Z] is the concentration of the surface bound
alkyl (with corresponding terms for CH3). This rate ratio (Eq. (13))
can indicate which surface alkyls are likely to undergo hydride
transfers to CH2O or C4H6 during MTO, based on the ratio of surface
alkyl concentrations present during the reaction, which depends on
the conversion and selectivity of the catalyst. The rate ratio for
CH2O formation via tert-butyl to methyl exceeds 1 (favoring tert-
butyl) at an alkyl ratio of 10�10 in MFI and 10�6 in CHA (Fig. 11a).
We suspect the higher tert-butyl concentration required in CHA
can be attributed to the previously discussed steric penalties
incurred in the tert-butyl transition state, but the ratio of tert-
butyl in both frameworks indicates that CH2O is predominantly
formed from CH3OH reactions with C�2 alkyls instead of surface
methyls. Previous work has shown that CH2O and CH4 are present
in the effluent at reaction start-up in MFI [54], suggesting that
CH2O is formed via the reaction of CH3–Z with CH3OH before the
formation of the hydrocarbon pool. Our findings do not contradict
this experimental evidence but subvert the assumption made by
prior studies that CH3–Z remains the primary alkyl involved in
hydrogen transfer with CH3OH [32,53–54,100] for the duration of
MTO. This preference for CH2O formation via alkyls larger than
methyl is also observed for sec-butyl, propyl, and ethyl, as their rate
ratios (to methyl) exceed 1 at alkyl ratios as low as ~10�6 for species
that react via secondary carbocations (sec-butyl and propyl) and
~10�2 for ethyl (Fig. 11a) which proceeds via a primary carbocation
that is still more stable than the methyl carbocation. Our data sug-
gest that once the hydrocarbon pool is present, CH2O is formed by
the reaction of CH3OH with substituted C�2 alkyls formed from



Fig. 11. a) Ratio of hydrogen transfer rates for tert-butyl (green), sec-butyl (red), propyl (blue), and ethyl (black) with CH3OH to the rate of hydride transfer with methyl and
CH3OH in MFI and CHA (dashed) at 623 K. b) Ratio of hydrogen transfer rates for tert-butyl (blue), sec-butyl (red), propyl (green), and ethyl (black) with C4H8 to the rate of
hydride transfer with methyl and C4H8 in MFI and CHA (dashed) at 623 K. A horizontal gray line at 1 is used to separate methyl-preferred reactions (below 1) and C2+-
preferred pathways (above 1). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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product alkenes instead of with the CH3–Z MASI, formed from CH3-
OH or CH3OCH3 reactants. The implications of this finding are cru-
cial for understanding catalyst deactivation during MTO, because
the involvement of products in the formation of CH2O means that
reactor conversion (and potentially time-on-stream if larger tertiary
alkenes become trapped) will have a significant impact on CH2O
formation rates. More broadly, our results reveal that surface inter-
mediates of relatively low concentration may be critical when
proposing mechanisms for process such as MTO in which poten-
tially reactive products are present.

Substituted alkyls also react with C4H8 with lower DGa҂ barriers
than with surface methyl in MFI and CHA. In MFI, rate ratios (Eq.
(13)) generally exceed 1 for propyl and sec-butyl (forming sec-
ondary carbocations) at alkyl ratios near 10�10 and exceed 1 for
ethyl at an alkyl ratio near 10�6 in MFI (Fig. 11b), while tert-
butyl also accelerates rates (rate ratio of unity near 10�4) but less
dramatically in this reaction as it forms a bulky C8 complex which
may have some steric repulsions with the MFI framework. How-
Fig. 12. a) Ratio of rate of hydride transfer with CH3OH to rate of hydride transfer with
(orange) versus the ratio of CH3OH pressure to C4H8 pressure at 623 K in MFI. b) Ratio o
butyl (green), sec-butyl (red), propyl (blue), ethyl (black), and methyl (orange) versus the
pressure rations is marked with gray shading. (For interpretation of the references to co

135
ever, the alkene-mediated pathway in CHA preferentially occurs
via reaction of C4H8 with CH3–Z until substituted alkyl concentra-
tions are near 10�3 times that of CH3–Z (Fig. 11b), while reactions
between C4H8 and tert-butyl occur with very low predicted rates in
CHA. Generally, both CH2O-mediated and alkene-mediated routes
proceed through reaction of the donor with secondary or tertiary
surface-bound alkyls. Furthermore, MFI tends to require lower
CR3–Z:CH3–Z ratios for secondary and tertiary routes to become
preferred compared to CHA.

The preference of each surface-bound alkyl to react with either
CH3OH or C4H8 is dependent on the difference in DGa҂ for hydride
transfer with each reactant, DDGa҂, (Eq. (14)):

ð14Þ
For species that form primary (C1) and secondary carbocations

(C2, C3, sec-C4), DDGa҂ is >0 kJ mol�1 indicating that the alkene-
mediated route is favored (assuming equal pressures of CH3OH
C4H8 for tert-butyl (green), sec-butyl (red), propyl (blue), ethyl (black), and methyl
f rate of hydride transfer with CH3OH to rate of hydride transfer with C4H8 for tert-
ratio of CH3OH pressure to C4H8 pressure at 623 K in CHA. A range of ‘‘typical” MTO
lour in this figure legend, the reader is referred to the web version of this article.)
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and C4H8). However, DDGa҂ is largely negative for tert-butyl in MFI
(DDGa҂ of � 101, Table S1) and CHA (DDGa҂ �89, Table S1), indi-
cating that tertiary alkyls (tert-butyl) are much better hydride
acceptors when the donor is small (CH3OH) instead of large
(C4H8). Direct comparisons of DDGa҂ assume that the CH3OH:
C4H8 pressures are equal; however, at MTO conditions the CH3-
OH:C4H8 pressure ratio is closer to 102 [9,29,52,59,101–103]. We
can again use a rate ratio, comparing the CH2O-mediated and
alkene-mediated routes to incorporate pressure differences, given
by:

ð15Þ

where (CH3OH) and (C4H8) represent their pressures, k
0
HT;CR3

repre-
sents the hydride transfer between CR3 and CH3OH, kHT;CR3 repre-
sents the hydride transfer between CR3 and C4H8, and KCH3OH and
KC4H8 represent adsorption of CH3OH and C4H8 near an alkyl, respec-
tively (Scheme 3). As such, these rate ratios depend on DDGa҂ and
the CH3OH:C4H8 pressure ratio. These rate ratios give insight to
which species a surface-bound alkyl will preferentially react with.
In MFI and CHA, tert-butyl will preferentially react with CH3OH at
CH3OH:C4H8 ratios >10�8, i.e., at all meaningful MTO conditions
(Fig. 12). Primary and secondary species do not show as strong of
a preference to react via CH2O-mediated routes at MTO conditions.
Surface methyls show a strong preference to react with CH3OH in
MFI, with rate ratios exceeding 1 at CH3OH:C4H8 ratios >10�3

(Fig. 12a), but the preference is much weaker in CHA as the rate
ratio and the CH3OH:C4H8 ratio are nearly equal (Fig. 12b). Weak
preferences are also observed for ethyl, propyl, and sec-butyl alkyls,
again indicating that the rate ratios for the two competing hydride
transfer routes examined is largely governed by the CH3OH:C4H8

ratio. Generally, tert-butyl shows a strong preference to react via
CH2O-mediated routes and will do so even at low pressures of
C4H8; however, the preferred route of other species is governed
CH3OH:C4H8 ratios, which are typically high during MTO condi-
tions. C4H8 is used here as a representative alkene that can form a
conjugated diene product, and if other alkenes are present at large
concentrations and similarly can undergo hydride transfer reactions
with surface alkyls then these alkene-mediated routes may become
more relevant. These results support previous experimental work in
H-ZSM-5 examining the rates of hydrogen transfer product forma-
tion in pure pentene co-feeds (0.004 bar 1-pentene) with
methanol-mixed co-feeds (0.1 bar CH3OH and 0.004 bar 1-
pentene), which demonstrate that methanol-mixed co-feeds
increase hydrogen transfer product yield by ~4-times [52].
4. Conclusions

Diene formation via alkene-mediated and CH2O-mediated
routes is investigated in MFI and CHA zeolites. Alkene-mediated
pathways preferentially occur via a sequential mechanism, as
opposed to concerted, where ethene first forms C2H5–Z and subse-
quently reacts with butene to form butadiene, occurring with DG҂
of 88 kJ mol�1 in MFI and 75 kJ mol�1 in CHA. Similarly, CH2O-
mediated routes occur with the lowest effective barriers when
CH3OH adsorbs and reacts to form CH3–Z, followed by a hydride
transfer between CH3–Z and a second CH3OH (DG҂ 127 kJ mol�1

in MFI and 117 kJ mol�1 in CHA). Both routes preferentially occur
through the formation of surface alkyls rather than through con-
certed pathways that bypass zeolite alkylation.

The rate of both routes is governed by the reaction of a surface-
bound alkyl with either CH3OH (CH2O-mediated) or C4H8 (alkene-
mediated). As such, both hydride transfer steps were investigated
with surface-bound methyl, ethyl, propyl, sec-butyl, and tert-
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butyl to determine the effect of size and substitution of different
alkyls on hydride transfer barriers and rates. Generally, CH2O-
mediated hydride transfer barriers decrease with increasing alkene
substitution, especially in MFI where reaction of CH3OH with tert-
butyl occurs with a DGa҂ (Eq. 12) of 55 kJ mol�1 (>40 kJ mol�1

lower than all other species). In CHA, the reaction of CH3OH with
tert-butyl occurs with the lowest energy DGa҂ barrier; however,
it is not nearly as favorable as MFI—perhaps because steric repul-
sion begins to play a role in CHA cages before the channels of
MFI. Conversely, alkene-mediated routes occur most favorably
when a secondary carbocation (propyl in MFI and sec-butyl in
CHA) reacts with C4H8. In both frameworks, the hydride transfer
between C4H8 and tert-butyl has a barrier >40 kJ mol�1 higher than
all other species, likely because this reaction forms bulky C8 com-
plexes that are sterically hindered. This preference for larger alkyls
to be hydride acceptors indicates that alkene cycle intermediates
and products will play a large role in the rate of CH2O and C4H8 for-
mation as the hydrocarbon pool evolves while at startup condi-
tions, even if the concentration of those substituted surface
alkyls is very low compared to that of surface methyls.

Comparing the free energy hydride transfer barriers between
alkene-mediated and CH2O-mediated routes for each structure,
we find that alkene-mediated pathways are preferred, except for
tert-butyl where CH2O-mediated routes are strongly preferred
(by over 80 kJ mol�1). However, direct comparisons of free energy
hydride transfer barriers are not accurate as the preferred route is
highly dependent on CH3OH:C4H8 pressures. Taking the ratio of
each route and comparing it to CH3OH:C4H8 pressures ranging
from 10�6 to 106, we find that tert-butyl reacts through CH2O-
mediated routes even when the pressure of CH3OH is 106 times
lower than C4H8 in MFI and 104 times lower in CHA. However,
the preferred route of primary and secondary carbocations is
dependent on the CH3OH:C4H8 pressure ratio. At MTO conditions
(CH3OH:C4H8 of 102), generally species react via CH2O-mediated
routes; however, at lower ratios, such as 10, species begin to react
via alkene-mediated routes.

MTO predominantly produces ethene and propene, but larger
alkenes are known to be present and reactive in the olefin cycle.
These results suggest that those C2 and C3 product alkenes and lar-
ger alkenes involved in the alkene cycle can also form surface-
bound alkyls that are effective hydride acceptors, thus accelerating
the rate of diene formation through direct or indirect (via CH2O)
routes. Given that CH3OH concentrations are expected to be higher
than the concentrations of C�4 alkenes required to make conju-
gated dienes through direct reactions, it seems likely that CH2O
formation rates are higher than those of direct C4H6 formation
through alkene-mediated reactions, and that these CH2O interme-
diates can easily form C4H6 through butenol formation followed by
dehydration, as suggested in prior reports [48,54]. Our conclusion
that CH2O is likely formed via product-derived surface-bound
alkyls instead of the reactant-derived CH3 MASI is crucial for
informing potential strategies to mitigate catalyst deactivation
during MTO. Furthermore, it underscores the importance of con-
sidering all potential reactants when proposing mechanisms for
processes such as MTO that form reactive products.
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