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Charge-separation driven mechanism via
acylium ion intermediate migration during
catalytic carbonylation in mordenite zeolite

Wei Chen 1, Karolina A. Tarach 2, Xianfeng Yi 1, Zhiqiang Liu 1,
Xiaomin Tang1, Kinga Góra-Marek 2 & Anmin Zheng 1,3

By employing ab initio molecular dynamic simulations, solid-state NMR
spectroscopy, and two-dimensional correlation analysis of rapid scan Fourier
transform infrared spectroscopy data, a new pathway is proposed for the
formation of methyl acetate (MA) via the acylium ion (i.e.,CH3 −C ≡O+) in 12-
membered ring (MR) channel ofmordenite by an integrated reaction/diffusion
kinetics model, and this route is kinetically and thermodynamically more
favorable than the traditional viewpoint in 8MR channel. From perspective of
the complete catalytic cycle, the separation of these two reaction zones, i.e.,
the C-C bond coupling in 8MR channel and MA formation in 12MR channel,
effectively avoids aggregation of highly active acetyl species or ketene,
thereby reducing undesired carbon deposit production. The synergistic effect
of different channels appears to account for the high carbonylation activity in
mordenite that has thus far not been fully explained, and this paradigm may
rationalize the observed catalytic activity of other reactions.

The unique pore architectures and active acidic sites of zeolites, cou-
pled with the spatial confinement afforded by the framework struc-
ture, enables zeolites to function as unique shape-selective catalysts
for the direct formation of specific chemical products1. Carbonylation
in zeolites provides a convenient route and platform in both zeolite
catalysts and multi-functional catalysts to functionalize C1 inter-
mediates via formation of carbon-carbon bonds at relatively low
temperatures to realize syngas conversion2, CO2 reduction3, and
methanol to olefins4. As a typical zeolite catalyzed reaction mediated
by shape-selection constraints, the carbonylation ofmethanol (MeOH)
or dimethyl ether (DME) with carbonmonoxide (CO) is a cost-effective
process for the production of methyl acetate (MA) or acetic acid
(AcOH)5–7. Mordenite containing an 8-membered ring (8MR) channels
has found great success for the carbonylation reaction and exhibits
high activity8–10. The Brønsted acid sites (BAS) in the 8MR channels and
the appropriate pore shape and size guaranteeing the unique chemi-
cal/physical interactions between the pore walls and the reaction

intermediates have been found to be the decisive factors responsible
for the high carbonylation efficiency. The generally accepted rate-
determining step of carbonylation, that is, formation of acetyl inter-
mediates via C–C bond coupling between surface methyl species
(SMS) and CO, has been broadly theoretically investigated11–13, and the
fact that C–C bond coupling in the 8MR channel is kinetically more
favorable than that in the 12-membered ring (12MR) channel, with a
free energy barrier difference of ca. 25 kJ/mol. Moreover, the presence
of BAS in 12MR channel of mordenite (MOR-12MR) is thought to favor
C-Cbondcoupling leading toundesired coke formation andeventually
catalyst deactivation. Hence, attempts were made at deactivation of
these BAS, most notably by (i) pyridine pre-adsorption14–16, (ii)
template-induced and post-treatment, forming 12MR channels with
smaller Al distributions17–19, (iii) so-called bottom-up route to synthe-
size nano-sizedmordenite as well as a top-down approach to engineer
hierarchical structures of mordenite by such methods as acid, base,
and steam treatments20,21. In addition,manyother factorsof zeolite can
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also greatly influence the catalytic performance of carbonylation, like
membrane size and thickness, acidic site density, surface barriers, etc.
In fact, both of these experimental approaches aim at minimizing C–C
bond coupling in the 12MR channel in favor of carbonylation and MA
formation in the 8MRchannel by shortening the diffusionpathway and
alleviating the diffusion resistance in the 12MR channel. However,
these studies underscore the importance of the 12MR channel as a
transport channel for reagents and products, suggesting that its role in
zeolite mediated carbonylation has been overlooked in favor of the
prominent role played by 8MR channel22.

More importantly, MA formation between surface acetyl and
MeOH/DME as the following step of C–C bond coupling can be hin-
dered by the size mismatch of the appropriate reactants and the nar-
row pores in the 8MR channel and the side pocket in mordenite
(Fig. 1a). The complete catalytic cycle of DMEcarbonylation in the 8MR
channel of mordenite is shown in Fig. 1b. Although MA formation via
surface acetyl and MeOH in mordenite is feasible (Supplementary
Fig. 1), the large size of the DME substrate requires an immense free
energy barrier of 249.6 kJ/mol to reach the appropriate transition state
(TS3, Fig. 1c) thatovercomes the strong steric hindrance resulting from

entrance of DME into the narrow 8MR channel and side pocket (Sup-
plementary Fig. 2). Detailedly, the energy decomposition analysis to
host-guest interaction between reacting species in the MOR-8MR and
MOR-12MR for TS3 further confirms the much higher steric strain
present in the narrower 8MR channels as revealed by Pauli replusion
interaction (ΔEPauli) (Fig. 1d), as well as the reduced density gradient
surface in Fig. 1e, f. Notably, although the free energy barrier in side
pocket is greatly decreased relative to that in 8MR channel, this free
energy barrier (164.1 kJ/mol) of MA formation in side pocket is greatly
larger than the free energy barrier (87.0 kJ/mol) of C–C bond coupling
in 8MR channel (Fig. 1c). Herein, the free energy barrier of MA for-
mation in side pocket is contributed by the unfavorable adsorption
free energy (64.3 kJ/mol) and intrinsic activation energy (99.8 kJ/mol),
which indicated that the side pocket with the larger space than 8MR
channel is still not enough to allow the MA formation (Supplementary
Fig. 2). MA formation in MOR-8MR via reaction of DME and surface
acetyl should be strongly inhibited in comparison to reaction in MOR-
12MR, as evidenced by the difference on maximum free energy span
(δE) (70.2 kJ/mol; Fig. 1c). However, the C–C bond coupling in MOR-
12MR is theoretically infavorable11–13, and catalytic experiments by

a b

c
e

f

MOR-8MR

MOR-12MR

-100

-50

0

50

100

150

200

F
re

e 
E

ne
rg

y 
(k

J/
m

ol
)

MOR-12MR

MOR-8MR

SMS

SMS_CO

TS2

TS3

SMS_MA

SMS
surface acetyl_DME

24
9.

6
52

.5

87
.0 12

4.
1

70
.2

d

-600

-400

-200

0

200

400

600

In
te

ra
ct

io
n 

en
er

gy
 (

kJ
/m

ol
)

MOR-12MR

MOR-8MR

EPauli

Eelect Eorb Edisp Etotal

surface acetyl

16
4.

1

MOR-SP

12MR 12MR

12MR12MR

8MR

8MR 8MR12MR

SP SP
SP

SP SP

8MR

SP

8MR window

3.4 Å 4.8 Å

8MR channel

4.
4 

Å

4.
5 

Å

5.
5 

Å

2.6 Å 5.7 Å

O

Al

O

C

CH3

O

surface acetyl

O

Al

O CH3

O

Al

O

C
O

C
O

H

C

H H

O

Al

O
C CH3O

O

CH3
H

C

H H

O

Al

O

CH3

H3C
C

O

O
CH3

SMS_CO
SMS_MA

O

Al

O CH3

CO

DME

MA

TS2

TS3

SMS

Fig. 1 | Mechanismof DME carbonylation inmordenite. a Pore and channel sizes
of mordenite, kinetic sizes of methanol, dimethyl ether, and methyl acetate. The
8MR window refers to the opening between the 12MR channel and the 8MR side
pocket (SP) of mordenite. b Catalytic cycle of DME carbonylation, the red arrows
indicate the rate-determining step, and the green arrows indicate the fast step.
c Free energy profile over MOR-8MR, MOR-12MR, and MOR-SP at 473 K obtained

using the PBE-D3/dgdzvp method. d Energy decomposition analysis between
organic species and zeolite framework at TS3 in MOR-8MR and MOR-12MR. Host-
guest interactions of TS3 in the zeolite framework visualized using the reduced
density gradient: e MOR-8MR, including both 8MR and SP; and f MOR-12MR. Red:
repulsion, green: attraction.
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Rasmussen et al.13 appears to run counter to these purely theoretical
considerations and therefore other factors must also be considered.

To resolve this contradiction, an alternative explanation is emer-
ging that focuses on alternative pathways for MA formation that avoid
the strong steric demands imposed on the reactants by the zeolite
channel sizes. Consequently, ketene or the acylium ion (two deriva-
tives of surface acetyl) are two plausible intermediates involved inMA
formation due to their higher mobilities than surface acetyl23. Indeed,
while Plessow et al.4,24 confirmed the high activity of ketene and its
analogues in transformations of methanol to olefins, but a large
amount of ketene formation resulted in deactivation of the catalyst
through the formation of coke precursors25,26. Recently, the acylium
ion (CH3−C≡O

+) formed via C–C bond coupling between SMS and CO
in MOR-8MR was proven to be an alternative intermediate confined in
the side pocket of mordenite27, which should theoretically allow for
highly efficient MA formation fromMeOH and DMEwhile avoiding the
C-O bond rupture associated with the key intermediate of the catalytic
cycle involving the traditional surface acetyl moiety. Moreover, pre-
vious studies that have confirmed the highmobility of cations with the
high activity in zeolite structures, including the hydronium ion28,29 and
Cu(NH3)2

+ species30,31, provide an interesting clue to rationalize the
importance of the acylium ion as a key intermediate in DME carbo-
nylation. In this context, it is highly probabile that an acylium ion
confined in the side pocket of mordenite migrates into 12MR channels
to directly react directly with MeOH or DME.

To confirm the validity of these hypotheses on the mechanism of
MA formation in mordenite, ab initio molecular dynamic (AIMD)
simulations were carried out to explore the complete free energy
profile of MA formation using surface acetyl and acylium ion as
intermediates, while tantamount considering relocation of reactants
and products between the 8MR and 12MR channels inmordenite from
the viewpoint of integrated reaction/diffusion kinetics model, com-
monly disregarded in the literature reports. The dynamic evolutions
and the temporal and spatial correlations of the diagnostic bands in
the Fourier transform infrared (FTIR) spectra collected during the
carbonylation reaction provided evidence for the formulated
predictions.

Results
Methyl acetate formation via surface acetyl
To understand the commonly accepted pathway of MA formation via
surface acetyl andDME/MeOH, the reaction pathway in the largeMOR-
12MR was inferred from the metadynamics (MTD)-AIMD simulations.
MeOH is notably the more reactive species due to the lower free
energy barriers (ΔF) than DME. In the presence of MeOH, interaction
with surface acetyl forms MA via C-O bond rupture of surface acetyl
with concomitant formation of a new C-O bond between the carbonyl
groupof the newly decoupled acetylmoiety andMeOHoxygen (Fig. 2a
and SupplementaryMovie 1). In contrast, the positively chargedMAMe
+ (III) is a local minimum on the free energy profile because the
demethylation of MAMe+ (III) to MA (IV) is the energy-intensive step in
MA formation between DME and surface acetyl (Fig. 2b and Supple-
mentaryMovie 2). However, if the adsorption free energies ofDME and
MeOH are taken into consideration (Supplementary Table 1), the
maximum free energy span (δE) of MA formation is considerably
increased, DME: 165.5 kJ/mol, MeOH: 138.7 kJ/mol. Based on these
results, the rate determining step of the complete DME carbonylation
process would inconsequently change fromC–C bond coupling toMA
formation due to the lower δE of the C–C bond coupling step (MOR-
12MR: 155.7 kJ/mol)27. Therefore, reaction with DME to form MA in
zeolites with large cavities is still an energy intensive process.

Although MeOH is predicted to be the ideal reactant to formMA,
industrial processes involving zeolite catalytic MeOH carbonylation to
MA are hampered by low catalytic activity and lifespan. The poor
catalytic performance with MeOH observed in practice is due to the

formation of equimolar amounts of MA and water (Eq. (1)), while the
formed water molecules are not released easily from the zeolite
structure and hence hinder zeolite activity by formation of strong
interactions with the BAS. Thus, MeOH dehydration ultimately inhibits
the formation of SMS32,33.

2CH3OH+CO ! CH3COOCH3 +H2O: ð1Þ

Based on the high ΔF of MA formation in MOR-12MR, the low
activities and rapid deactivations of DME carbonylation in MOR-12MR
should be attributed to the fact that the formed surface acetyl cannot
rapidly transform to MA even in the presence of large number of DME
molecules unless MeOH approaches it. Still, the accumulated surface
acetyl can easily deprotonate to ketene and further dimerize to dike-
tene as the precursor of carbon deposition. Therefore, there is a sig-
nificant enhancement in the activity and life-span of mordenite
catalysts when attempts are made at eliminating the BAS in 12MR
channels14–19.

Based on the above-described mechanism of MA formation in
MOR-12MR, the mechanistic differences of MA formation via surface
acetyl in MOR-8MR are worth investigating. First, DME was excluded
from the reactant to formMAwith surface acetyl due to the ultra-high
barrier in Fig. 1c, and only MeOH as the sole reactant to react with
surface acetyl inMOR-8MR to obtain the free energy profile at reaction
temperature (473 K) by MTD-AIMD simulations (Fig. 2c and Supple-
mentary Movie 3). In contrast to the obtained barrierless process by
the static density functional theory (DFT) calculations in Fig. 1c, the
free energy barrier in AIMD simulations predicting MA formation via
surface acetyl and MeOH is much smaller at 62.0 kJ/mol since full
consideration is given to the flexibility of the framework and the
reactants at the reaction temperature34–36. Different from the con-
certed mechanism in MOR-12MR, MA formation in MOR-8MR is a
stepwiseone asdisplayed in Fig. 2d, e. Thefirst step consists in theC–O
bond rupture of surface acetyl to rapidly formanacylium ion, followed
by C–O bond coupling by reaction of acylium ion and MeOH, with
concomitant deprotonation of MAH+.

Besides the reaction process, the diffusion processes of both
reactant and product in narrowMOR-8MRwere also considered as the
important part of the complete reaction process by the umbrella
sampling (US)-AIMD simulations (Supplementary Figs. 4–11). The dif-
fusion of MeOH from the 12MR channel to the 8MR channel in mor-
denite need overcome a small diffusing free energy barrier
(ΔFd = 29.6 kJ/mol) in conjunction with a higher free energy of 10.0 kJ/
mol (Supplementary Fig. 8). However, the transport of MA formed in
the 8MR channel into the 12MR channel requires a highΔFd of 105.4 kJ/
mol and an endothermic free energy of 51.1 kJ/mol to be overcome
(Supplementary Fig. 10). This high ΔFd is related to the strong
adsorption energy of MOR-8MR to MA including the hydrogen bond-
ing interaction between BAS and MA and the van der Waals interac-
tions between the MOR-8MR framework and MA (Supplementary
Fig. 12). Considering MeOH adsorption in the MOR-12MR (Supple-
mentary Table 1) as one part of the complete catalytic process that
converts surface acetyl +MeOH to MA+BAS in mordenite, the max-
imum free energy span (δE) on the free energy profile reached 142.3 kJ/
mol (Fig. 3). Considering such a large δE even larger than C–C bond
coupling in MOR-8MR (128.6 kJ/mol), MA formation via reaction of
surface acetyl and MeOH in MOR-8MR is an energetically unfavorable
route from the perspective of integrated reaction/diffusion kinet-
ics model.

MA formation via migrated acylium ion
Onederivate of surface acetyl, acylium ion inMOR-8MRwas confirmed
in our previous studies27. However, another derivative, ketene, is more
rapidly protonated to form acylium ion in MOR-8MR as a kinetically
and thermodynamically more favorable process (Supplementary
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Fig. 13). Therefore, acylium ionwas the sole alternative intermediate in
MOR-8MR, but MA formation would require the migration of the
acylium ion from the side pocket to the 12MR channel because steric
constraints in the narrow 8MR channel and side pocket prevent
the direct formation of MA via reaction of the acylium ion and
DME/MeOH.

To verify this hypothesis, we employed the US-AIMD simulations
to monitor the motion of the acylium ion in the presence and absence
of DME/MeOH in the 12MR channel (Fig. 4, Supplementary Fig. 14, and
Supplementary Movie 4). Notably, the positive/negative charge
separation between the acylium ion and Si-O–-Al leads toΔFd of 57.9 kJ/
mol for the migration from the 8MR to the 12MR channels, with a free

energy compensation of 30.8 kJ/mol. Accordingly, this migration is
unspontaneous and thermodynamically unfavorable (Fig. 4a). How-
ever, under the long-distance attraction (ca. 5 Å) by DME or MeOH in
the 12MRchannel ofMOR, themobility turnedout to be kinetically and
thermodynamically conducive, and the respective ΔFd decreased to
47.9 kJ/mol (DME in Fig. 4b) and 38.8 kJ/mol (MeOH in Fig. 4c). Nota-
bly, the confinement effectof the sidepocket plays aparamount role in
stabilizing acylium ion in relatively low energy state, and further
facilitating the mobility of acylium ion, as demonstrated by the sig-
nificantly higher energy required for transport of the acylium ion from
8MR to 12MR observed inMOR-8MR cluster models of decreasing size
(Supplementary Fig. 15). Besides, the presence of additional BAS in the
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12MR channel for acylium ion migration results in the transfer of
acylium ion to surface acetyl, however, the MA formation reaction will
not occur spontaneously. (Supplementary Fig. 16, see more details of
acylium iondiffusion in SupplementaryDiscussion), For that reason, Al
atom in the 12MR channel of MOR will greatly affect the migration of
acylium ion from 8MR channel to 12MR channel, and its elimination
from the 12MR channel of MOR not only helps to avoid the C-C bond

coupling inMOR-12MRbut also is be beneficial to theMA formation. In
the successive reaction step, the charge-separated acylium ion in the
12MR channel would spontaneously couple with either DME orMeOH,
thereby forming CH3COOCH3R1

+ (MAR1
+, R1 = CH3 or H), i.e., Eq. (2).

CH3CO
+ +CH3OR1 ! MAR+

1 ð2Þ
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MAR+
1 +CH3OR2 ! MA+CH3OR1R

+
2 ð3Þ

CH3OR1R
+
2 + Si�O� Al� ! Si�OCH3 � Al +R1OR2 ð4Þ

R1 and R2 =H or CH3:

OnceMAR1
+ as the chargedprecursor ofMA is formed in the 12MR

channel, demethylation or dehydrogenation to MA can proceed via
reaction with additional CH3OR2 (Eq. (3)). Note that these steps occur
as barrierless and spontaneous processes during the regular AIMD
simulations when R1 or R2 is H (Supplementary Fig. 17a–c). More
interestingly, the DME unit in MAMe+ underwent immediate substitu-
tion by MeOH, with the reaction of MAMe+ and MeOH forming MAH+

and DME products at ca 1.8 ps due to the weaker ester C-O bond in
MAMe+ than that in MAH+. The deprotonation of MAH+ occurs quickly
since the ester oxygen is less basic than the oxygen of either DME or
MeOH. However, the demethylation of MAMe+ by DME is not a spon-
taneous process since methyl group transfer would require the
inversion of the configuration in the methyl group of MAMe+ to take
place, which is an energetically demanding process. However, the
cationic character of MAMe+ reduces the ΔF to 69.9 kJ/mol with exo-
thermal free energy of 6.9 kJ/mol (Supplementary Figs. 17d, 18).
Overall, the formation of MA from MAR+ and DME/MeOH is thermo-
dynamically and kinetically favorable.

In addition, SMS species in MOR-8MR are more easily reformed
due to the long-distance charge separation between AlO4

– in MOR-
8MR and CH3OR1R2

+ (~8 Å between two geometric centers). As shown
in Supplementary Fig. 19, CH3OH2

+ (Eq. (3)) spontaneously diffuses
from the 12MR channel to the 8MR channel via the side pocket under
the influence of the long-range electrostatic interactions, while a low
ΔF of 85.7 kJ/mol needs to be overcome to undertake the subsequent
dehydration to SMS (Eq. (4)). Such a low ΔF is far smaller than that
observed in traditional pathways (ca. 120 kJ/mol)37,38.

Although MA formation in MOR-12MR can take place via surface
acetyl and MeOH with low energy barriers, the barrier-less reaction
pathway via the charge-separated acylium ion is still more energeti-
cally favorable. This is summarized in Fig. 5, which displays our pro-
posed catalytic cycle of DME carbonylation in mordenite. In this new
catalytic cycle, the various stages of the carbonylation in each cavity of
mordenite act synergistically to form the product in a highly efficient
manner. Of key importance here is the charge separation between
CH3CO

+ and Si-O–-Al in the MOR-8MR, which effectively guarantees
orderly MA formation, thereby avoiding aggregation of active inter-
mediates, in contrast to the formation of ketene in MOR-12MR39,40.

To consider the reasonability of newly proposed mechanism of
MA formation, only the δE of MA formation (105.2 kJ/mol and 115.0 kJ/
mol) via migrated acylium ion and 2MeOH (or 1MeOH+ 1DME) is
energeticallymore favorable thanother routes as listed inTable 1when
compared to the δE of C–C bond coupling (128.6 kJ/mol) in MOR-8MR
as the reference. Nevertheless, MA formation in MOR-8MR via MeOH
and surface acetyl (142.3 kJ/mol) is still a more energy intensive pro-
cess than C–C bond coupling. Therefore, we proposed that MA for-
mation via acylium ion migration from 8MR to 12MR channel is a
plausible mechanism that is more energetically favorable than the
commonly accepted pathway despite MeOH or DME acting as the
reactants. Notably, the high DME concentration (2DME) would also
result in a large δE (140.2 kJ/mol) of MA formation even using acylium
ion as the intermediate, but the pathway of MA formation via acylium
ion migration is thermodynamically more favorable than that via sur-
face acetyl as displayed in Fig. 3b. Overall, DME is not a beneficial
reactant, these results not only describe the priority of MA formation

via the migrated acylium ion but also emphasize the influence of dif-
ferent reactants toMA formation, and themore important role ofDME
as a reactant in carbonylation is highly possible to generate SMS and
MeOH to facilitate the C-C bond coupling in MOR-8MR and MA for-
mation in MOR-12MR, respectively.

Solid-state NMR studies of acetyl species in mordenite
To confirm the above-mentioned mechanism, the solid-state NMR
(ssNMR) experiments of acetyl chloride (CH3

13COCl) adsorption on
mordenite zeolite were employed to understand the interconversion
of surface acetyl and acylium ion in mordenite zeolite as displayed in
Fig. 6a. The acetyl chloridewill rapidly transform to surface acetyl with
the dechlorination on BAS in MOR-12MR (CH3

13COCl + Zeo-OH→ Zeo-
O13COCH3 +HCl) at 298 Kwhen the partial pressure of CH3

13COCl is 0.5
kPa, and the signal of 183 ppm and 187 ppm can be assigned to the
surface acetyl in 12MR channel and 8MR channel based on the repor-
ted 185 ppm by Li et al.41. The increasing concentration of acetyl
chloride will further lead to the appearance of 167, 172, and 177 ppm,
and 172 and 177 ppmcan be assigned to unreacted acetyl chloride with
the physical adsorption and hydrogen bond adsorption in 12MR
channel based on the relationship of acetyl chloride concentration and
signal strength42, but the signal of 168 ppm can be attributed to acy-
lium ion in side pocket based on our calculated value of 167 ppm. Due
to the lower thermodynamical stability of acylium ion than surface
acetyl (Fig. 3b), the signal strength of acylium ion is much lower than
surface acetyl and acylium ion was formed after the formation of
surface acetyl.

It is worth noting that the acetyl chloride cannot directly react
with the BAS in 8MR channel of mordenite zeolite due to the size
exclusion, but the appearance of 187 ppm (surface acetyl in 8MR
channel) indicates the existence of a transferred mediator between
8MR and 12MR channels, i.e., linear ketene (CH2CO). Herein, acetyl
chloride was firstly dechlorinated to surface acetyl in 12MR channel,
and then surface acetyl was deprotonated to ketenewith highmobility
and further diffused into the 8MR channel, and finally, ketene was
protonated to surface acetyl in 8MR channel or acylium ion in side
pocket by BAS in 8MR channel (Fig. 6c). To confirm this process, we
further employed ssNMR to explore the evolution of acetyl species as
displayed in Fig. 6b. The strength of 183 ppm (surface acetyl in 12MR
channel) is weakened with the increasing time of heat treatment at
333 K but the signals of surface acetyl in 8MR channel (187 ppm) and
acylium ion in side pocket (168 ppm) are enhanced. All these results
confirm both our hypothesis illustrated in Fig. 6c and the relative
thermodynamic stability and dynamic interconversion between acy-
lium ion and surface acetyl in MOR-8MR (Fig. 3b).

in situ FTIR studies of carbonylation in mordenite
Under the premise of the theoretical results and ssNMR experiments,
Fourier transform infrared (FTIR) spectroscopy was employed to
confirm this new charge-separation driven mechanism in the carbo-
nylation of MeOH and CO in mordenite (Supplementary Fig. 20). The
interaction ofMeOHwithBAS via hydrogenbonding at 363 K led to the
consumption of BAS in the 12MR and 8MR channels as evidenced by
the erosion of the bands at 3610 and 3580 cm−1, respectively (see
negative bands in Fig. 7a). The subsequent admittance of CO mole-
cules over H-mordenite with pre-adsorbed methanol resulted in the
appearance of the 2220 cm−1 band of C≡O, which is slightly covered by
the rotation-vibration spectrum of gaseous CO (Fig. 7c). The reaction
between MeOH and CO is also documented by the appearance of two
new C–H stretching (vs(C-H)) vibration peaks at 2974 and 2867 cm−1 in
addition to those already originating from pre-adsorbed MeOH (or
SMS) and present at 2954 and 2855 cm−1 (Fig. 7b). The newly formed
C–H bands (2974 and 2867 cm−1) together with the vs(C≡O) band
(2220 cm−1) were assigned to the acylium ion based on our previous
acetyl chloride (AcCl) adsorption experiments that located the acylium
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ion band at 2285 cm−127. The lower wavenumber observed in the cur-
rent case is explained by the HCl and unreacted AcCl as co-adsorbed
species. After prolonged time (30min at 363 K), the acylium ion was
totally transformed to surface acetyl in 12MR (vs(C–H): 2974 and
2867 cm−1; vs(C =O): 1630 cm−1) and 8MR (vs(C–H): 2964 cm−1; vs(C =
O): 1605 cm−1) andMA/AcOH (vs(C–H): 3250 cm−1, vs(C =O): 1670 cm−1).
The factors indicate that acylium ion in the side pocket is rapidly
converted into surface acetyl or directly produce MA/AcOH. As a
result, MA/AcOH is formed via both acylium ions and surface acetyl
species, following the above outlined simulated results.

Notably, C–Cbond coupling between SMS andCO is energetically
more favorable in MOR-8MR than in MOR-12MR. Indeed, the acylium
ion is the initial intermediate of C–C bond coupling in MOR-8MR as
documented by the appearance of the band at 2220 cm−1 immediately
after addition of CO at 363 K ((iii) in Fig. 7c), while increasing the
temperature further to 473 K led to formation of surface acetyl species
((iv) in Fig. 7d). These results are highly consistent with their relative
thermodynamic stabilities again (Fig. 3). As the acylium ion is an
intermediate product with a higher activity than surface acetyl, it can
easily form MA or AcOH at already low temperatures. This is docu-
mented by the FT IR spectra showing that the acylium ion in the side
pocket disappears at higher temperatures due to conversion intomore
stable surface acetyl, with concomitant formation of MA or AcOH
through reaction with MeOH. Our studies prove the role of the stable

surface acetyl in the formation of MA and AcOH in mordenite, while
the acylium ion intermediates are reported as particularly high-active
species in the formation of MA and AcOH in mordenite.

2-D COS rapid scan FTIR studies of carbonylation in mordenite
Further confirmation of the temporal and spatial correlations between
the different species involved in MeOH carbonylation was achieved
from 2D COS analysis of the FT-IR spectra collected during the trans-
formations of stoichiometricmixture of CO andMeOH inmordenite at
493 K. Two-dimensional correlation (2D COS) analysis is based on the
spreading of the spectrum over the second frequency which increases
resolution of the overlapping peaks, further facilitating and enhancing
their detection and characterization43,44. Herein, the role of the acidic
sites (BAS and silanols) during the carbonylation process and the
evolution of the surface species in different channels were studied in
detail (Fig. 8 and Supplementary Fig. 21).

First, we observed that the carbonylation process leads to the
simultaneous consumption of silanols (3745 cm−1) together with BAS
located in 12MR (3615 cm−1) (Supplementary Fig. 21a). Secondly, a
negative correlation between the BAS bands in 12MR and side pockets
(3615 cm−1 and 3595 cm−1, respectively) and 3585 cm−1 in 8MR (Fig. 8a)
indicates for a synchronous consumption of BAS in 12MR and BAS
restoration in 8MR. Thus, the reaction intermediates are released from
the BAS located in 8MR while their abundance increases in 12MR,
directly revealing the different roles of 8MR and 12MR channels of
mordenite in carbonylation.

The simultaneous involvementof the BASboth in8MR (3585 cm−1)
and side pocket (3595 cm−1) in the formation of acetyl species is evi-
denced by the negative correlation between the above-mentioned
O–H vibration bands and the C–H vibration bands in the acetyl group
(2974 and 2865 cm−1) (Fig. 8b, c). Here, the band at 2865 cm−1 was
attributed to acetyl species in 8MRchannels. The SMS are consumed in
accompany with BAS in 8MR, asmanifested by the positive correlation
between the SMS (2855 cm−1) and the BAS sites (3585 cm−1) in 8MR. In
turn, the disappearance of SMS in 12MR (2855 cm−1) is followed by the
restoration of BAS in the same channels (3615 cm−1). The positive
correlation between the bands of to acetyl (2974 and 2865 cm−1) and
SMS (2855 and 2954 cm−1) species in the 2-D COS map of the
3100–2700 cm−1 × 3100–2700 cm−1 regions (Supplementary Fig. 21d)

12MR
channel

side
pocket

8MR
channel

C-C bond 
coupling

intermediate
migration

C-O bond 
coupling

MA 
formation

SMS 
recovering

Fig. 5 | Mechanism of DME/MeOH carbonylation through the synergistic action of 8MR channels, side pocket, and 12MR channels inmordenite zeolite. Positively
and negatively charged chemical species are depicted in red and blue, respectively.

Table 1 | Maximum free energy span (kJ/mol) of MA formation
via surface acetyl and DME/MeOH in mordenite at 473K, as
well as acylium ion and DME/MeOH in MOR-8MR

C–C bond
couplinga

MA formation (this work)

Reactants SMS surface acetyl acylium ion

CO MeOH DME 2MeOH 2DME 1MeOH+ 1DME

8MR 128.6 142.3 >249.6b 105.2 140.2 105.2 or 115.0c

12MR 155.7 138.7 165.5

The adsorption free energies were considered.
aData from ref. 27.
bData from the static DFT calculation in this work.
cFirstly MeOH and then DME, and vice versa.
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confirms that they both undergo simultaneous reactions. The trans-
formation of SMS in acetyl species is rapid enough to be beyond rapid
scan FTIR detection level.

The presence of surface acetyl is also accompanied by MA or
AcOH, as confirmed by the presence of the MA and AcOH bands in the
deformationmode range (vd(MAorAcOH), 1800–1300 cm−1) (Fig. 8e, f,
and Supplementary Fig. S21e). Accordingly, the bands at 1437 and
1465 cm−1 are assigned to bending vibrations of the CH3 groups
(vb(–CH3)) in surface acetyl, while the 1630 and 1608 cm−1 bands are
ascribed to the vs(C =O) of surface acetyl located in MOR-12MR and
MOR-8MR, respectively. Thus, it is observed that changes in the che-
mical nature of the final reaction products determine the nature of the
C–H stretching vibrations. The final products accumulation on the
catalyst surface is documented by the positive correlations solely. This
buildup of reaction products is related to the consumption of silanols
and BAS in the 12MR channel only (the negative correlations in Fig. 8d,
g). In turn, the reaction products formation is related with the BAS in
both the 8MR channel and the side pockets occupation (the positive
correlations in Fig. 8d).

As a result, the accumulation of MA in MOR-12MR and on the
outer surface of the zeolite crystal is in conformity with our pro-
posed mechanism as outlined in Fig. 5. Consequently, the sites that
most selectively participate in the transformation of surface acetyl
to the final carbonylation products are BAS and surface acetyl in
MOR-8MR.

Discussion
Through AIMD simulations using enhanced sampling methods, we
comprehensively investigated MA formation via different inter-
mediates (surface acetyl and acylium ion) inMeOH/DMEcarbonylation

over mordenite. Due to the high activity and mobility of the acylium
ion in the side pocket of mordenite, MA formation via the acylium ion
is both thermodynamically and kinetically more favorable than the
traditional pathway via surface acetyl. In the newly proposed pathway
of MA formation, the acylium ion in the side pocket can easily migrate
into MOR-12MR and spontaneously form MA. Notably, this proposed
mechanistic process is energetically more favorable than MA forma-
tion without intermediate migration (i.e., C–O bond coupling between
MeOH/DME and surface acetyl). Confirmation of this mechanism was
first achieved by the observation of dynamic evolution between sur-
face acetyl and acylium ion in 8MR channel in ssNMR experiment.
More importantly, direct spectroscopic evidence for the key role of the
8MR channel in the formation of the reaction intermediates and the
migration of reactive species to the 12MR channel was obtained
through 2D COS FTIR analysis. The distinguishing feature of the new
mechanism is the presence of ionically charged acylium ions and
deprotonated BAS; nevertheless, the strong electrostatic interaction
between these two species is largely mitigated by the confinement
effect of the side pocket. It is precisely the presence of these ionically
charged species that is responsible for the highly efficient catalytic
cycle and the long catalyst life of mordenite during carbonylation. In
this context, each different cavity and channel inmordenite has a very
specific role in the catalytic cycle of carbonylation. The BAS in the 8MR
channel efficiently promotes acylium ion formation via C-C bond
coupling between the SMS and CO. The side pocket plays the impor-
tant role of stabilizing the acylium ionwhile driving its mobility due to
steric constraints towards the 12MR channel without much compen-
satory energy. Finally, the 12MR channel is sufficiently large for MA
formation via C–O bond coupling between the acylium ion and
MeOH/DME.
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Fig. 6 | ssNMRspectra of CH3
13COCl reactedwithdehydratedH-MORzeolite and

the proposed scheme of the intermediates evolution. a 13C MASNMR spectra of
different loadings at 333 K for 2 h. (i) 0.5 kPa, (ii) 0.8 kPa, (iii) 1.0 kPa, and (iv) 1.5 kPa.

b In situ 13C MAS NMR spectra of CH3
13COCl adsorbed on dehydrated H-MOR

zeolite at different reaction conditions. c Assignation to chemical shifts, and the
evolution of ketene, surface acetyl and acylium ion in different channels.
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Our newly proposed mechanism acts through three pore archi-
tectures acting synergistically in differently confined environments to
promote the efficient carbonylation in mordenite via the mobile acy-
lium ion intermediate. Notably, the proposed intermediate migration
mechanism can also be generalized to other zeolite catalyzed reac-
tions. Analogously to acylium ion, the carbocation as one kind of
common intermediate in zeolite catalyzed reactions (like methanol to
olefins, alkene cracking, alkylation, etc.) also has strong mobility,
especially at high reaction temperature, and the mobilizable carbo-
cation with the charge separation between carbocation and AlO4

− lead
to the high reactivity of carbocation kinetically, and the confined
environment of zeolite framework can help to stabilize carbocation
thermodynamically45. In addition, this new mechanism was proposed
by an integrated reaction/diffusion kinetics model, and all processes
(adsorption and desorption, reaction, and diffusion) of the complete
catalytic cycle were involved in a free energy landscape, which makes
the integrated consideration to reaction mechanism possible. Such
model can also be applied to understand the product selectivity of
zeolites in the reaction ofMTO, syngas conversion, CO2 reduction, etc.

Methods
Theoretical calculations
The topologies of mordenite were obtained from the International
Zeolite Association website. In the mordenite cell (a = 18.26Å,
b = 20.53 Å, and c = 15.08 Å), one of the silicon atoms in T4-O10-T4
(12MR) or T3-O8-T3 (8MR) was replaced by aluminum to introduce the
BAS in the 12MRand 8MR channels, respectively. Correspondingly, the
final materials were referred to as MOR-12MR and MOR-8MR. To fully

account for theflexibility of the zeolite framework and the dynamicsof
the guest molecules under the reaction temperature, AIMD simula-
tionswere performedusing theDFT. The temperatureof theAIMDwas
controlled using a chain of five Nosé-Hoover thermostats46, and the
integration time step was set to 0.5 fs. Two enhanced sampling
methods, metadynamics (MTD) and umbrella sampling (US), were
employed to simulate the reaction andmobility, respectively. All AIMD
simulations were conducted using the CP2K software of version 5.147,
and the linked PLUMED code of version 2.7 was used to carry out the
MTD and US methods48. The Perdew–Burke–Ernzerhof (PBE)
functional49with considerationofGrimmeD3dispersion corrections50,
i.e., the PBE-D3 functional, was chosen for the DFT calculations. Lim-
ited by large computational cost of triple-zeta basis set in AIMD
simulations, the double-zeta (ζ) valence polarized (DZVP) basis set51

together with the Goedecker–Teter–Hutter (GTH) pseudopotential52

were used for the system. During the self-consistent field (SCF) pro-
cedure, a 360Ry density CUTOFF criterion with the finest grid level
was employed along with multi-grids number 4 (NGRID 4 and REL
CUTOFF 70), and the SCF convergence criterion was set to 10−9 a.u.

Before the calculations of the reaction process, a 5 ps equilibrium
AIMD simulation of the reactant state was carried out under the
isothermal-isobaric (NPT) ensemble to ensure the relaxation of the cell
parameters and the atom positions. It should be noted that reactions
taking place in this equilibrium stage were considered as spontaneous
reactions (barrier-less process) under the reaction conditions. How-
ever, the non-spontaneous reaction was explored by MTD method
employed for enhancing the probability of sampling chemical reac-
tions or rare events provided that a limited number of collective
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Fig. 7 | FTIR spectra of carbonylation substrates adsorbed in mordenite. The
different collected conditions of FTIR spectra: (i) MeOH adsorption at 363K, (ii)
0min and (iii) 30min co-adsorption MeOH and CO at 363K, (iv) carbonylation

reactions at 473K and (v) carbonylation reactions at 573K. a O–H stretching vibra-
tions: 3800–3000 cm−1, b C–H stretching vibrations: 3100–2700 cm−1, c C≡O
stretching vibrations: 2300–2000 cm−1, andd carbonyl frequencies: 1800–1350 cm−1.
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variables (CV) describing the reaction coordinateswerewell-defined as
illustrated in Supplementary Fig. 4. Nonetheless, MTD simulation is
normally biased by regularly spawning Gaussian hills along the chosen
CVs, which was defined by coordination numbers (CN):

CN=
X

ij

1� rij�d0

r0

� �n

1� rij�d0

r0

� �m ð5Þ

where rij represents the interatomic distancebetween atoms i and j and
r0 is the reference distance. In this work, parameters d0, n, andmwere
set to 0, 6, and 12, respectively. The 2D free energy profile was
reproduced according to the bias potential of MTD algorithm imple-
mented within PLUMED, that is defined as:

F Sð Þ= � kBT
Z

dRδ S� S Rð Þð Þe�
UðRÞ
kB

� �
ð6Þ

kB is theBoltzmann constant,T is the temperature of the system,U(R) is
the potential energy function, and S(R) is the CVs.

Gaussian hill width and height of all MTD simulations were sum-
marized in Supplementary Table 2, MTD simulations were allowed to
continue till the height of additional hills no longer affect the resultant
free energy profile, and the MTD simulations were considered to be
converged if the barriers between every 500 hills added do not differ
by more than 1 kJ/mol as displayed in Supplementary Fig. 22. At least
50 ps AIMD-MTD simulationswere used to fully guarantee the reaction
equilibrium. Based on the sum of spawned Gaussian hills, the 2D free
energy profile of the reaction may be reconstructed. Accordingly, the
lowest free energy path (LFEP) was derived by means of the MEPSA
software53.

In the US, the mobilities of the reactant species from the 8MR
channel to the 12MR channel were defined by a collective variable, (the
distance between the two centers of mass (Supplementary Figs. 5–7)),
that is, the reactant species and the 8MR window. The additional
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potential introduced by a simple harmonic term:

U sð Þ= k
2
ðx � x0Þ2 ð7Þ

where x is the real-time value of CV, x0 is the value of specified value of
CV, k is set to 50kJ/mol for acylium ion, DME, MeOH, and MA. All
biased umbrella sampling simulations were consisted 104 steps at NVT
ensemble, and the setting to k lead to the reasonable sampling
indicated by the inter-overlapping of different windows. The free
energyprofilewasgeneratedby the sampling obtained ineachwindow
based on the weighted histogram analysis method54. The error bars of
free energy profiles generated from MTD and US simulations have
been calculated as displayed in Supplementary Figs. 23, 24, and more
details of sampling analysis were illustrated in Supplementary
Methods and Supplementary Figs. 25, 26.

Solid-state NMR experiments
The H-form mordenite (H-MOR) zeolite sample used herein was
obtained from the parent NH4-MOR zeolite (Zeolyst, CBV-21A; Si/Al =
10). To obtain H-form H-MOR zeolite, the NH4-MOR sample was
carefully deaminated by gradual heating of the tube furnace in dry air
at a temperature rate of 1 K/min. The sample was firstly dried at 383 K
for 2 h, then calcinated at 773 K for 3.5 h.

Prior to the adsorption of CH3
13COCl, each zeolite sample was

placed in a home-madeglass tube and then connected to a vacuum line
for dehydration treatment. Typically, this was performed by gradually
increasing the temperature from room temperature to the final target
temperature (673 K) at a rate of 1 K/min. The sample was then kept at
673 K under a pressure of <10−3 Pa for at least 10 h and then cooled.
After the sample was finally cooled to ambient temperature, a known
amount of volatile CH3

13COCl molecule was introduced into the acti-
vated sample in a liquid N2 bath and the sample tube was then flame-
sealed. The reaction of different loadings of CH3

13COCl with dehy-
drated H-MOR zeolite was performed by further baking the sample
tube at 333 K for 2 h. Prior to NMR experiments, the sample in the
sealedglass tubewas transferred into aZrO2 rotor under adrynitrogen
atmosphere in a glovebox and then sealed with a Kel-F end-cap. It
should be noted that the in situ experiment of 0.5 kPa CH3

13COCl with
dehydrated H-MOR zeolite was achieved by directly baking the sealed
ZrO2 rotor in a 333K oven.

All the solid-state 13C NMR experiments were performed on a
Bruker AVANCE 800MHz spectrometer operating at a Larmor fre-
quency of 800.36 and 201.27MHz for the 1H and 13C nucleus, respec-
tively, with a 3.2mm magic-angle-spinning (MAS) probe at a spinning
rate of 16 kHz. 13C MAS NMR spectra with high power proton decou-
plingwere recordedwith aπ/2 pulse length of 3.3 μs, a recycle delayof
5 s, and 512 scans. The chemical shift of 13C nucleus was externally
referenced to adamantane.

FTIR experiments
Prior to proceeding with the carbonylation experiment via adsorption
of MeOH and CO, H-MOR (Si/Al=10) was shaped into a thin wafer
(~8.5mg/cm2) and placed in a custom-madequartz IR cell connected to
a high vacuum line for evacuation purposes. Thermal activation of the
sample was carried out by gradually increasing the temperature at a
rate of 1 K/min, with a final temperature of 673 K and a pressure of
<10−5 Pa for 2 h. After the sample was cooled down to 363 K, specific
doses of methanol were introduced into the sample to assure the half
saturation of the BAS. Next, the physiosorbed methanol molecules
were removed via evacuation at the same temperature. The methanol
pretreated zeolite was exposed to a stoichiometric amount of CO for
90min. Then, the temperature was increased to 473 K. The FTIR
spectra were acquired in rapid-scan mode (80kHz) using a Vertex

70 spectrometer (Bruker). Each spectrum (5 scans) was collected
within 1 sec, with a spectral resolution of 2 cm−1.

2D COS analysis of FTIR spectra
The reaction between CH3OH and CO on the H-MOR catalyst was fol-
lowed by in situ studies using rapid scan FTIR spectroscopy. The cat-
alysts were thermally activated as previously described, and
stoichiometric amounts (1:1) of the substrates were immediately
introduced in the spectroscopic quartz cell at a temperature of 497 K
and an absolute pressure of 520 Pa. The rapid scan FTIR spectra were
recorded every 0.5 s with a resolution of 2 cm−1 during a reaction
period of 10min. Furthermore, 2D COS analysis in synchronous mode
wasperformedon selected regions of the spectra. The 2DCOS analysis
was performed on the differential FTIR spectra obtained after the
introduction of the reagent and the spectra of the activated sample
was subtracted.

Data availability
The data that support the findings of this study are available from the
corresponding authors on request.

References
1. Li, Y. & Yu, J. H. Emerging applications of zeolites in catalysis,

separation and host-guest assembly. Nat. Rev. Mater. 6,
1156–1174 (2021).

2. Zhou, W. et al. Direct conversion of syngas into methyl acetate,
ethanol, and ethylene by relay catalysis via the intermediate
dimethyl ether. Angew. Chem. Int. Ed. 57, 12012 (2018).

3. Ramirez, A. et al. Selectivity descriptors for the direct hydrogena-
tion of CO2 to hydrocarbons during zeolite-mediated bifunctional
catalysis. Nat. Commun. 12, 5914 (2021).

4. Plessow, P. N., Smith, A., Tischer, S. & Studt, F. Identification of the
reaction sequence of the MTO initiation mechanism using ab initio-
based kinetics. J. Am. Chem. Soc. 141, 5908–5915 (2019).

5. Zhan, E., Xiong, Z. & Shen, W. Zeolite-catalyzed carbonylation of
dimethyl ether. In The Chemical Transformations of C1 Compounds,
763–791 (2022).

6. Kalck, P., Le Berre, C. & Serp, P. Recent advances in the methanol
carbonylation reaction into acetic acid. Coord. Chem. Rev. 402,
213078 (2020).

7. Zhan, E. S., Xiong, Z. P. & Shen, W. J. Dimethyl ether carbonylation
over zeolites. J. Energy Chem. 36, 51–63 (2019).

8. Bhan, A., Allian, A. D., Sunley, G. J., Law, D. J. & Iglesia, E. Specificity
of sites within eight-membered ring zeolite channels for carbony-
lation of methyls to acetyls. J. Am. Chem. Soc. 129,
4919–4924 (2007).

9. Boronat, M., Martinez-Sanchez, C., Law, D. & Corma, A. Enzyme-like
specificity in zeolites: a unique site position in mordenite for
selective carbonylation of methanol and dimethyl ether with CO. J.
Am. Chem. Soc. 130, 16316–16323 (2008).

10. Cheung, P., Bhan, A., Sunley, G. J. & Iglesia, E. Selective carbony-
lation of dimethyl ether to methyl acetate catalyzed by acidic zeo-
lites. Angew. Chem. Int. Ed. 45, 1617–1620 (2006).

11. Gesvandtnerova, M., Rocca, D. & Bucko, T. Methanol carbonylation
over acid mordenite: insights from ab initio molecular dynamics
andmachine learning thermodynamic perturbation theory. J. Catal.
396, 166–178 (2021).

12. Rasmussen, D. B. et al. Ketene as a reaction intermediate in the
carbonylation of dimethyl ether to methyl acetate over mordenite.
Angew. Chem. Int. Ed. 54, 7261–7264 (2015).

13. Rasmussen, D. B. et al. Reaction mechanism of dimethyl ether
carbonylation to methyl acetate over mordenite–a combined DFT/
experimental study. Catal. Sci. Technol. 7, 1141–1152 (2017).

14. Cao, K. P. et al. Insights into the pyridine-modified MOR zeolite
catalysts for DME carbonylation. ACS Catal. 10, 3372–3380 (2020).

Article https://doi.org/10.1038/s41467-022-34708-5

Nature Communications |         (2022) 13:7106 11



15. Liu, J. L. et al. Stability enhancement of H-mordenite in dimethyl
ether carbonylation to methyl acetate by pre-adsorption of pyr-
idine. Chin. J. Catal. 31, 729–738 (2010).

16. Zhao,N. et al. Spacial hindrance induced recovery of over-poisoned
active acid sites in pyridine-modified H-mordenite for dimethyl
ether carbonylation. Chin. J. Catal. 40, 895–904 (2019).

17. Li, Y. et al. Template-induced Al distribution in MOR and enhanced
activity in dimethyl ether carbonylation. Phys. Chem. Chem. Phys.
22, 11374–11381 (2020).

18. Liu, R. et al. Increasing the number of aluminum atoms in T3 sites of
a mordenite zeolite by low‐pressure SiCl4 treatment to catalyze
dimethyl ether carbonylation. Angew. Chem. Int. Ed. 61,
e202116990 (2022).

19. Liu, R. S. et al. Selective removal of acid sites inmordenite zeolite by
trimethylchlorosilane silylation to improve dimethyl ether carbo-
nylation stability. ACS Catal. 12, 4491–4500 (2022).

20. Ma, M. et al. Synthesis of mordenite nanosheets with shortened
channel lengths and enhanced catalytic activity. J. Mater. Chem. A
5, 8887–8891 (2017).

21. Liu, S. et al. Improved catalytic performance in dimethyl ether
carbonylation over hierarchical mordenite by enhancing mass
transfer. Ind. Eng. Chem. Res. 59, 13861–13869 (2020).

22. Liu, Z. et al. Roles of 8-ring and 12-ring channels in mordenite for
carbonylation reaction: from the perspective of molecular adsorp-
tion and diffusion. J. Catal. 369, 335–344 (2019).

23. Gong, X. et al. First-generation organic reaction intermediates in
zeolite chemistry and catalysis. Chem. Rev. 122,
14275–14345 (2022).

24. Plessow, P. N. & Studt, F. Unraveling themechanismof the initiation
reaction of the methanol to olefins process using ab initio and DFT
calculations. ACS Catal. 7, 7987–7994 (2017).

25. Resasco, D. E., Wang, B. & Crossley, S. Zeolite-catalysed C-C bond
forming reactions for biomass conversion to fuels and chemicals.
Catal. Sci. Technol. 6, 2543–2559 (2016).

26. Bonati, M. L. M., Joyner, R. W. & Stockenhuber, M. On the
mechanism of aromatic acylation over zeolites.Micropor. Mesopor.
Mater. 104, 217–224 (2007).

27. Chen, W. et al. Molecular understanding of the catalytic con-
sequence of ketene intermediates under confinement. J. Am.
Chem. Soc. 143, 15440–15452 (2021).

28. Losch, P. et al. Protonmobility, intrinsic acid strength, and acid site
location in zeolites revealed by varying temperature infrared
spectroscopy and density functional theory studies. J. Am. Chem.
Soc. 140, 17790–17799 (2018).

29. Wang, M. et al. A. Genesis and stability of hydronium ions in zeolite
channels. J. Am. Chem. Soc. 141, 3444–3455 (2019).

30. Paolucci, C., Di Iorio, J. R., Schneider, W. F. & Gounder, R. Solvation
and mobilization of copper active sites in zeolites by ammonia:
consequences for the catalytic reduction of nitrogen oxides. Acc.
Chem. Res. 53, 1881–1892 (2020).

31. Millan, R., Cnudde, P., van Speybroeck, V. & Boronat, M. Mobility
and reactivity of Cu+ species in Cu-CHA catalysts under CH3-SCR-
NOx reaction conditions: insights from aimd simulations. JACS Au 1,
1778–1787 (2021).

32. Gong, K. et al. Insights into the site-selective adsorption of metha-
nol and water in mordenite zeolite by 129Xe NMR spectroscopy. J.
Phys. Chem. C 123, 17368–17374 (2019).

33. Liu, S. P. et al. Identifying and controlling the acid site distributions
in mordenite zeolite for dimethyl ether carbonylation reaction by
means of selective ion-exchange. Catal. Sci. Technol. 10,
4663–4672 (2020).

34. Vidossich, P., Lledos, A. & Ujaque, G. First-principles molecular
dynamics studies of organometallic complexes and homogeneous
catalytic processes. Acc. Chem. Res. 49, 1271–1278 (2016).

35. Shi, X. et al. Dynamics of heterogeneous catalytic processes at
operando conditions. JACS Au 1, 2100–2120 (2021).

36. Van Speybroeck, V. et al. Advances in theory and their application
within the field of zeolite chemistry. Chem. Soc. Rev. 44,
7044–7111 (2015).

37. DeWispelaere et al. Insight into the effect ofwater on themethanol-
to-olefinsconversion inH-SAPO-34 frommolecular simulations and
in situ imicrospectroscopy. ACS Catal. 6, 1991–2002 (2016).

38. Van der Mynsbrugge, J., Moors, S. L., De Wispelaere, K. & Van
Speybroeck, V. Insight into the formation and reactivity of frame-
work‐bound methoxide species in H-ZSM-5 from static and
dynamic molecular simulations. ChemCatChem 6,
1906–1918 (2014).

39. Cheng, Z. Z. et al. Role of bronsted acid sites within 8-MR of mor-
denite in the deactivation roadmap for dimethyl ether carbonyla-
tion. ACS Catal. 11, 5647–5657 (2021).

40. Chowdhury, A. D. & Gascon, J. The curious case of ketene in zeolite
chemistry and catalysis. Angew. Chem. Int. Ed. 57,
14982–14985 (2018).

41. Li, B. et al. Insight into dimethyl ether carbonylation reaction over
mordenite zeolite from in-situ solid-state NMR spectroscopy. J.
Phys. Chem. C 117, 5840–5847 (2013).

42. Lezcano-González, I., Vidal-Moya, J. A., Boronat, M., Blasco, T. &
Corma, A. Identification of active surface species for Friedel-Crafts
acylation and Koch carbonylation reactions by in situ solid-state
NMR spectroscopy. Angew. Chem. Int. Ed. 52, 5138–5141 (2013).

43. Dereka, B. et al. Crossover from hydrogen to chemical bonding.
Science 371, 160–164 (2021).

44. Hack, J. H. et al. Structural characterization of protonated water
clusters confined in HZSM-5 zeolites. J. Am. Chem. Soc. 143,
10203–10213 (2021).

45. Chen, W., Yi, X., Liu, Z., Tang, X. & Zheng, A. Carbocation chemistry
confined in zeolites: spectroscopic and theoretical characteriza-
tions. Chem. Soc. Rev. 51, 4337–4385 (2022).

46. Posch, H. A., Hoover,W.G. &Vesely, F. J. Canonical dynamics of the
Nosé oscillator: stability, order, and chaos. Phys. Rev. A 33,
4253–4265 (1986).

47. Hutter, J., Iannuzzi, M., Schiffmann, F. & VandeVondele, J. CP2K:
atomistic simulations of condensedmatter systems.Wires Comput.
Mol. Sci. 4, 15–25 (2014).

48. Bonomi, M. et al. Promoting transparency and reproducibility in
enhancedmolecular simulations.Nat. Methods 16, 670–673 (2019).

49. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient
approximation made simple. Phys. Rev. Lett. 77, 3865–3868 (1996).

50. Grimme, S., Antony, J., Ehrlich, S. & Krieg, H. A consistent and
accurate ab initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 132,
154104 (2010).

51. Lippert, G., Hutter, J. & Parrinello, M. The Gaussian and augmented-
plane-wave density functional method for ab initio molecular
dynamics simulations. Theor. Chem. Acc. 103, 124–140 (1999).

52. Goedecker, S., Teter,M. &Hutter, J. Separable dual-spaceGaussian
pseudopotentials. Phys. Rev. B 54, 1703–1710 (1996).

53. Marcos-Alcalde, I., Setoain, J., Mendieta-Moreno, J. I., Mendieta, J. &
Gómez-Puertas, P. MEPSA: minimum energy pathway analysis for
energy landscapes. Bioinformatics 31, 3853–3855 (2015).

54. Souaille,M.&Roux, B. Extension to theweightedhistogramanalysis
method: combining umbrella sampling with free energy calcula-
tions. Comput. Phys. Commun. 135, 40–57 (2001).

Acknowledgements
This research was supported by the National Key Research and Devel-
opment ProgramofChina 2021YFA15026009 (X.Y.); theNational Natural
Science Foundation of China 22125304 (A.Z.), 22032005 (A.Z.),

Article https://doi.org/10.1038/s41467-022-34708-5

Nature Communications |         (2022) 13:7106 12



22002174 (W.C.), 21991092 (A.Z.), 21902180 (Z.L.), 22202215 (X.T.); the
National Science Centre, Poland, Grant No 2021/41/B/ST4/00048
(K.G.M.) and Grant No 2020/37/B/ST4/01215 (K.A.T.). The AIMD simula-
tions in this work was carried out at TianHe-1(A) of National Super-
computer Center in Tianjin, and the EDA calculations in this work were
supported by the supercomputers in Shantou University.

Author contributions
W.C., K.G.M., and A.Z. contribute conceived the project, W.C. designed
all theoretical simulations, X.Y. carried out the solid-state NMR experi-
ment; K.A.T. and K.G.M. performed the infrared spectroscopy experi-
ments; Z.L. and X.T. contributed the important discussions and
suggestions to the simulated results; W.C., K.G.M., and A.Z. wrote the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-34708-5.

Correspondence and requests for materials should be addressed to
Kinga Góra-Marek or Anmin Zheng.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to the peer review of this
work. Peer reviewer reports are available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Article https://doi.org/10.1038/s41467-022-34708-5

Nature Communications |         (2022) 13:7106 13

https://doi.org/10.1038/s41467-022-34708-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Charge-separation driven mechanism via acylium ion intermediate migration during catalytic carbonylation in mordenite zeolite
	Results
	Methyl acetate formation via surface acetyl
	MA formation via migrated acylium ion
	Solid-state NMR studies of acetyl species in mordenite
	in�situ FTIR studies of carbonylation in mordenite
	2-D COS rapid scan FTIR studies of carbonylation in mordenite

	Discussion
	Methods
	Theoretical calculations
	Solid-state NMR experiments
	FTIR experiments
	2D COS analysis of FTIR spectra

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




