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ABSTRACT: The industrially important methanol-to-hydrocar-
bons (MTH) reaction is driven and sustained by autocatalysis in a
dynamic and complex manner. Hitherto, the entire molecular
routes and chemical nature of the autocatalytic network have not
been well understood. Herein, with a multitechnique approach and
multiscale analysis, we have obtained a full theoretical picture of
the domino cascade of autocatalytic reaction network taking place
on HZSM-5 zeolite. The autocatalytic reaction is demonstrated to
be plausibly initiated by reacting dimethyl ether (DME) with the
surface methoxy species (SMS) to generate the initial olefins, as
evidenced by combining the kinetic analysis, in situ DRIFT
spectroscopy, 2D 13C−13C MAS NMR, electronic states, and
projected density of state (PDOS) analysis. This process is
operando tracked and visualized at the picosecond time scale by advanced ab initio molecular dynamics (AIMD) simulations. The
initial olefins ignite autocatalysis by building the first autocatalytic cycleolefins-based cyclefollowed by the speciation of
methylcyclopentenyl (MCP) and aromatic cyclic active species. In doing so, the active sites accomplish the dynamic evolution from
proton acid sites to supramolecular active centers that are experimentally identified with an ever-evolving and fluid feature. The
olefins-guided and cyclic-species-guided catalytic cycles are interdependently linked to forge a previously unidentified hypercycle,
being composed of one “selfish” autocatalytic cycle (i.e., olefins-based cycle with lighter olefins as autocatalysts for catalyzing the
formation of olefins) and three cross-catalysis cycles (with olefinic, MCP, and aromatic species as autocatalysts for catalyzing each
other’s formation). The unraveled dynamic autocatalytic cycles/network would facilitate the catalyst design and process control for
MTH technology.

■ INTRODUCTION

Catalysis, a key pillar of modern industry, brings about the
conspicuous rate acceleration of a reaction by the catalyst.
Autocatalysis, a particular case of catalysis, refers to a process
in which a reaction product acts as the catalyst, exponentially
accelerating the reaction by producing more of itself.1 As a self-
sustained process, autocatalysis has fascinated scientists for
centuries from across biology system,2 materials science,3

chemistry,4 and so on. While being ubiquitous and extensively
studied in biosystems and materials science, autocatalysis is
rare and less studied in the zeolite catalysis field.
In zeolite catalysis chemistry, both autocatalysis and

nanoconfinement can appreciably accelerate chemical reaction.
Autocatalysis represents the guest (product)-mediated accel-
erated chemical reaction. The classic autocatalytic reactions,
such as ester hydrolysis5 and formose reaction,6 were carried
out in organic solvent or open space, not in confined space,
invoking the product selectivity out of control. Nanospace
confinement reflects the host-mediated accelerated chemical
reactionwhich is induced by molecular-sized confines

(nanoenvironments) of the hostprevalent in, e.g., enzyme
catalysis7 and zeolite catalysis.8 In confined space, catalytically
active sites synergizing with its microenvironments aid in
enriching, activating substrates, and stabilizing the reaction
transition state, via individually weak but collectively strong
noncovalent interactions.9 However, less is known about the
autocatalysis in zeolite confined space. The industrially relevant
methanol-to-hydrocarbons (MTH) reaction can serve as an
exceptional probe: it combines, in essence, autocatalysis and
nanoconfinement in one.
The MTH process over zeolite and zeotype catalysts has

become the most successful nonpetroleum route for producing
light olefins and gasoline. Despite the industrial success of this
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process, the upgrading of current industry technology
necessitates a systematic and thorough mechanistic under-
standing. Control of product selectivity is a long-standing
pursuit of MTH chemistry and industry; comprehensive
interpretation of the autocatalytic mechanism and complex
reaction network are the prerequisites to realize this goal.
The MTH reaction over zeolite was discovered by Chang in

1977.10 Soon, the autocatalytic character of the MTH reaction
was disclosed by Chen and Reagan via reprocessing of Chang’s
original results.11 Later, olefins were suggested by Dessau and
LaPierre as autocatalytic species and an olefin methylation-
cracking mechanism was considered as the main reaction
pathway on HZSM-5,12,13 whereas aromatic species were
treated as products and coke precursors.14 Nevertheless, the
importance of cyclic species such as aromatics in the MTH
reaction was evidenced by experiments of cofeeding small
amounts of toluene or p-xylene, which significantly accelerated
the methanol conversion.15,16 On the basis of these results, the
aromatic cocatalysis effect was proposed.15,16 In the 1990s,
Dahl and Kolboe proposed the hydrocarbon pool concept
based on the low reactivity of olefins when cofed with
methanol over SAPO-34,17−19 while chemical identity of the
pool species (CH2)n adsorbed on zeolite surface was not
specified. Later, polymethylbenzenes and their protonated
counterparts were successfully captured and identified as the
dominant hydrocarbon pool species over SAPO-34.20−22

Similar findings were reported for large-pore zeolites such as
H-BEA and H-MOR.23−25 In these contexts, the dual-cycle
mechanism, with olefins-based and aromatics-based cycles
operating simultaneously during the MTH reaction over

HZSM-5 was proposed by Olsbye,26−28 with ethene (and
propene29) being mainly formed from the lower methyl-
benzenes by an aromatics-based cycle and C3

+ olefins formed
from an olefins-based cycle. The olefins- and aromatics-based
cycles are interdependently interactive, constituting the
pseudo-steady-state reaction network, functioning as a catalytic
scaffold to drive methanol conversion.27 Recently, a methyl-
cyclopentenyl (MCP)-based cycle (which bridges the tradi-
tional dual cycles) was supplemented, making the reaction
network more complex and cooperative.30

The development of MTH chemistry over the past 40 years
has greatly extended our knowledge on the basic principle of
methanol conversion. The autocatalysis-driven complex
reaction network has been recognized but not unambiguously
demonstrated.31,32 To uncover the autocatalytic motif in
zeolite confined space, it is imperative to map, in greater
detail, the structural and chemical information on real active
sites, confined molecular species, and their complex
interactions. To arrive at the dynamic nature and a full-
spectrum autocatalytic mechanism of the MTH reaction, the
following crucial issues should be resolved: What is the
chemical origin of the induction period of methanol
conversion? How are the autocatalytic cycles built? What is
the chemical nature of the autocatalytic reaction network? The
challenge lies in dynamic, complex, and diverse autocatalytic
patterns: the chemical identities and fates of surface species
diverge largely; the ever-evolving active centers associated with
the dynamic host−guest interactions induce additional
chemical complexity; the diverse and interactive elementary
events complicate the reaction network. The intricacy of the

Figure 1. Autocatalysis performance and kinetic feature. (a) Time-dependent autocatalytic curves (orange) for methanol, DME, CH3Cl, and
ethanol, as well as with cofed propene (blue), conducted over HZSM-5-90 (Si/Al = 90) at 578, 443, 463, and 540 K, respectively, with equimolar
carbon feeding (0.0062 mol h−1). The ratio of molar carbon of each reactant to propene was approximately 104:9. (b) Conversions of methanol
and DME against contact time after 170 s reaction over HZSM-5-90 at 623 K, with product distributions shown in Figure S5. Points, experimental
results; solid lines, fitted lines according to eq 3. (c) Effect of conversion-specific coadded water on DME conversion over HZSM-5-90 at 623 K.
(d) Effluent compositions of methanol and DME with contact time, corresponding to the experiments in Figure 1b. (e) Energies of HESBF for
methanol and DME in gas phase and in zeolite confined space, where the isosurface levels of partial charge density were set as 0.03 and 0.01 for
methanol and DME, respectively.
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autocatalytic mechanism necessitates the integration of multi-
ple analytical techniques, rather than depending on any single
one.
In this work, we build a multitechnique approach (by

integrating kinetics, electronic states analysis, projected density
of state (PDOS) electronic interaction analysis with ab initio
molecular dynamics (AIMD) simulations, and multiple in situ
and operando spectroscopic analyses), which enables multiscale
analysis (across nanosized microenvironment to molecule and
electron scale; from second to picosecond time scale). With
this, we delineate how autocatalysis is initiated, sustained, and
decaying in an industrially important, zeolite-catalyzed MTH
as a model reaction. Full-spectrum molecular routes of a
domino cascade of a reaction network are mapped. We in situ
and operando monitor the building courses of different kinds of
autocatalysts and their leading autocatalytic cycles. By doing
so, we uncover the chemical genesis of the induction period of
autocatalysis. The chemical nature of autocatalytic cycles has
been refined and described as a hypercycle with one “selfish”
autocatalytic cycle and three cross-catalysis cycles.

■ RESULTS AND DISCUSSION
General Feature and Kinetic Signature of Autocatal-

ysis. The conversions of C1 species (methanol, DME, and
CH3Cl) and ethanol on HZSM-5-90 (see physicochemical
properties in Figures S1−S3 and Table S1) against reaction
time showed a sigmoidal kinetic profile: the reactions were
initially slow during the induction stage as little autocatalysts
were present and they were progressively accelerated with the
formation of more autocatalysts (Figure 1a). The observed S-
shaped curve is, however, insufficient to validate the existence
of authentic autocatalysis, because both the activation of a pre-
catalyst and product self-induction can also lead to a sigmoidal
profile.33 Yet, cofeeding of propene with C1 species and
ethanol remarkably shortened or eliminated the induction
period (Figure 1a), corroborating that these reactions are of
autocatalytic nature, with propene as one kind of autocatalyst.
Next, we used the MTH reaction as a probe, aiming to build

a full molecular picture of autocatalytic mechanism. The DME-
to-hydrocarbons (DTH) reaction was taken as a reference
given the following considerations: (1) the traditionally viewed
thermodynamic equilibrium of CH3OH−DME interconver-
sion was actually broken during the MTH process (see Figure
S4), in line with a previous report;34 (2) surface reagent pools
inside zeolite pores are rather diverse and complex and, in view
of this, taking sole DME as the reactant would simplify the
reaction system.
The autocatalytic profiles of contact-time-dependent MTH

and DTH reactions performed over HZSM-5-90 at 623 K
differed apparently (Figure 1b). The sigmoidal MTH profile
exhibited a kinetically sluggish induction period, followed by a
rapid ascending period, during which substantial autocatalysts
were progressively generated, enabling exponential propagation
of autocatalytic turnover. In stark contrast, the DTH profile
showed a linear and very quick growth from onset of reaction,
indicative of the remarkable reactivity of the DTH reaction. To
ensure this observation was not a coincidence, we tested the
DTH reaction at various temperatures such as 573 and 523 K,
and as expected, the incipient linear scaling still held (Figure
S6). This surprisingly high reactivity of the DTH reaction
(where DME was traditionally treated as a similar C1 species
with methanol35) was verified by the temperature-programmed
surface reaction (TPSR) and time-dependent temperature-

varying experiments (Figures S7 and S8). To eliminate the
possible effect from catalytically environmental discrepancy,
“pre-activated” catalysts with “seeds” grown by methanol or
DME pre-reaction were created. The following DTH reaction
on such catalysts with identical working environments
dramatically outperformed the MTH reaction, further
supporting the preceding conclusions (Figure S9).
To achieve quantitative kinetic analysis, a simplified

autocatalytic reaction scheme was expressed as follows:36

+ →R R P
k1 (1)

+ →R P 2P
k2 (2)

where R is reactant; P is hydrocarbon product; k1 and k2
represent the rate constants of direct coupling of two C1
species and the following autocatalytic reaction, respectively.
The autocatalytic kinetic model was derived as (see the

Supporting Information for derivations)

α βτ
= −

+ [ − ]
x 1

1
1 exp( ) 1 (3)

where x is the conversion of the reactant and τ is the contact
time (Wcat./F[R]0), with [R]0 as the incipient concentration of
the reactant. Two kinetic parameters, α and β, are defined: α =
k1/k2 and β = k2[R]0. The variations in α and β produced
various S-shaped patterns of autocatalytic curves (Figure S10).
We fitted the experimental data in Figure 1b with eq 3 to

quantitatively yield kinetic information. The comparable values
of k2, deduced from the comparable β values (6.1514 and
5.5835 for MTH and DTH reactions, respectively), suggest the
similar reactivities of methanol and DME during the highly
efficient autocatalytic stage. For the MTH reaction, the
calculated value of α is 0.0048, signifying the much lower
value of k1 than k2, corresponding to the sluggish kinetics to
initiate autocatalysis. While for the DTH reaction, α is 0.2718,
∼57 times higher than that of the MTH reaction, meaning
significantly accelerated kinetics to initiate autocatalysis, in
view of the comparable k2.

Ruling Out Product Water Effect. We wonder if such
prominent incipient reactivity differences are derived from the
product water effect, given methanol and DME conversion
differences and the concomitant water amount differences
diverging largely with contact time (Figure 1b). To address
this question, we carefully designed DME−water cofeeding
experiments, with the added water amount being respectively
estimated under each contact time (see Table S2 for details).
Upon separately adding the corresponding amount of water,
DME conversions were mainly maintained, except for the
slight decrease at short contact times (Figure 1c). Adopting the
traditional water cofeeding mode, however, gave a quite
different picture: with DME to water ratios of 1:0.1 and 1:0.25,
DME conversions slightly decreased; but with increasing the
ratio to 1:1, DME reactivity was apparently depressed (Figure
S11). This, in turn, validated the rationality and necessity of
the preceding conversion-specific water addition scenario.
Analysis of these experimental results, together with the

calculated 106 and 30 kJ/mol higher proton affinity and
adsorption enthalpy of DME than those of water (Figure S12
and Table S3), allows us to argue that the competitive
adsorption between DME and water may exist, but to what
extent depends on the relative water contents and reaction
conditions. The exceptional incipient reactivity of DTH
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relative to the MTH reaction is not caused by in situ produced
water, but it may be related to the intricate surface molecular
behavior and local microenvironments.

From Ensemble Kinetic Behavior to Molecular De-
tails. The foregoing kinetic analyses revealed the ensemble
behavior of an autocatalytic reaction. Next, we will analyze the

Figure 2. Multimodal monitoring of surface species and microenvironments. (a, b) In situ solid-state 13C MAS NMR spectra recorded during 13C-
methanol and 13C-DME conversion on HZSM-5-90 at 573 K for 0−90 min (a), and then the reactant flow was switched to helium flow for 0−12
min (b). Asterisk (∗) indicates the spinning sideband. (c, d) In situ TPD-DRIFT spectra recorded during methanol and DME TPD experiments on
HZSM-5-15 (Si/Al = 15). (e) Characteristic vibrational bands of adsorbed methanol, DME, and the SMS, with detailed assignments shown in
Figure S13. (f) Projected density of state analysis for interactions of methanol and DME with the SMS via monitoring electronic energy changes of
the methyl H of methanol or DME and framework O of HZSM-5 zeolite. Fermi level is shifted to 0 eV. (g) 2D 13C−13C CORD (combined R2v

n-
driven) spin diffusion MAS NMR correlation spectra for C1 species on HZSM-5-90 after MTH reaction for 20 s at 573 K, with a mixing time of
200 ms.
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detailed molecular behavior to illuminate the incipient
reactivity and induction of autocatalysis.
We first identified DME as a more reactive C1 species in

constructing the initial C−C bond containing species. Within
the incipient stage of the MTH reaction, the DME
concentration appeared to have a sharp increase, accompanied
by a jump decrease of the methanol concentration (Figure 1d).
After it reached the highest concentration, DME gradually
decreased. In parallel with the decrease of DME, hydrocarbons
started to appear and then exponentially ascended, which was
the same as that for the DTH reaction. These observations
allow the deduction that autocatalytic reaction sets in only after
a substantial concentration of DME has been accumulated.
This deduction was later theoretically supported by energy

analyses of the highest electronic states below Fermi level
(HESBF). Note that the energy analyses of the frontier
molecular orbitals (HOMO and LUMO) are widely used in
molecular systems. However, it is not proper to use HOMO/
LUMO to describe the delocalized nature of adsorbates on
solid catalysts. In order to describe the difference in electronic
structures of reactants between gas phase and zeolite confined
space, we analyzed the HESBF, which is similar to the HOMO.
The constrained environments of zeolite can exert an electron
confinement effect on the confined molecules via increasing
the energies of the frontier molecular orbitals.37,38 The increase
of HOMO energies tends to be more prominent than that of
LUMO energies, and the higher HOMO energies signify the
increased basicity of the confined molecules.38 Analogously,
zeolite confined space would increase the energies of electronic
states of the confined molecules. The energies of the HESBF
increased by 0.8 and 0.91 eV, respectively, for methanol and
DME in the HZSM-5 channel relative to in gas phase (Figure
1e), suggesting a marked pre-activation of DME compared
with methanol in zeolite confined space.
Surface Species and Microenvironment Effect on

Induction of Autocatalysis. Having delineated the molec-
ular details of critical effluent species, we now turn to monitor,
by in situ spectroscopic approaches, the surface adsorbed
species, local microenvironments, and their effect on induction
of autocatalysis.
In situ 13C MAS NMR was adopted to track the surface

adsorbed species by continuously feeding 13C-methanol or
13C-DME into the rotor reactor at 573 K (Figure 2a). A time-
resolved array of NMR spectra showed that, at incipient DTH
reaction, surface adsorbed C1 species appeared in sequence:
DME (62 ppm)39−41 at 60 s, the SMS (58.5 ppm)39−41 at 80 s,
and methanol (49.8 ppm)39−41 with a weak signal at 120 s.
While for the MTH reaction, the appearance of these surface
C1 species was largely delayed and occurred after reaction for
3 min. In situ NMR results reflect the relatively sluggish
kinetics of methanol to construct surface active C1
intermediates.
After in situ reaction for 90 min, the feeds of methanol or

DME were stopped and the catalysts were swept with helium
to collect the NMR spectra. Surprisingly, both for MTH and
DTH reactions, DME (62 and 63.1 ppm) and the SMS (58.3
ppm) signals declined rapidly, but methanol signals (50.2
ppm) remained almost unchanged (Figure 2b). The similar
phenomenon was also observed by temperature-programmed
desorption (TPD) diffuse reflectance infrared Fourier trans-
form spectroscopy (DRIFT) experiments (Figure S14). These
spectroscopic observations implicate DME and the SMS as two
more reactive C1 species in the initial reaction stage.

Next, in situ TPD−DRIFT experiments were carried out to
monitor more detailed surface C1 species evolution (Figure
2c−e). For the MTH reaction, methanol (2956 and 2852
cm−1)42,43 first dehydrated to form DME (3009, 2968, 2945,
and 2840 cm−1)42,43 at 433 K and subsequently to form the
SMS (2977, 2867, and 938 cm−1)42−44 at 484 K (Figure 2c).
The appearance sequence of these C1 species implied that the
SMS was more readily originated from DME than from
methanol. This finding accords with previous in situ IR
results,43 and it is energetically favored by the lower Gibbs free
energy barrier of 26.8 kcal/mol for DME to the SMS (via
trimethyloxonium intermediate) than that of 33.3 kcal/mol for
methanol directly decomposing to the SMS.45

Notably, for the DTH reaction, DME decomposed to form
the SMS at 457 K (Figure 2d), a temperature much lower than
484 K for DME to the SMS in the MTH reaction (Figure 2c).
The reason may lie in the presence of the less reactive surface
species, such as methanol dimer or cluster, during the MTH
reaction, as inferred from a kinetic proof of alcohol dimer
during zeolite catalysis,46 and as evidenced by in situ TPSR−
DRIFT experiments confirming the appearance of methanol
cluster (centered at 3300 cm−1)47 (Figure S15). However, this
would not be the case for the less polar DME. The emergence
of these inactive surface species, along with the tendency for
methanol to readily form side products of methane and
formaldehyde (Figure S16), well explain the rather low
incipient reactivity and slow induction of autocatalysis for
the MTH reaction (Figure 1b).

Initiation of Autocatalysis. The initiation of autocatalysis
needs to activate and react two active C1 species. Analyses
from kinetics, HESBF energies, and in situ NMR and DRIFT
spectroscopies have identified DME as one kind of more
reactive C1 species; the reactivity of the SMS has been verified
in this and previous work.41,48 Consequently, reacting DME
with the SMS holds great promise to construct initial C−C
bond species that ignite autocatalysis.
This speculation was first theoretically supported by PDOS

analysis of the electronic interactions between methanol or
DME and the SMS as shown in Figure 2f. The 1s H orbital
(methyl H of methanol or DME) overlapped with the 2p O
orbital (framework O of ZSM-5 zeolite) in energy, which
implied the existence of electronic interactions. The electronic
resonance shifted to a deeper state for DME than for methanol,
indicating the stronger H-bonding interaction between methyl
H and framework O. This, in turn, indicated that the C−H
bond of DME was more deeply activated than that of methanol
by the SMS. Thus, DME more readily reacted with the
adjacent SMS.
Direct evidence for this theoretical proposal stemmed from

the powerful 2D 13C−13C CORD MAS NMR correlation
spectroscopy, which probed the spatial proximity and the
strong interactions of surface C1 species on HZSM-5-90 after
MTH reaction for 20 s at 573 K (Figure 2g). Except for two
sets of self-cross-peaks for methanol at 50.2 ppm and for DME
at 59.6 ppm, a pair of cross-peaks between DME (59.6 ppm)
and the SMS (58.5 ppm) were successfully captured, but the
cross-peaks between methanol and the SMS were not detected.
The correlations between the surface adsorbed methanol/
DME with the SMS on SAPO-34 were also detected in
previous work.44,49 Our 2D 13C−13C NMR results deliver
direct experimental evidence for directly coupling DME with
the SMS.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c03475
J. Am. Chem. Soc. 2021, 143, 12038−12052

12042

https://pubs.acs.org/doi/suppl/10.1021/jacs.1c03475/suppl_file/ja1c03475_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c03475/suppl_file/ja1c03475_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c03475/suppl_file/ja1c03475_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c03475?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The PDOS analysis and 2D 13C−13C NMR experiment
substantiate the proposal of reacting DME with the SMS as a
more plausible route to generate the initial C−C species to
initiate autocatalysis; however, the mechanistic details are
hitherto unclear. By means of AIMD simulations, a powerful
tool in computational chemistry, we can operando track and
visualize the dynamic activation and reaction process of
methanol/DME with the SMS at the picosecond time scale
(Figure 3).
The chemical bond evolving trajectories, associated with the

feasible mechanistic pathways on a two-dimensional free
energy surface (2D-FES), provided rich information on the
hidden dynamic molecular routes (Figure 3). When methanol
or DME approached the SMS, collisions/interactions stretched
the Cs−Oz bond of the SMS (Figure 3a,d), marking a
transition of the C−O bond from covalent to ionic property.
The Cr−Hr bond of methanol/DME was elongated with the
assistance of framework oxygen, the activation of which was
also implicated by the PDOS analysis for 2p O1 and 1s H
orbitals shown in Figure 2f. The Cs−Cr bond formed
synchronously by the nucleophilic attack of methanol/DME
with the SMS. Cs−Cr bond formation was paralleled with Cr−
Hr bond breakage; these processes coincided with (for
methanol), or after (for DME), Cs−Oz bond ionization of
the SMS. Finally, the proton H (originating from the broken
Cr−Hr) returned to framework O to recover zeolite acidity.
The detailed molecular pathways for the SMS-mediated
methanol/DME routes for constructing the initial C−C
containing species are shown in Figure 3c,f. 2D-FES exhibited
the minimal energy pathways with two separate low-energy

regions, corresponding to the reactant and product states
(Figure 3b,e). The minimal energy pathways on 2D-FES
demonstrated that the free energy barrier (154 kJ/mol) for the
SMS-mediated DME pathway was lower than that (184 kJ/
mol) for the SMS-mediated methanol pathway for generating
initial C−C species.

Operando Monitoring of the Whole Autocatalytic
Process. Having identified the SMS-mediated DME pathway
with high feasibility to initiate autocatalysis, next we will
monitor the whole autocatalytic process by the operando
approachcombining DRIFT spectra and mass spectrosco-
pywhich provides molecularly specific and time-resolved
information on the dynamic evolution of autocatalysis.
Dynamic surface and effluent species profiles with reaction

time for methanol and DME conversion are shown in Figure
4a,b and Figure S17. For methanol conversion (Figure 4a),
upon adsorption of methanol (2956 and 2852 cm−1),42,43

DME (3009, 2968, 2945, and 2840 cm−1)42,43 was instantly
formed and quickly decomposed to the SMS (2977, 2867, and
938 cm−1)42−44 in the first 1.4 min; soon after, olefinic cations
(2963, 2924, and 2870 cm−1)50 appeared, concurrent with the
online mass spectroscopy observations of their neutral
counterparts (Figure S17). Gradually, the SMS diminished
and Brønsted acid sites (BAS) were regenerated. The olefins
were subject to H-transfer and cyclization reactions with dienes
and cycloolefins being experimentally captured as intermedi-
ates as shown in Figure S18. Then, the dimethylcyclopentenyl
(DMCP) cationic species (3125 and 1510 cm−1)50,51 appeared
at 6.2 min in the DRIFT spectra for methanol conversion,
which were also detected by 13C CP/MAS NMR in Figure

Figure 3. Operando AIMD simulation for SMS-mediated methanol (a−c) and DME (d−f) activation. (a, d) Evolution trajectories of bond
distances d(Cs−Oz), d(Cr−Hr), d(Cs−Cr), and d(Oz−Hr), at picosecond time scale, at 673 K over HZSM-5. (b, e) 2D-FES and its projection.
Two collective variables (CVs), reflecting the coordination numbers (CNs) on 2D-FES, were adopted to visualize the dynamic process by
monitoring the chemical bond formation and cleavage. CV1 = CN(Cs−Oz) describes the breaking of C−O bond of the SMS, and CV2 = CN(Cs−
Cr) represents the forming of C−C bond. The atom labels and schematic of the two CVs are shown in Scheme S1. (c, f) Plausible reaction
pathways for constructing the initial C−C containing species by the SMS-mediated methanol/DME routes.
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S19, followed by the formation of aromatic species (1615
cm−1).44,52 The similar evolving routes were also observed for
DME conversion, except that the SMS was quickly built and
faded away (Figure 4b).
Real-time DRIFT tracking of zeolite surface species allows

us to draw a clear picture of the dynamic evolving routes of the
active organics (Figure 4c). The acidic proton catalyzes the
formation of DME and the SMS; the SMS reacts with DME
(or methanol to a lesser extent) to generate initial olefins;
olefinic species, together with the following formed MCP and
aromatic species, then relay the SMS as active species to
initiate and sustain autocatalysis. In parallel with the directed
evolution of active organic species, methanol/DME conversion
comes to an indirect reaction stage featuring the exponential
rate enhancement of autocatalytic reaction.
The chemically “fueled” autocatalytic process leads us to

compare it to an automobile engine. An illustrating
demonstration is sketched in Figure 4d. Methanol/DME
works as “fuel” molecules to power the autocatalytic system.
The autocatalytic reaction is triggered by the initial olefin, and
in this sense, the initial olefin can be viewed as the “igniter” of
autocatalysis. Lying in the core of the autocatalysis, the reactive
hydrocarbons (including olefins, MCP, and aromatic species),

working as accelerants, can be treated as the “main engine” to
sustain autocatalysis.

Supramolecular Microenvironment Catalysis. Meth-
anol/DME performs autocatalysis with organic hydrocarbons
confined in the zeolite channel as autocatalysts. Herein, we
took propene, trimethylbenzene (TriMB), propene−DME
complex, and TriMB−DME complex as prototypes, to probe
the molecular pre-activation reflected by their HESBF energy
increases in the HZSM-5 channel relative to in the gas phase.
The electron confinement conferred by the constrained zeolite
environments aroused increases of 1.83 and 2.53 eV in the
energies of HESBF for propene and TriMB, respectively
(Figure 5a). In complex with DME, propene and TriMB show
increases of 2.43 and 2.83 eV, respectively, in the HESBF
energies. The remarkably increased HESBF (HOMO) energies
correspond to an increase in the basicity of the confined
molecules that favors electron transfer,38 which clearly
demonstrates the pre-activation of hydrocarbon molecules.
Consequently, such pre-activated olefin and aromatics tend
easily to perform an electrophilic substitution reaction such as
the methylation reaction to propagate autocatalytic chains.
The pre-activation of hydrocarbon molecules in zeolite

confined space distinctly reflects the prominent host−guest

Figure 4. Dynamic routes of the whole autocatalytic process. (a, b) Operando DRIFT spectra with online mass spectroscopy analysis of olefin
products for tracking the evolution of both surface and effluent species on HZSM-5-15 for methanol conversion (a) and DME conversion (b) at
623 K for 60 min. (c) Dynamic evolving trajectories of surface active species spectroscopically identified. (d) Sketch illustration that compares the
methanol/DME conversion process to an automobile engine, with methanol/DME as “fuel” molecules, initial olefin as the “igniter” to initiate
autocatalysis, and reactive hydrocarbons as the “main engine” to sustain autocatalysis.
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interactions; the underlying spatial interaction/proximity
between the accommodated hydrocarbons and the zeolite
framework was experimentally evidenced by 13C−27Al NMR
spectroscopy.53 The confining hydrocarbons laterally associat-
ing with methanol/DME interact with BAS to form the π
complexes, while the carbocations (the counterpart of neutral
hydrocarbons) electrostatically interact with framework O to
form the ion-pair complexes (Figure 5b). These organic
substances associated with their local zeolite microenviron-
ments constitute the supramolecular active centers, functioning
as the true active centers to drive the autocatalysis. We refer to
this process as supramolecular microenvironment catalysis.
The following experiments illustrated the dynamic behavior

of those in-built supramolecular active centers. By periodically
varying the contact time, the catalytic reactivity of methanol
was almost entirely recovered in each cycle on HZSM-5 at 623
K (Figure 5c), consistent with previous results.54,55 At each
shortest contact time of 2.3 min, methanol conversion
repeatedly returned to nearly zero, meaning fewer hydro-
carbons retained inside the zeolite channel. Hence, these
organic hydrocarbon pool molecules are virtually spatially
delocalized and can “randomly walk” across the channels of the
zeolite host, behaving as the “fluid hydrocarbon pool” (Figure
5d). Such “walk-in-channel” behavior of bulky hydrocarbons
cannot appear on cavity-structured zeolites and zeotypes such
as SAPO-34, wherein bulky hydrocarbons are “imprisoned” in
the cages due to the constrained diffusion.
A Hypercycle. The full-spectrum molecular routes of

methanol conversion are an ensemble of chain reactions

comprising a cascade of catalytic and autocatalytic events,
leading collectively to a large interlinked reaction network
(Figure 6). In general, this network goes through three stages:
initiating (to build incipient autocatalyst), sustaining (operat-
ing by a hypercyclic subnetwork), and decaying (autocatalysis
extinction).
The initiating stage arguably originates from nucleophilic

substitution reaction, with DME as a more plausible
nucleophile to attack the SMS, constructing the initial C−C
containing species. Despite substantive evidence gathered, this
is by no means conclusive (or exclusive), as other conceivable
initial C−C building routes41,45,49,56−60 may also exist and
operate. The generated incipient olefins (i.e., initial autocata-
lysts) trigger the autocatalytic reaction via an olefins-based
cycle.
To disentangle the hidden autocatalytic patterns, we now

reinterpret MTH chemistry with the aid of a classic,
sophisticated autocatalysis concept. For the olefins-based
cycle, one olefin molecule (associated with its microenviron-
ments) catalyzes the formation of two olefins in one catalytic
loop; this process is typically called “selfish” autocatalysis.1

While for the MCP- and aromatics-based cycles, MCP (or
aromatic species) catalyze the formation of not only
themselves but also olefins; in turn, the formed olefin feeds
the re-formation of MCP (or aromatics) to close an additional
catalytic loop (Figure 6). Such a mutual catalysis process is
referred to as cross-catalysis,1 with MCP (or aromatics) and
olefins forming the cross-catalytic pair, running concurrently
with, and being as competent as, olefins-based “selfish”

Figure 5. Supramolecular microenvironment active centers and their dynamic behavior. (a) Energies of HESBF for propene, TriMB, and their
respective complexes with DME in gas phase and in zeolite confined space, where the isosurface level of partial charge density was set to 0.005. (b)
Supramolecular active center by forming the π complex or ion-pair complex during methanol/DME conversion. (c) Methanol conversion with
repeated conversion cycles on HZSM-5-90 by periodically adjusting the contact time from 2.3 to 25.1 min (with fixed catalyst amount and variable
flow rate) at 623 K. (d) Illustration of the “fluid hydrocarbon pool” concept.
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autocatalysis. Likewise, another cross-catalysis is built between
MCP and aromatics. Together, one olefins-based “selfish”
autocatalytic cycle is coupled with other three cross-catalysis
cycles (with olefinic, MCP, and aromatic species as
autocatalytic entities) to forge a hypercycle, operating in
concert to drive the autocatalytic turnover. The detailed
molecular routes of this internally cycled hypercyclic network
are depicted in Figure S20.
Concurrent with the dynamic development of the reaction

network is the relay control of the active sites, which evolve
from acidic protons to the SMS and then to organic−inorganic
hybrid, microenvironment-involved supramolecular active
centers. Eventually, those active aromatic species in the
hypercycle gradually decay and age into on-surface or in-
pore inactive polycyclic aromatic hydrocarbons, terminating
autocatalysis.61,62 The reaction sequence runs from the
initiation to decay like dominoes. Incipient olefins-initiated
domino sequences integrate multiple parallel and/or inter-
active elementary events, so the methanol conversion presents
dynamically evolving molecular routes and a multistep reaction
network.
Zeolite confined space imposes conspicuous effects on the

initiating, sustaining, and decaying of autocatalytic cycles.

Zeolite pore space serves as the primary tool to modulate the
formation and reactivity of effective autocatalysts (lighter
olefins and cyclic species). Small pore sizes, e.g., of 8MR
channeled zeolites, are unable to generate autocatalysts to
ignite autocatalytic reactions.63 The pores or intersections of
1D and 2D 10MR zeolites are able to initiate autocatalytic
reactions. However, the pore or intersection sizes are not large
enough to readily form cyclic autocatalysts, and the cracking of
C5

+ aliphatic hydrocarbons to lighter olefin autocatalysts needs
to overcome the higher energy barriers, resulting in the slow
induction of autocatalytic reactivity.64,65 The intersections of
3D 10MR zeolites (such as HZSM-5)26,66−68 and 12 MR
zeolites25,69,70 and cavities of cavity-structured zeolites71−74 are
large enough to parallelly operate olefins-based and cyclic-
species-based autocatalytic cycles, with the chemical identity of
cyclic autocatalysts varying with intersection/cavity sizes.
However, the larger intersection14 and cavity71 facilitate the
secondary catalytic reactions, leading to the formation of
inactive polyaromatics and the rapid decaying of autocatalytic
cycles. Moreover, more open space such as the half-supercage
(surface pocket) of HMCM-22 zeolite and the external surface
of common zeolites disfavors the aromatic dealkylation
reactions,75 thus being a disadvantage for the cyclic-species-

Figure 6. Domino cascade of reaction network. Full molecular picture of MTH reaction network with diverse and cooperative catalytic and
autocatalytic events associated with the dynamic restructuring of active sites along the evolutionary trajectory. The autocatalytic sets, operating by a
hypercyclic network embedded in the large interlinked network, interlinked by three autocatalytic entities (olefin, MCP, and aromatic species),
driving the autocatalytic turnover. The actual mechanistic details of the reaction network may be more complex than the catalytic loops illustrated
here.
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based cycles but being an advantage for coking. Therefore,
suitable pore space is the primary (or imperative) factor for
initiating and efficiently sustaining the autocatalytic cycles
(Figure S21a). Furthermore, the autocatalytic cycles dynam-
ically evolve as reaction proceeds. Generally, the olefins-based
cycle prevails over the induction and deactivation stages and
the cyclic-species-based cycles dominate in the highly efficient
reaction stage76−78 (Figure S21b).
The diversity of zeolite pore space provides diverse

autocatalytic routes. For each zeolite, the microenvironments
(constituted of acidity and its surrounding confined space)
customize the unique autocatalytic routes, but the reaction
conditions, especially reaction temperature, can impose
significant effects on the mechanistic orientation. Generally,
methanol conversion over zeolite with lower acidity density at
higher temperature favors the olefins-based autocatalytic
cycle;54,79 however, methanol conversion over zeolite with
higher acidity density at lower temperature favors the cyclic-
species-based cycles76 (Figure S21c). Besides, the deactivating
species at lower temperature may act as the active species at
higher temperature.80,81 Thus, the zeolite confined space,
acidity, and reaction conditions work togetherin a
cooperative mannerto dynamically modulate the operation
of different autocatalytic and catalytic cycles. The multifactor-
determined autocatalytic mechanism routes complicate the
cycle/network regulation, but they provide more space or
possibilities for catalyst design and product selectivity control.

■ CONCLUSION
By a multitechnique approach and multiscale analysis, this
work addresses the long-standing search for a complete
mechanistic framework of autocatalysis in a zeolite confined
space, taking the MTH reaction as a prototype. First, DME
(relative to methanol) is verified as the more active C1 species
for building the initial C−C bond by multicharacterizations
and calculations. Then, the reaction of DME with the SMS is
experimentally and theoretically validated as the more plausible
mechanistic pathway to generate the initial olefins. The formed
initial olefins function as the “switch” to trigger the
autocatalysis and drive the efficient conversion of methanol
by gradually forming MCP and aromatic cyclic species. The
progressive buildup/accumulation of highly operative autoca-
talysts explains the induction of autocatalysis. These in-built
olefins and cyclic organic species are in synergy with inorganic
zeolite microenvironments, acting as the true active centers.
Those supramolecular active centers are dynamic and fluid, as
the organic hydrocarbon pool molecules are validated to
“randomly walk” across the channels of the zeolite host,
behaving as the “fluid hydrocarbon pool”.
By virtue of the classic autocatalysis concept, we unravel the

chemical nature of an autocatalytic reaction network: one
“selfish” autocatalysis cycle (olefins-based cycle) interlinked
with three cross-catalysis cycles (with olefin, MCP, and
aromatic species as autocatalytic entities), cooperatively
constituting a hypercycle that efficiently drives and sustains
autocatalysis. Together, we uncover a domino cascade of the
MTH reaction network that is continuously evolved along the
reaction course with initiating (to build incipient autocata-
lysts), sustaining (operating by a hypercyclic subnetwork), and
decaying (autocatalysis extinction).
The autocatalytic chemistry in the exemplified MTH

reaction reflects a dynamic process of C−C assembly (from
C1 species to multicarbon products) and rearrangement of the

covalent bond. These processes are chemically driven by the
proton acid catalysis and autocatalysis mediated by the
supramolecular active centers in the zeolite confined space.
The dynamic autocatalytic cycles/network uncovered here
enrich our knowledge of the autocatalytic mechanism and its
dynamic properties, and they can also serve as the fundamental
basis for realizing the ultimate goal of the delicate control of
the reaction process.

■ METHODS
Catalyst and Characterizations. The commercial NaZSM-5

samples were provided by the Catalyst Plant of Nankai University.
HZSM-5 samples with Si/Al ratios of 15 and 90 were obtained
through the following procedures: ion exchange was carried out in 1.0
mol L−1 NH4NO3 aqueous solution at 353 K for 2 h for three times,
followed by filtration, washing, and drying, and finally calcination at
823 K for 4 h. The catalyst characterizations, including powder X-ray
diffraction (XRD), scanning electron microscopy (SEM), N2
adsorption, and NH3 temperature-programmed desorption (NH3-
TPD), are shown in Figures S1−S3 and Table S1.

Catalytic Testing. All MTH and DTH reactions were carried out
under atmospheric pressure by using a fixed-bed quartz tube reactor
with an inner diameter of 4 mm. The HZSM-5 catalyst powder was
extruded and sieved into 40−60 mesh. Prior to reaction, the catalyst
was activated under He flow at 723 K for 40 min, and then the
temperature was decreased to the reaction temperature. For every
group of comparative experiments between MTH and DTH reactions,
equimolar carbon amounts of methanol and DME were fed.

Activity test and cofeeding experiments were conducted at varied
contact times. Typically, 5−100 mg of HZSM-5-90 catalysts was
diluted with 238−0 mg of quartz sand (40−60 mesh) to keep the
same bed volume. Gaseous DME (9 mol % dilution with helium) was
directly fed at atmospheric pressure. CH3OH (>99.8%) and H2O
(ultrapure grade) were fed by passing nitrogen through a saturation
evaporator kept at 300 K for CH3OH and 273−317 K for H2O. The
contact time range in activity test was 0.019−1.88 gcat. h mol−1. In
cofeeding experiments, the partial pressure ratio of DME/H2O was
about 15:1−1:1 and the contact time was about 0.017−1.41 gcat. h
mol−1.

Gaseous reaction products were kept at 473 K to avoid
condensation and analyzed via an online gas chromatograph−mass
spectrometer (GC−MS, Agilent 7890B/5977A) with a PoraPLOT Q
capillary column and a flame ionization detector. The conversion and
selectivity of the MTH and DTH reactions were calculated on a CH2
basis.

DRIFT Measurements. DRIFT spectra were obtained on a
Bruker Tensor 27 instrument with a diffuse reflectance infrared cell
with a ZnSe window and a liquid nitrogen cooled Hg−Cd−Te
detector. The absorbance spectra were obtained by averaging 16 scans
collected at 4 cm−1 resolution. Gaseous reaction products were
detected by online mass spectrometry. Prior to the measurements, 15
mg of catalyst powder was loaded into the cell, pre-treated under a He
flow at 773 K for 60 min and, subsequently, decreased to reaction
temperature. CH3OH was fed by passing 4.4 mL/min nitrogen
through a saturator evaporator kept at 275.4 K. DME (2.2 mol %
dilution with helium) at 5 mL/min was fed at atmospheric pressure to
give the same CH2-based WHSV as CH3OH.

For in situ TPD−DRIFT experiments, the activated catalyst was
exposed to reactants at 393 K for 15 min to achieve adsorption
saturation, followed by sweeping nitrogen (60 mL/min) for 30 min to
remove the weakly adsorbed reactants. Then the cell was heated to
623 K with a heating rate of 3 K/min under 30 mL/min nitrogen
sweeping.

For operando DRIFT experiments, the evolution of catalyst surface
species as well as the gaseous products were simultaneously
monitored by using an operando approach combining IR spectroscopy
with online MS (Pfeiffer Omnistar GSD 301 T3). IR spectra and MS
signal were simultaneously collected at 623 K as the reaction
proceeded. According to the database of the National Institute of
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Standards and Technology (NIST), the m/z values of the
corresponding substances were as follows: methanol, 31 (after
subtracting the fragment ion signal of m/z 31 from DME); DME,
45; ethylene, 26 (after subtracting the fragment ion signal of m/z 26
from propene); propene, 41 (after subtracting the fragment ion signal
of m/z 41 from DME).
Solid-State NMR Experiments. Solid-state NMR (ssNMR)

measurements were performed at 14.1 T on a Bruker 600 MHz wide-
bore magnet with an AVANCE-III console, equipped with a 4 mm
WVT magic angle spinning (MAS) probe or a 7 mm high temperature
MAS-CAT probe, with resonance frequencies of 150.9 and 600.13
MHz for 13C and 1H nuclei, respectively. Referencing chemical shifts
were to adamantane with the upfield methine peak at 29.5 ppm.
For in situ ssNMR experiments,82 about 200 mg of HZSM-5-90

sample was pre-dehydrated at 673 K for 20 h under vacuum (<10−3

Pa) and loaded into a 7 mm MAS NMR rotor reactor by pressing into
a hollow cylinder using a specially constructed tool in a glovebox filled
with dry nitrogen. After the rotor reactor was transferred to the 7 mm
MAS-CAT probe (high temperature MAS NMR probe), the catalyst
was activated at 573 K for 1 h under 40 mL/min helium flow and then
introduced into the spinning MAS rotor via the injection tube.
Subsequently, 13C-CH3OH or 13C-DME was continuously fed into
the MAS NMR rotor and in situ solid-state 13C MAS NMR spectra
were recorded using one pulse sequence with a spinning rate of 3 kHz.
13C-CH3OH was fed by passing helium through a saturator
evaporator kept at 287 K with a CH2-based WHSV of 4.8 × 10−2

molCH2
h−1 gcat.

−1. 13C-DME (4.44 mol % dilution with helium) was
fed with the same CH2-based WHSV and total flow rate as CH3OH.
After in situ ssNMR experiments, the catalysts were transferred into a
4 mm WVT MAS probe, and 1D 1H−13C cross-polarization (CP)
spectra were recorded with a MAS frequency of 12 kHz and an
accumulation of 1000 scans.
2D 13C−13C CORD (combined R2v

n-driven) spin diffusion MAS
NMR spectra were recorded at a spinning rate of 12 kHz with a 1 s
recycle delay, 200 ms for the spin diffusion mixing time, and 576 and
168 scans for direct and indirect 13C dimensions, respectively, and the
typical 90° pulse lengths were 4.1 μs for 1H and 3.6 μs for 13C,
respectively. The 1H → 13C cross-polarization was performed by a
linear amplitude ramp (50−100%) on 13C with a 1 ms CP contact
time. The general pulse sequence for 2D 13C−13C CORD
homonuclear correlation experiments is shown in ref 83.
Theoretical Calculations. For all theoretical calculations, the

HZSM-5 zeolite model is constructed by substituting an Al atom for a
Si atom at the T12 site of the MFI structure.
Density functional theory (DFT) calculations performed with the

Gaussian 09 software package84 were applied to calculate the
adsorption energies of methanol, DME, and water, and a 72 T
atom cluster model of HZSM-5 was used. The geometries of various
adsorption structures were predicted by the combined theoretical
method, i.e., ONIOM (ωB97XD/6-31G(d,p):AM1).85 The ωB97XD
method developed by Chai and Head-Gordon covers empirical
dispersion and can describe long-range dispersion interactions.86 In
the ONIOM simulations, in the high-level layer, the adsorbed
molecules and the atoms of the zeolite framework (24 T of HZSM-5)
surrounding the adsorbate were relaxed. The atoms in the low-level
layer were fixed at their crystallographic locations. Frequency
calculations are performed by using the ONIOM (ωB97XD/6-
31G(d,p):AM1) method. Then, the single-point energies were
obtained at the level of ωB97XD/6-31G(d,p).
PDOS and the energies of HESBF for reactants were calculated by

a 62 T atom cluster model using the Vienna Ab initio Simulation
Package (VASP).87 The generalized gradient approximation (GGA)
in the form of the revised Perdew−Burke−Ernzerhof (revPBE)
functional was adopted for the exchange−correlation interactions.88,89

During structural optimization, the convergence criterion for the
residual force on each atom was set to 0.05 eV/Å and the cutoff
energy for the plane wave was set to 400 eV. A gamma-centered k-
point sampling 1 × 1 × 1 was used for the Brillouin zone integration.
Grimme’s dispersion corrections (DFT-D3)90 were used to consider

the dispersion interaction, and a Gaussian smearing with a width of
0.2 eV was used. On the basis of the optimized configurations, the
PDOS and the energies of HESBF for the reactants were further
calculated with the gamma-centered k-point 3 × 3 × 3.

For the theoretical calculation of the initial C−C bond formation,
the unit cell of HZSM-5 (96 T atoms) was used. In this part, all
geometrical optimizations by DFT calculations and AIMD simu-
lations were performed with the CP2K simulation software package.91

The PBE functional88 was used with the DZVP-GTH basis set92 and
with the dispersion correction to energy and forces due to the DFT-
D390 method. The time step of integration was set as 0.5 fs. Periodic
DFT was selected to optimize the geometrical structures and cell
parameters. After insertion of the guest molecules inside the zeolite
channels, the system was further optimized as the initial state of
reactants, and subsequently, 5 ps molecular dynamics simulation in
the isothermal−isobaric ensemble (NPT) was applied to relax the
structure and cell at 673 K and 1 bar. The activation of methanol and
DME by the SMS as well as the formation of the initial C−C bond,
which is a rare event, was investigated by using metadynamics (MTD)
simulations at 673 K in the canonical ensemble (NVT), using the
relaxed cell parameters from the previous NPT simulation. The MTD
method was developed by Laio and Parrinello and is an advanced
sampling technique used to enhance the probability of sampling
chemical reactions or rare events.93−95 During the MTD simulation,
Gaussian hills were regularly spawned along the chosen collective
variable(s), which were defined by coordination numbers (CNs):
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The sum in eq 4 runs over two sets of atoms, i and j; rij is the
interatomic distance between atoms i and j; r0 is a reference distance.
In this study, the parameters d0, n, and m were set to 0, 6, and 12,
respectively. The construction of the initial C−C bond from direct
coupling of the SMS with methanol/DME relates to the formation
and rupture of multiple bonds between C, H, and O, and the best
collective variables (CVs) with numerous attempts to drive the
reaction pathways are depicted in Scheme S1. The first collective
variable (CV1) is defined by the CN between the surface methoxy’s
carbon (Cs) and the four zeolite oxygen atoms (Oz) bonded to the Al
atom, i.e., CV1 = CN(Cs−Oz). A reference distance r0 of 2.1 Å was
chosen for CN(Cs−Oz). The second collective variable (CV2) is
defined by the CN between Cs and the reactant carbon atoms (Cr),
i.e., CV2 = CN(Cs−Cr). A reference distance of CN(Cs−Cr) was 1.5
Å. Hills with widths of 0.035 and 0.045 for CV1 and CV2 were
spawned every 100 time steps, and the height of the Gaussian hills was
set to 3 kJ/mol. The simulations proceeded until the height of the
additional hills no longer influenced the resulting free energy profile.
Based on the sum of the spawned Gaussian hills, the 2D free energy
profile of the reaction was reconstructed, and the lowest free energy
path was calculated by MEPSA software.96
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