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Abstract: The chemical industry has exploited zeolite shape
selectivity for more than 50 years, yet our fundamental under-
standing remains incomplete. Herein, the zeolite channel
geometry-reactive intermediate relationships are studied in
detail using anisotropic zeolite ZSM-5 crystals for the meth-
anol-to-hydrocarbon (MTH) process, and advanced magic-
angle spinning solid-state NMR (ssNMR) spectroscopy. The
utilization of anisotropic ZSM-5 crystals enabled the prefer-
ential formation of reaction intermediates in single-orientation
zeolite channels, as revealed by molecular dynamics simula-
tions and in situ UV/Vis diffuse-reflectance spectroscopy. The
sSNMR results show that the slightly more constrained sinus-
oidal zeolite channels favor the olefin cycle by promoting the
homologation of alkanes, whereas the more extended straight
zeolite channels facilitate the aromatic cycle with a higher
degree of alkylation of aromatics. Dynamic nuclear polar-
ization experiments further indicate the preferential formation
of heavy aromatics at the zeolite surface dominated by the
sinusoidal channels, providing further insight into catalyst
deactivation.

Introduction

The shape or topology of internal pore structures of
zeolites strongly affects the product selectivity by permitting
the configuration of different reactants, intermediates or
products.'* This contributes to highly cost-effective process-

[¥] Dr. D. Fu,”! O. van der Heijden, Prof. B. M. Weckhuysen
Inorganic Chemistry and Catalysis, Debye Institute for Nanomate-
rials Science, Utrecht University
3584 CG, Utrecht (The Netherlands)

E-mail: B.M.Weckhuysen@uu.nl

A. Lucini Paioni,"! Prof. M. Baldus
NMR Spectroscopy, Bijvoet Centre for Biomolecular Research,
Utrecht University
Padualaan 8, 3584 CH Utrecht (The Netherlands)
E-mail: M.Baldus@uu.nl
Dr. C. Lian
Institute for Theoretical Physics, Utrecht University
Princetonplein 5, 3584 CC Utrecht (The Netherlands)
[*] These authors contributed equally to this work.

& Supporting information and the ORCID identification number(s) for
the author(s) of this article can be found under:
https://doi.org/10.1002/anie.202009139.
© 2020 The Authors. Published by Wiley-VCH GmbH. This is an
open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduc-
tion in any medium, provided the original work is properly cited.

© 2020 The Authors. Published by Wiley-VCH GmbH

Cheng Lian, Onno van der Heijden, Marc Baldus,*

es with well-defined product distributions and has been
applied by the chemical industry for more than 50 years. One
of the prototypical cases is the already commercialized
methanol-to-hydrocarbon (MTH) process, which converts
biomass- and municipal waste- or coal-derived methanol into
a range of products from olefins to gasolines, depending on
the framework topology of the zeolite material chosen.[*”! As
a result, significant research efforts have been focused on
elucidating the influence of zeolite topology, that is, channels,
cages and cavities, on the ultimate product distributions and
coking behaviors.® > Yet, no direct experimental evidence
has been presented for the effect of channel geometry on the
reaction intermediates.

There is a consensus that the MTH reaction proceeds
through a dual cycle hydrocarbon pool (HCP) mechanism
(Scheme 1), which consists of two interdependent reaction
cycles based on aromatic and olefinic species, that is, aromatic
and olefin cycles, respectively.?**" These aromatic cycle
species are repeatedly methylated and subsequently split off
light alkenes, contributing to the production of ethylene. The
olefin cycle involving methylation and cracking of olefins
primarily produces larger alkenes. The confinement effect
imposed by zeolite channels often leads to host-guest
interactions between the zeolite framework host and the
HCP species guest. Thus, Haw et al. extended the HCP
mechanism and proposed that an “hybrid” inorganic-organic
material of “supramolecular nature” consisting of the inor-
ganic zeolite and the organic hydrocarbon pool can be viewed
as the active MTH catalyst.**?*] The Deng and Xu group
recently identified this supramolecular reaction center
(SMC)P and demonstrated that the pore size and shape of
zeolites have prominent impact on the host—guest interactions
and the reactivity of the SMC during the MTH process.”"
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Scheme 1. Schematic illustration of the methanol-to-hydrocarbon
(MTH) process catalyzed by zeolite ZSM-5 with the MFI framework,
consisting of sinusoidal and straight channels. The reaction follows
the hydrocarbon pool (HCP) mechanism with an olefinic and an
aromatic cycle running simultaneously.
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Further, the research from our group, as well as from the
Gascon and van Speybroeck groups, highlighted the complex-
ity and significance of the host-guest chemistry during the
MTH process.”>"! Recently, we have shown distinct product
distributions and coking behaviors for zeolite channels with
different geometries.® These findings altogether motivated
us to comprehensively scrutinize the distinctive host-guest
chemistry exclusively between zeolite channel geometry and
reaction intermediates (Scheme 1). This information is crucial
to the design of catalyst materials with maximized product
yields and minimized costs.?*"!

Herein, the host-guest chemistry between single oriented
zeolite channels and reaction intermediates for the MTH
process has been examined over zeolite ZSM-5 (possessing
the MFI framework topology; see Figures S5a and S5b in the
Supporting Information), which is one of the most studied
zeolites in both industry and academia. We have utilized
anisotropic zeolite ZSM-5 crystals (Figure S5), with different
channel orientations dominating the surface, and demon-
strated the preferential formation of reaction intermediates in
single oriented, that is, surface dominating, zeolite channels
using molecular dynamics (MD) simulations and in situ UV/
Vis diffuse-reflectance spectroscopy (DRS). Furthermore,
complementary solid-state NMR (ssNMR, Figure S4) mag-
netization transfer schemes were applied to separate reactive
MTH intermediates based on their differential mobility™!!
over the anisotropic zeolite ZSM-5 crystals. Finally, we have
applied dynamic nuclear polarization (DNP)F*#! to im-
prove the sensitivity and examine the spatial distribution of
the hydrocarbons within the MTH-reacted materials.

Results and Discussion
Preparation of "C MTH-Reacted Anisotropic Zeolite Crystals

Anisotropic zeolite ZSM-5 crystals with different chan-
nels dominating the surface have been synthesized and
applied for investigating the impact of zeolite channel
geometry on the reaction intermediates for the MTH process.
These materials exhibit comparable physicochemical proper-
ties, as demonstrated by scanning electron microscope (SEM,
Figures S5¢c-d) as well as MAS *Si and “Al ssNMR
(Figures S6 and S7, Table $3).1"! Importantly, as shown in
Figure 1, qualitative analysis of the diffusion behaviors in
zeolite channels using molecular dynamics (MD) simulations
exhibited that the channels with short dimensions (SD) were
preferentially filled with methanol molecules at the early
stage of diffusion, although both channel dimensions were
equivalently filled with the molecules eventually (t=t5 in
Figure 1). Furthermore, no apparent diffusion of the mole-
cules from the SD channels into the channels in long
dimensions (LD) was observed (Figure 1 and movie S1).
These results suggest that the molecules will enrich the SD
channels at the beginning of the reactions. Therefore, zeolites
with hydrocarbons preferentially formed in single oriented
channels can be potentially prepared by performing a short
contact time MTH reaction over the anisotropic zeolite
crystals with different morphologies.
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Figure 1. Time-dependent concentration profiles in the 2D pore net-
work model. Note that diffusion starts at t0. The results from t1 to t4
suggest that methanol molecules preferentially diffuse into the chan-
nels with short dimension (SD), with the primary diffusion direction
indicated by the arrow. Long time diffusion will result in uniform
distribution (t=t5) of methanol molecules in both channel orienta-
tions.

3C-labeled MTH reactions were monitored using in situ
UV/Vis DRS to track the reaction locations over anisotropic
zeolite crystals.”®*! The observed bands at ca. 286 and 356 nm
are attributed to polyalkyl-substituted cyclopentadienium ion
with four or five alkyl groups and methylbenzenium ions with
up to four methyl groups, respectively.[*”) Previously, we have
demonstrated that hydrocarbon species with absorbance band
in the range of ca. 410-560 nm are primarily formed in the
straight zeolite channels.®™ Here, these species were used as
a marker to locate the reactions within zeolite channels in the
anisotropic zeolite ZSM-5 crystals. As shown in Figure 2, low
signal of UV/Vis absorbance in the range of ca. 410-560 nm
was observed for the a-oriented zeolite ZSM-5 crystals during
the first 2 min MTH reactions. Conversely, fast evolution and
strong absorbance from HCP species were meanwhile
observed in the same range for the b-oriented analogue.
Taken together with the MD simulations, these results
demonstrated that the MTH reactions primarily occurred
within the sinusoidal and straight channels in the a-oriented
and b-oriented, respectively, ZSM-5 crystals in the initial
stage (that is, 2 min) of the reaction.
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Figure 2. In situ UV/Vis diffuse-reflectance spectra (DRS) of the a) a-
oriented and b) b-oriented zeolite ZSM-5 crystals during 2 min of the
3C labeled MTH process at 623 K.
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Impact of Channel Geometries on Reaction intermediates

Subsequently, ssNMR experiments were conducted over
the *C-MTH-reacted anisotropic zeolite crystals with hydro-
carbons preferentially formed within single oriented zeolite
channels. The use of isotope-enriched methanol not only
drastically enhanced the ssNMR signal, but also allowed us to
accurately determine the molecular structures of zeolite-
trapped hydrocarbons in different environments using multi-
dimensional ssNMR correlation experiments.’***! As previ-
ously demonstrated, species with high or low mobility can be
distinguished by applying either through-bond (scalar based
interactions such as in INEPT, that is, insensitive nuclei
enhanced by polarization transfer)®" or through-space (di-
polar transfer such as in CP, that is, cross polarization,)
magnetization transfer schemes, respectively.”® Thus, both
mobile (that is, molecules/groups with fast tumbling or
rotation) and rigid (that is, molecules physiosorbed in/on
zeolite) versions of zeolite trapped organics after the MTH
reaction could be identified. Additionally, direct excitation
(DE) experiments were performed to excite all chemical
species, ! including those with intermediate dynamics (for
which either an INEPT or CP transfer would be less efficient).
In the 1D "“C-spectra (Figure 3) two main features were
recognized in both MTH-reacted a-oriented and b-oriented
ZSM-5 crystals: (i) 9-55 ppm aliphatic moieties and methyl
groups, (i) 110-155ppm (methylated) aromatic/olefinic
groups. It should be noted that the absence of the carbocation
form of the MTH intermediates, that is, cyclopentenyl cations
and benzenium ions,**>*! in the ssNMR spectra is due to the
low quantity of these species after the short MTH reaction
time of 2 min. Overall, the 1D ssNMR results in Figure 3 show
that the olefinic/aromatic species are either immobilized
(detected by cross-polarization, CP) or exhibit restricted
mobility (visible in the direct excitation, DE). In contrast,
mobile molecules (visible in scalar-based INEPT experi-
mentsP') are predominantly saturated/aliphatic in nature.
Moreover, the broadening of the *C DE spectra is due to fast
relaxing species with intermediate dynamics.

2D ssNMR experiments were performed to elucidate in
more detail the molecular signatures of the zeolite-trapped
hydrocarbon species. Identification of the rigid and mobile
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Figure 3. Magic-angle spinning (MAS) solid-state nuclear magnetic
resonance (ssNMR) spectra of the trapped MTH species in the a) a-
oriented and b) b-oriented zeolite crystals. 1D "H-">C cross-polarization
(CP, blue) to probe rigid molecules, 'H-"*C insensitive nuclei enhanced
by polarization transfer (INEPT, green) to probe mobile molecules and
BC direct excitation (DE, red) to probe all chemical species, including
those that exhibit intermediate dynamics.
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motifs of methanol molecules (see details in Figures S9 and
S10 as well as corresponding discussion) adsorbed in the
anisotropic crystals demonstrates the more constrained
nature of the sinusoidal channels in the a-orientation,
compared to the straight channels in the b-oriented counter-
part. The rigid molecules were examined by 2D "C-"C
ssNMR, as shown in Figure 4.°° Clear correlations between
methyl groups at 20-25 ppm (C) and aromatic at 130-
140 ppm (**C) moieties revealed the presence of several HCP-
type intermediates.®® For the a-oriented zeolite crystals
(Figure 4a), only one methyl resonance at 21.1 (*C) ppm
was detected, while two interacting methyl resonances at 18.4
and 21.7 (C) ppm were correlated with aromatic signals for
the b-oriented zeolite crystals (Figure 4b). This suggests the
formation of only symmetric methylated aromatics within the
a-oriented crystals, while asymmetric methylated aromatics
were formed within the b-oriented analog. This finding is
confirmed by further experiments with longer *C-"C mixing
time (Figure S11). Moreover, the 2D CP-based *C-'H spectra
(right panels, Figures 4a and b) showed correlations between
aliphatic at ~2 (‘H) ppm and aromatic at 7-8 ('H) ppm
protons for the a-oriented zeolite crystals, while they are
absent in the b-oriented zeolite crystals. This result demon-
strates a higher degree of alkylation on the aromatics/olefinic
HCP species in the b-oriented zeolite crystals, which does not
allow such “C-'H correlation as the aromatic protons are
substituted by methyl groups. A further evidence is given by
the observation of a higher ratio of ~136 to ~130 ppm
species for the b-oriented zeolite crystals, compared to the a-
oriented counterpart (Figure S12). In fact, the substitution of
the aromatic proton by a methyl group causes a shift of the
connected aromatic carbon to higher values, therefore mov-
ing the signal to 136 ppm. The higher degree of alkylation
reveals the promotion of the aromatic cycle in the straight
zeolite channels. It should be noted that the high ratio of
~ 136 to ~ 130 ppm signals could also be attributed to the fast
formation of H-deficient coke deposits, for example, naph-
thalene and anthracene, within the straight zeolite chan-
nels.’*%"1 Additionally, fewer resonances and a weaker signal
intensity are found in all the proton-detected *C-"H corre-
lation spectra (Figures 4, 5 and S13-S15) for the b-oriented
zeolite ZSM-5 crystal compared to the a-oriented analogue,
demonstrating the preferential formation of H-deficient
hydrocarbons in the b-oriented zeolite crystals. Collectively,
as summarized in Figure 4c, it can be concluded that the
straight zeolite channels favor the aromatic cycle due to the
fast formation of internal coke deposits,”>™ with the
production of a high degree of alkylated aromatics and
asymmetric molecules, for example, 1,2,4-trimethylbenzene.
The latter are believed to be responsible for ethylene
production.”® Therefore, more ethylene will be produced in
the straight channels of zeolite ZSM-5. Previously, we showed
that the introduction of alkaline-earth metals could dramat-
ically suppress the aromatic cycles.”>***! We speculate that
these promotor species might be primarily located within the
straight zeolite channels.

Next, we probed mobile molecules trapped in zeolites by
2D ssNMR measurements using through-bond magnetization
transfer schemes (Figure S4). In these ssNMR spectra (Fig-
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Figure 4. 2D "C-C and "*C-'"H MAS ssNMR spectra of the rigid methylated aromatics molecules in the a) a-oriented and b) b-oriented zeolite
ZSM-5 crystals after 2 min of the MTH process at 623 K. c) Assignment of the observed hydrocarbons trapped within the anisotropic zeolite
crystals. The spectra were recorded at 290 K, using 16 kHz MAS. For the ">C-"*C correlation experiment, polarization of *C spins was achieved by
initial CP and a 30 ms phase-alternated recoupling irradiation Scheme (PARIS) mixing period.?” A CP contact time of 400 us was used for the *C-
'H spectra. Resonances colored in gray in the top panel show species that are present only in the a-oriented ZSM-5 crystals.

ures 5, S13 and S14) certain resonances appear to be
broadened or some signals show more than one peak for
the same species, clearly indicating that the same molecule
exists in different molecular environments inside the zeolite
framework.”*! As shown in Figures 5 and S13, the scalar-based

a-oriented ZSM-5
b-oriented ZSM-5

Ethane @ 10

Olefinic signal | 124
_ i 126
| 128
9 8 i 6 5 4 3 2 1 0 -1

©2-H (ppm)

Figure 5. 2D scalar-based *C-"H MAS ssNMR spectra of mobile
molecules trapped in the a-oriented (blue) and b-oriented (orange)
zeolite crystals after 2 min of MTH process at 623 K. The spectra were
recorded at 290 K using 16 kHz MAS. The black box indicates the
methyl resonances corresponding to the species shown in the right
panel of Figure 2. The blue box highlights the hydrogen-transferred
species only present in the a-oriented zeolite ZSM-5 crystals. "
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BC-'H correlation spectra identified ethane at 9.15 ppm (**C)
and 0.98 ppm ('H) as well as propane at 18.9 ppm (**C) and
0.7 ppm ('H) in the a-oriented zeolite crystals, while only
ethane (8.97 (*C) and 0.99 (‘H) ppm) was observed in the b-
oriented analog. Moreover, the resonances at ~24 and
26 ppm (*C) and 0.9 ppm ('H) are only visible in the a-
oriented crystals and are compatible with butane and/or
tetramethylethane signals (Figure S13). Based on the liter-
ature and by combining the spectra of the scalar-based “C-'H
and “C-"C correlations experiments, the signals were tenta-
tively assigned to butane zeolite crystals. Taken together,
these findings demonstrate the homologation reactions in the
a-oriented zeolite crystals, and thereby the preference of the
olefin cycle in the sinusoidal zeolite channels.[**"

Spatial Distribution of Hydrocarbons in the Zeolites

Finally, the spatial distribution of hydrocarbons formed in
the anisotropic crystals was examined using DNP experiments
(Figure 6a).”)/. DNP is a powerful technique for probing
catalytic sites and active species/intermediates at the surface
and in the pores of zeolites. In a typical DNP experiment, the
nuclear signal is enhanced by microwave induced polarization
transfer from unpaired electrons to nuclei (usually protons).
For DNP, the porous samples are impregnated with a solution
of stable radicals as electron source.l***! These DNP agents
are in close proximity to the material surface, enhancing
proton polarization that can be transferred to the hetero-
nuclei (e.g., *C, ¥ Al, *Si, °Sn).[** In this work, samples for
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Figure 6. a) Simplified illustration of the hyperpolarization of carbon
atoms of the hydrocarbons (in dark grey spheres) using DNP ssNMR
spectroscopy. The light-yellow background represents the solvent
matrix with the DNP agent (red-white ellipsoids) within the post-
impregnated zeolite. As a result of the microwave (uW) irradiation,
electron polarization is transferred from the biradical (bTbK) to the
zeolitic Brensted acid sites and protons in the solvent. Next, 'H-'"H
spin-diffusion (SD) is allowed to occur at cryogenic temperatures, and
then CP is used to transfer enhanced polarization to the dilute spins
of the medium (i.e., zeolite-trapped hydrocarbons in the present case).
'H-"C CP DNP ssNMR spectra measured with the 400 MHz DNP
system at 100 K for the b) a-oriented and c) b-oriented zeolite crystals
after 2 min of the MTH process at 623 K. Black and red lines represent
the spectra without and with irradiation of microwaves, respectively.
MAS sidebands are indicated by *. The numbers denote the DNP-
enhancements computed from the intensity ratios of the spectra from
on- and off-DNP experiments.
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DNP experiments were prepared by impregnating the zeolites
with a 16 mM solution of bis-TEMPO-bis-ketal (bTbK) in
tetrachloroethane (TCE). The bTbK radical is too large (ca.
6 x 13 A and similar in size to benzanthracene), to diffuse into
10-membered ring channels (ca. 5.3x5.6 A), which will be
filled with TCE and/or water from ambient moisture. The *C
DNP spectra (Figures 6b and c¢) show significant enhance-
ments for aromatic and methylene species. The negligible
enhancement for methyl species is due to their fast rotational
dynamics even at cryogenic temperatures, which provides an
efficient relaxation sink under typical DNP MAS experimen-
tal conditions.® For the aromatics at =~ 150 ppm, DNP
enhancements of 22 and 18 were observed for the a-oriented
and b-oriented zeolite crystals, respectively. This indicates the
formation of a greater fraction of the large aromatics at the
sinusoidal channel dominated surface of the a-oriented
zeolite. Furthermore, a twofold enhancement of the solvent
was observed for the a-oriented zeolite crystals, compared to
the b-oriented analogue. As the DNP enhancement is largely
confined to the surface, the above result suggests that the
solvent remains more confined at the surface of the a-oriented
zeolite particles, while in the b-oriented crystals it can more
easily penetrate into the pores.!” This difference can be
explained by a higher formation of aromatic species at the
surface of the sinusoidal channel dominated particles, with
respect to the b-oriented crystal where the surface is
dominated by the straight channels.
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Conclusion

In this work, detailed insights into the effect of channel
geometry on the reaction intermediates of the MTH process
within a single zeolite framework, that is, MFI, were obtained
using a combination of anisotropic zeolite crystals and multi-
dimensional ssSNMR spectroscopy. The results unequivocally
show that subtle differences in the zeolite channel geometry
dramatically alter the configuration of reaction intermediates.
In particular, the more constrained sinusoidal channels in the
a-oriented zeolite ZSM-5 crystals favor the olefin cycle with
the promotion of homologation of alkanes. The more
extended straight channels in the b-oriented catalysts facili-
tate the aromatic cycle, as given by the higher degree of
alkylation, and are therefore responsible for producing
ethylene.” This study further promotes the concept of the
hybrid inorganic-organic nature of an active MTH catalyst,
where the distinct host-guest chemistry between the shape
and topology of the internal zeolite pore structure and the
trapped hydrocarbons plays an important role in control of
the ultimate product selectivity. Such knowledge will not only
be useful for the development of superior and/or improved
catalysts for the MTH reaction (by designing zeolite-based
catalysts to mimic the transition states of the reactions
catalyzed), but will also contribute to our understanding of
the host-guest chemistry and shape selectivity.
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