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ABSTRACT High-resolution magic angle spinning (MAS) NMR can afford both qualitative and quantitative infor-
mation of the solid, liquid and gas phase at atomic level, and such information obtained at in situ/operando con-
ditions is of vital importance for understanding the crystallization process of material as well as the reaction mech-
anism of catalysis. To meet the requirement of experimental conditions for material synthesis and catalytic reac-
tions, in situ MAS NMR techniques have been continuously developed for using at higher temperatures and
pressures with high sensitivity. Herein, we will briefly outline the development of this technology and discuss its | | 7
detailed applications in understanding material synthesis and heterogeneous catalysis. k
Keywords: in situ NMR, high-temperature high-pressure, material synthesis, heterogeneous catalysis, molecular
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n INTRODUCTION

The atomic-level understanding of the crystallization process of
functional materials and molecular transformation process in ca-
talysis is highly desirable for materials and catalysis science,
which can facilitate the rational design and optimization of related
processes. Whereas, the material synthesis or chemical reactions
always proceed under certain pressure and temperature, and
therefore, a variety of advanced in situ characterization tech-
nigues such as Raman, IR spectroscopy, X-ray diffraction, X-ray
absorption spectroscopy, X-ray photon spectroscopy, solid-state
NMR spectroscopy, scanning electron microscopy and transmis-
sion electron microscopy have been developed.'®! Solid-state
MAS NMR spectroscopy, sensitive to local chemical environ-
ments, is one of the most powerful tools for studying the crystalli-
zation/reaction with nondestructive nature, and can be used to
determine the structures and dynamics of solids, liquids, gases,
and heterogeneous mixtures at the atomic level.822 Compared
with conventional NMR, in situ NMR allows the identification of
reaction intermediates that could not be found under ex-situ con-
ditions. Besides, in situ MAS NMR techniques enable us to moni-
tor chemical reactions under real reaction conditions qualitatively
and quantitatively, and thus can be utilized to study reaction kine-
tics, which is helpful to discriminate the reaction intermediates and
spectators.[81523-281 However, to obtain high-resolution NMR spec-
tra in solids, the sample loaded in specially designed containers
(e.g. rotor) is required to rotate at extremely high speed (several
thousand Hz) and at a magic angle (54.74° to the external mag-
netic field), i.e. MAS NMR technique,?® to average anisotropic in-
teractions arising from chemical shift anisotropy, dipole-dipole in-
teractions, and quadrupolar interactions. Moreover, as the low
sensitivity for commonly observed 2C, 2°Si nuclei etc., the sample
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volume should be designed as sufficiently large as possible.
These requirements bring great challenges for developing in situ
MAS NMR techniques, in particular high-temperature high-pres-
sure (HTHP) MAS NMR technique, working in very strong mag-
netic fields up to several Teslas (ca. 7.0 to 18.8 T), because the
in situ MAS NMR rotors must be a sealable nonmagnetic vessel
with high mechanical strength, strong chemical endurance, and
maximum sample volumes (Figure 1).B%-3l These technical
challenges have been gradually tackled recently by elegant de-
sign of the in situ MAS NMR rotors and high precision machining
techniques, which enables the detecting of material synthesis/
chemical reactions across a wide range of temperatures and
pressures.

In this review, we will introduce several traditional in situ solid-
state MAS NMR techniques briefly, then describe the recent de-
velopments of HTHP in situ MAS NMR technologies. Finally, the
examples of recent applications in material synthesis and hetero-
geneous catalysis will be represented to manifest the unique fea-
tures of HTHP in situ MAS NMR technique.

n INSITU SOLID-STATE MAS NMR APPROACHES

In situ solid-state MAS NMR techniques allow for recording spec-
tra during the processes of chemical reactions and crystallizations
carried out in an in situ NMR rotor under controlled atmospheres
and temperatures, which are heated inside NMR probes in a wide
temperature range from 273 K up to 973 K. They could provide
structure and quantitative information on the evolution of reac-
tants, intermediates, products, and also host-guest interactions.*?
In general, two types of in situ MAS NMR cells were designed for
ambient pressure continuous flow and high pressure batch reac-
tions.

Continuous Flow Conditions. The design of modified MAS
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Many reactions are operated at elevated temperatures and pressures
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Figure 1. Technical complications for the development of in situ MAS NMR technique

NMR rotor as continuous flow micro-reactor proposed by Hunger
and co-workers is shown in Figure 2, which is utilized to mimic the
reaction conditions of a fixed-bed reactor.*3*4 In this design, the
solid samples are loaded into a hollow cylinder with a special tool,
and an injection tube axially placed at the center of rotor delivers
reactants and carrier gas to the bottom of the solid samples. The
reactants and carrier gas pass through the solid samples, after
which the outflow stream can leave the sample volume via an an-
nular gap in the rotor cap and then be analyzed by an on-line gas
chromatograph. In addition, this technology can be combined with
other characterization techniques, such as UV-Vis spectroscopy
by attaching a glass fiber to the stator and housing a quartz win-
dow on the bottom of the NMR rotor, which enables us to investi-
gate chemical processes simultaneously by in situ MAS NMR,
UV-Vis spectroscopy and chromatograph analysis under flow
conditions. 35381

These in situ NMR apparatuses can simulate, to a great extent,
the conditions of a real flow catalytic reactors, and have been ex-
tensively used for the study of heterogeneous catalysis at ambient
pressure.[?7-28:323741] Since the micro-reactor is not sealable, this
technique is challenged to operate under high-pressure condi-
tions, and also needs a large number of reactants, which may not
be economical for isotope-enriched reactants.
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Figure 2. Schematic representation of modified MAS NMR rotor micro-
reactor (a) for in situ flow MAS NMR system (b) with on-line chromato-
graphic. Reprinted with permission from ref.33 Copyright 1999 Springer-
Link.
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Batch-Like Conditions. The batch-like mode of in situ solid-
state MAS NMR techniques can overcome the limitations of in situ
flow MAS NMR, and can be employed to mimic batch autoclave
reactors, where many functional materials are hydrothermally or
solvothermally synthesized, such as zeolites/MOFs, and many
chemical processes like adsorption and reaction take place. The
early batch-like in situ MAS NMR techniques take the form of
flame-sealed glass ampoules (Figure 3) or polymer inserts con-
taining the samples needed to be investigated, which is then
placed into a commercial MAS rotor.*?46] Obviously, the inserts
must be highly symmetrical to ensure the stable high spinning
rates. Although this method can be used for chemical processes
above atmospheric pressure, the quantity of solid samples is quite
limited due to the small inner diameters of commercial rotors, and
the allowable pressure depends on the material of the inserts.
Moreover, it is complicated and dangerous to implement, espe-
cially when H, CO and other flammable gases are sealed.
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Figure 3. Diagram of flame-sealed glass NMR insert (a and b) incorporat-
ing samples and fitting high-speed MAS NMR rotor (c). Reprinted with per-
mission from ref.*2 Copyright 1986 Elsevier Science.
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Figure 4. The development of modern high-temperature high-pressure in situ MAS NMR techniques. (a) Reprinted with permission from ref.[4”] Copyright
2011 Elsevier Science. (b) Reprinted with permission from ref.[*8] Copyright 2013 Elsevier Science. (c) Reprinted with permission from ref.*9l Copyright
2015 The Royal Society of Chemistry. (d) Reprinted with permission from ref.[5% Copyright 2018 American Chemical Society. (€) Reprinted with permission

from ref.[51

n NEWLY DESIGNED HIGH-PRESSURE IN SITU
MAS NMR

To solve the problems associated with traditional batch-like in situ
MAS NMR techniques, Hu and coworkers developed a series of
reusable high pressure MAS NMR rotors,[?> 4749 which are based
on commercial rotors with negligible NMR backgrounds. In 2011,
they reported the first high-pressure ceramic-based MAS NMR
rotor (Figure 4a) and a high-pressure rotor loading chamber was
specially designed to seal and re-open the valve of the high-pres-
sure MAS rotor.*”1 A modification over a commercially available
NMR rotor by abrading the interior surface of the zirconia ceramic
cylinder immediately outside the sample space (3) was used for
the rotor sleeve (1), and then the plastic bushing (4 and 5) was
glued permanently and tightly in place at both ends of the sleeve
by using an epoxy, so that removable polymer end plug (7) and
valve adapter (6) could be threaded into the bushings with sealing
O-rings, and the valve (8) could be mounted to create the desired
seal. With this high-pressure MAS NMR rotor, the pressure up to
15 MPa and a sample spinning rate of 2.1 kHz can be achieved.
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In this complex design, the plastic valve adaptor (6) was identified
as the weakest part of the high pressure rotor, and the use of a
large-size rotor with 9.5 mm outside diameter limited the sample
spinning rate, which could result in low spectral resolution. Later,
Hu and coworkers eliminated the valve adapter, and screwed di-
rectly the end plug (7) and valve (6) into the bushings (4 and 5) to
press an O-ring (8) to achieve the seal in their modified version in
2013 (Figure 4b)."8l Moreover, because this rotor was fabricated
from 7.5 mm MAS rotor sleeve, high-pressure MAS NMR rotor
could withstand higher pressure up to 20 MPa while spinning at 6
kHz. These rotors have been applied to study the mineral carbon-
ation reaction for geological carbon sequestration (GCS).l47-48]
Although these designs have been proved successful for high-
pressure in situ MAS NMR, variable temperature experiments
were still limited due to the use of glue and polymer bushing that
would expand or shrink during variable temperature operation. In
2014, the authors realized the combination of high-temperature
(403 K) and pressure (1 MPa) condition at the MAS rate of 2.4
kHz by using a custom MACOR ceramic (an easily machinable
ceramic) insert, which was threaded at the top to enable sealing
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with a polymer screw compressing down on a sealing O-ring,
which was used for in situ investigation of aqueous cyclohexanol
dehydration reactions.? However, MACOR ceramic is fragile and
cannot withstand higher pressure above 10 bar. In 2015, they
finally constructed a perfect high-temperature high-pressure in
situ MAS NMR rotor (Figure 4c),[“% in which the whole body, with
the exception of the sealing O-ring and spinning tip, was made of
ZrO, ceramics by machining a single zirconia rod using diamond
grinding tools. The assembly could be used at temperature up to
523 K and pressure exceeding 10 MPa while spinning at 4 kHz.
In this design, the top of sleeve was threaded to fit a threaded
screw zirconia cap, which included an extruded or socket hexag-
onal-shaped head for allowing rotation under gas loading cham-
ber to be screwed into the rotor sleeve, where it sealed the sample
compartment by compressing the high-temperature sealing O-
ring on the O-ring support. In 2018, Walter et al. modified the top
sealing part, named WHiMS rotor (Figure 4d), employing a one-
way-check-valve-like design. This design avoided very challeng-
ing machining of thread on ceramic with perfect mass balance by
easily machinable plastic parts.®® However, the use of polymer
bushings limited the performances of rotors under high tempera-
ture conditions. Subsequently, in 2019, they improved the high-
temperature MAS NMR probe by employing simultaneously bear-
ing gas flow and VT gas stream to heat the rotor so as to decrease
temperature gradient across the sample rotor. It is beneficial to
more precisely control the experimental conditions and enhance
the spectrum resolution on account of the more coincident sample
NMR properties.®2

Most of the above designed high pressure rotors are based on
pencil-style MAS NMR rotors, suitable for Varian/Agilent/Phoenix
probes, which cannot be used on presently widely installed Bruker
NMR spectrometers. The Bruker MAS NMR rotors are signifi-
cantly different from the pencil-style ones. Recently, our group de-
signed a high-temperature high-pressure MAS NMR rotor based
on Bruker MAS NMR rotors (Figure 4e). The key of this new de-
sign lies in the integration of screw threads on ZrO, drive cap of
the rotor with very limited length using extremely high precision
machining techniques to achieve the high coaxiality required for
high speed spinning. The rotor is all made of ZrO, ceramic except
the sealing O-rings, and can reach a spinning rate above 8 kHz,
where the sealing temperature can endure up to 523 K using per-
fluoroelastomer O-ring and high-pressure up to 10 MPa.54

n APPLICATIONS IN MATERIAL SYNTHESIS

Molecular sieves, represented by microporous aluminophosphate
materials and zeolites, are a class of important inorganic mi-
croporous crystalline materials, and have been extensively ap-
plied in the industrial fields of adsorption, separation, ion ex-
change and catalysis, due to their large surface areas, well-de-
fined and tunable pore structures, strong acidity, along with their
ability to incorporate a variety of cations.[>354 The atomic-level un-
derstanding of hydrothermal crystallization process is of great im-
portance for rational engineering tunable synthesis of molecular
sieve materials to meet the specific applications. In situ MAS NMR
is one of the most powerful and informative methods to study the
nucleation, crystal growth and phase transformation of molecular
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sieve materials regardless of their crystalline or amorphous
phases.*6:53-54 Sych applications have been reported for the crys-
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tallization process of AIPO4-5 and subsequent water assisted
phase transformation process through the post-treatment. AIPO,-
5 molecular sieve synthesized in the in situ MAS NMR rotor well
reproduces the result in the standard autoclave evidenced by the
same characteristic XRD patterns.[“5354 The results of in situ *H,
13C, ?7Al and 3P MAS and *C CP/MAS NMR acquired on AIPO,-
5 synthesis process demonstrate a damped oscillating crystalliza-
tion process, where activated water catalyzes the continuous re-
arrangement of the local structure of amorphous precursor
through repeated hydrolysis and condensation reactions and ex-
pulsion of the excess water, phosphate, and aluminums to form a
crystalline AIPO,4-5.15%1 Combined with XRD and SEM, subsequent
water assisted phase transform process from AIPO,-5 to thermo-
dynamically more stable dense phase AIPO,-tridymite was also
revealed by in situ multinuclear MAS NMR, where water first acti-
vates the residue amorphous aluminophosphate in isolated crys-
talline AIPO4-5 sample via hydrolysis and condensation reactions,
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Figure 6. (a) Changes in the spinning side band of in situ 2Na MAS NMR
spectra as a function of zeolite FAU synthesis time and (b) the kinetic
transformation of amorphous material (detected by 2’Al MAS NMR line
width) into crystalline zeolite FAU as directed by the speciation of Na* ions
[plotted as formed fraction of the final concentration of sodalite (-20 ppm)
and the supercage (-22 ppm)]. Reprinted with permission from ref.l’l Cop-
yright 2018 American Chemical Society.
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and then they will reassemble into AIPO,-tridymite, and the mass
transportation from AIPO.-5 to AIPO,-tridymite is established via
gradual amorphization of AIPO4-5.54

Zeolite BEA is an excellent catalyst for a broad range of indus-
trial processes, and can be synthesized by different procedures
with solution-mediated transformation or solid-solid hydrogel re-
arrangement mechanisms proposed by previous studies.[557]
Ivanova et al. utilized time-resolved in situ *3C, 27Al, and ?°Si MAS
NMR (Figure 5) to monitor the hydrothermal process of zeolite
BEA, which was synthesized by different procedures (I and Il), to
obtain insight into the crystallization mechanism.® As shown in
Figure 5a, in procedure I, the addition of Si source at the initial
step results in formation of the initial gel containing Al-rich
M*/AlISi,Oy, while TEA* cations remain in solution, which is con-
firmed by narrow 3C NMR signal and a broad 2®Na resonance line.
However, in procedure I, adding Si source at the later step of
mixing precursors leads to the formation of TEA*-containing
AlISixOy, which is evidenced by the appearance of broad 3C
CP/MAS NMR signal at about 8.8 ppm and 2°Si CP/MAS NMR.
During the hydrothermal crystallization process (Figure 5b), in
procedure |, the BEA zeolite is crystallized from solution species,
as is clearly evidenced by 2°Si MAS NMR, where the signals of Q;
(-80.5 ppm), Q2 (-88.5 ppm), Q3 (-97.0 ppm), and Q4 (-104.5 ppm)
species are well-resolved, indicating the fast exchange between
the solid and liquid phases. These ?°Si signals disappear gradu-
ally at the increase of the new signal at -109.4 ppm corresponding
to BEA zeolite, whereas, in procedure Il, as is demonstrated by
29Si MAS NMR, heating the gel leads to the formation of solid
amorphous hydrogel, which crystallizes into zeolite BEA through
solid-solid transformation. The *C CP/MAS NMR spectra illus-
trate that, in this procedure, parts of TEA* cations are incorpo-
rated in solid amorphous gel from the very beginning of hydrother-
mal crystallization, which is confirmed by the appearance of the
signal at about 8.6 ppm attributed from the rigid species involved
in solid-state interactions. In contrast, in procedure |, TEA* cations
remain in solution. The kinetic curves of BEA zeolite crystallization
based on these spectra also show that solid-solid transformation
results in shorter induction period.®¢!

2Na is another sensitive nucleus to monitor the zeolite synthe-
sis due to its fast relaxation time and 100% natural abundance,
and Na* could play a crucial role of structure-directing agent.[5-°
However, only one slightly asymmetric peak can be observed in
the in situ 22Na MAS NMR spectra during crystallization of FAU
zeolite as the typical quadrupolar line shapes are suppressed by
the symmetric hydration sphere.I! Fortunately, their spinning side-
bands exhibit two distinct resonances at -20 ppm arising from the
framework sodalite cage and -22 ppm corresponding to the FAU
supercage from their isotropic chemical shifts at 2.8 and 0.8 ppm,
respectively, which allows to follow the evolution of the structure
during the crystallization of zeolite (Figure 6a). Both peak intensi-
ties increase gradually as the zeolite is formed (Figure 6b), and
one can find that the maximum yield of sodalite units is obtained
prior to that of the supercage. In the meantime, the rate of for-
mation of the supercage increases once a threshold concentra-
tion of sodalite units is achieved, thus implying that the generation
of sodalite units could provide necessary subunites for the con-
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struction of FAU supercage.

These results show that in situ MAS NMR could serve as a dis-
tinct tool for monitoring materials synthesis including zeolites,®!!
MOFs,®2 COFs, etc., for the design of novel materials for different
applications.

n APPLICATIONS
LYSIS

IN HETEROGENEOUS CATA-

Traditional in situ/quasi-in situ solid-state MAS NMR approaches
have been utilized to study heterogeneous catalysis, including
the identification of reaction intermediates and catalytic active
sites, determination of catalytic pathways and host-guest interac-
tions, and elucidation of reaction kinetics and catalytic mecha-
nisms.[8:2431-3238-39 Most of these studies were carried out at am-
bient pressure, and those techniques are not applicable to reac-
tions proceeding under high pressure condition. Here, we will
show that the HTHP in situ MAS NMR technique has been used
to mimic batch autoclave following the catalytic reactions, where
the obtained turnover frequency (TOF) and corresponding activa-
tion energy are comparable with batch reactions.*°! Moreover, by
using isotope selectively labeled substrates, catalysts, or reaction
intermediates, the reaction mechanism can be clearly eluci-
dated_[25-26,50,52,63-65]

The hydrodeoxygenation (HDO) of renewable lignin-derived
phenolic compounds requires an acid catalyst to catalyze dehy-
dration of the intermediately formed cycloalkanols.6-671 1-13C-cy-
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Figure 7. Stacked plot of the in situ *3C MAS NMR spectrum (a) and pro-
posed reaction pathway (b) of 1-3C-cyclohexanol reacting at 130 °C in

liquid water on zeolite HBEA. Reprinted with permission from ref.25 Cop-
yright 2014 John Wiley & Sons.
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clohexanol dehydration in water solvent over zeolite HBEA cata-
lyst at 130 °C was studied using in situ *C MAS NMR (Figure
7a).2% In the initial reaction phase, the narrow peak observed at
70 ppm and relatively broad signal at 70.8 ppm are assigned to 1-
13C-cyclohexanol in the aqueous phase and 1-*3C-cyclohexanol
interacting with zeolite, respectively. The area ratio of those two
peaks suggests that about 50% of the cyclohexanol is initially ad-
sorbed in the pores of zeolite HBEA, which exemplifies the poten-
tial of HTHP in situ MAS NMR to quantify the distribution between
the adsorbed and the mobile phase at elevated pressures and
temperatures. During the reaction process, the evolution of the
signals of cyclohexene and dicyclohexyl ether are monitored by
in situ 1*C MAS NMR, and at the same time, significant migration
of the hydroxyl group in cyclohexanol and the double bond in cy-
clohexene with respect to the 13C label were observed. Based on
the variations in isotope concentrations during catalytic reaction
process and reaction kinetic analysis, a reaction pathway was
proposed and shown in Figure 7b. The E1-type mechanism fully
accounts for the dehydration of cyclohexanol forming a cyclohexyl
carbonium ion, which undergoes a 1,2-hydride shift competing
with rehydration and deprotonation. Therefore, scrambling of the
13C label in the alicyclic ring was observed. The cyclohexyl oxo-
nium ion can react with another cyclohexanol, forming dicyclo-
hexyl ether, and electrophilic attack of cyclohexene by a cyclo-
hexyl carbenium ion leads to C-C coupling as well as the for-
mation of cyclohexyl-1-cyclohexene. 2%

Alkylation of phenols is an important model reaction for catalytic
conversion lignin-derived compounds to value-added chemicals
and fuels.®®72 |t is an electrophilic aromatic substitution reaction,
which can take place with either alcohols or olefins as alkylating
agents. The hypothesized mechanisms for phenol alkylation cata-
lyzed by solid acid catalyst are largely based on mechanistic
analogues adapted from classical homogeneous Friedel-Crafts
alkylation, especially for alcohol alkylating agent. To clarify the
reaction mechanism, HTHP in situ MAS NMR was employed to
study phenol alkylation with cyclohexanol and cyclohexene in
decalin solvent catalyzed by zeolite HBEA.®4 Time on stream
concentrations of reactants, reaction intermediates, and products
(Figure 8a-8d) were determined by in situ 13C MAS NMR of the 1-
13C-phenol alkylation with 1-*C-cyclohexanol in decalin over zeo-
lite HBEA. The dehydration of cyclohexanol to cyclohexene is the
primary transformation during the first 400 min of the reaction,
and phenol alkylation does not take place until most of cyclohexa-
nol is consumed, which implies that alkylation reaction was hin-
dered by cyclohexanol. As phenol and cyclohexanol have similar
adsorption propensities in the pores of zeolite HBEA, which is evi
denced by phenol and cyclohexanol variable temperature adsorp-
tion experiments,® it can be inferred that the lack of phenol al-
kylation at the early stage is due to the absence of reactive elec-
trophilic intermediate, which is hardly produced at the early stage
of cyclohexanol dehydration. In contrast, when using cyclohexene
as an alkylating agent, alkylation transformation happens imme-
diately (Figure 8e). When cyclohexanol is initially added together
with cyclohexene, the alkylation transformation is severely re-
tarded again and becomes faster after a significant fraction of cy-
clohexanol is consumed (Figure 8f), which means that the pre-
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phenol alkylation reaction pathways (g). Reprinted with permission from ref.®4 Copyright 2017 American Chemical Society.

sence of a great number of cyclohexanols inhibits cyclohexene to
form the direct alkylating electrophilic intermediate.

Further in situ *3C MAS NMR study of 1-**C-cyclohexanol de-
hydration in decalin over zeolite HBEA showed a negligible extent
of 3C label scrambling at the initial reaction stage (Figure 9),
which is significantly different from cyclohexanol dehydration in
water.l?5-261 However, 13C scrambling rate increased significantly
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after a major fraction of 1-'3C-cyclohexanol is consumed. Based
on these observations, combined with the detailed results of the
reaction,’??! a scheme about cyclohexanol dehydration via cyclo-
hexanol monomer and dimer pathways was proposed, in which
during cyclohexanol-dimer-mediated dehydration stage, the re-
adsorption of cyclohexene at the Brgnsted acid sites (BAS) yields
carbenium ions, which, if present, are at a very low concentration

Chin. J. Struct. Chem. 2022, 41, 2210045-2210055
DOI: 10.14102/j.cnki.0254-5861.2022-0166




S Chinese Journal of
tructural Chemistry

REVIEW

(Monomer-mediated)

S
&
£
S
Ry

55@@

~H*, —H,0,
—CgH11OHp *

(Dimer-mediated)

iy
N
@
d —H*, - H0, Readsorption

(Dimer-mediated) — CgHy4OHz*

0 1-'3C-Cyclohexanol

T T
i I
QIQ) E i A 1-Cyclohexene
1 %y ! g v 3-Cyclohexene
04 CD(b ! ! < 4-Cyclohexene
[025) ! ! O Dicyclohexyl ether
(] )

Concentration (mol I'")

T T
500 600 700 800

0 1(|)0 2(])0 3(I)0 4C|)O

Time (min)
Figure 9. The reaction pathway proposed on the basis of operando 3C
NMR measurements of 1-13C-cyclohexanol dehydration at 126 °C in de-
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and will be drastically hindered by alcohol dimer species. As the
cyclohexanol is gradually converted, the dehydration transfor-
mation shifts to the monomer-mediated pathway where the cyclo-
hexyl carbenium ion is involved, and the cyclohexene can be re-
adsorbed and protonated. Carbenium ions are identified as direct
alkylating electrophilic agent, and consequently, the clear reaction
mechanism of solid-acid-catalyzed phenol alkylation in the apolar
solvent decalin can be proposed (Figure 8g), and the ability of
solvent on the determination of reaction pathway is identified.[64

n SUMMARY AND OUTLOOK

The broad applications of solid state MAS NMR techniques pro-
mote the development of in situ MAS NMR for practical applica-
tions from ambient pressure to above 10 MPa with significantly
improved sample volumes. The in situ MAS NMR techniques can
be divided into batch and continuous flow condition for practical
applications. For batch condition, the in situ techniques have been
developed from glass/plastic insert to ceramic insert and from
modification of commercial rotors to recently redesigned threaded

rotors for applications in much higher pressures and temperatures.

Chin. J. Struct. Chem. 2022, 41, 2210045-2210055
DOI: 10.14102/j.cnki.0254-5861.2022-0166

© 2022 fjirsm, CAS, Fuzhou

For material synthesis, the atomic-level local structures such as
the atomic connectivity, coordination status, spatial host-guest in-
teraction, as well as the structural evolution can be quantitatively
monitored by in situ MAS NMR regardless of their gas/liquid/solid,
amorphous/crystalline phases. For catalytic reactions, the struc-
tures of reaction intermediates, reaction kinetics, combined with
control isotope experiments, and the reaction pathways can be
clearly elucidated by in situ MAS NMR. More applications have
been expected, with the development of modern HTHP in situ
MAS NMR techniques and advanced NMR pulse sequences, in-
cluding the exploration of interactions between reactants and cata-
lysts, elucidation of reaction mechanisms and investigation of re-
action kinetics under reaction conditions at high pressure and
temperature. Furthermore, on the aspect of technical develop-
ment, in situ MAS NMR still needs several breakthroughs, includ-
ing faster spinning rate, tolerance of harsher conditions (tempera-
ture, pressure), faster heating up, etc. In addition, high magnetic
fields benefiting NMR sensitivity and resolution, as well as the
specially designed NMR pulse sequences for dipolar or chemical
shift anisotropy (CSA) recoupling, sensitivity enhancement and
ultrafast 2D NMR, are always helpful in resolving key molecular-
level questions of more challenging systems. Finally, the high-
temperature high-pressure operando MAS NMR under flow con-
ditions is another big challenge, in which the very creative designs
of NMR sample micro-reactor and special NMR probe will be
highly demanded.
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