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CONSPECTUS: The characterization of catalytic materials under
working conditions is of paramount importance for a realistic
depiction and comprehensive understanding of the system. Under
such relevant environments, catalysts often exhibit properties or
reactivity not observed under standard spectroscopic conditions.
Fulfilling such harsh environments as high temperature and
pressure is a particular challenge for solid-state NMR where
samples spin several thousand times a second within a strong
magnetic field. To address concerns about the disparities between
spectroscopic environments and operando conditions, novel MAS
NMR technology has been developed that enables the probing of
catalytic systems over a wide range of pressures, temperatures, and
chemical environments. In this Account, new efforts to overcome
the technical challenges in the development of operando and in
situ MAS NMR will be briefly outlined. Emphasis will be placed on exploring the unique chemical regimes that take advantage of the
new developments. With the progress achieved, it is possible to interrogate both structure and dynamics of the environments
surrounding various nuclear constituents ('H, '*C, »*Na, *’Al, etc.), as well as assess time-resolved interactions and transformations.
Operando and in situ NMR enables the direct observation of chemical components and their interactions with active sites (such as
Bronsted acid sites on zeolites) to reveal the nature of the active center under catalytic conditions. Further, mixtures of such
constituents can also be assessed to reveal the transformation of the active site when side products, such as water, are generated.
These interactions are observed across a range of temperatures (—10 to 230 °C) and pressures (vacuum to 100 bar) for both vapor
and condensed phase analysis. When coupled with 2D NMR, computational modeling, or both, specific binding modes are identified
where the adsorbed state provides distinct signatures. In addition to vapor phase chemical environments, gaseous environments can
be introduced and controlled over a wide range of pressures to support catalytic studies that require H,, CO, CO,, etc. Mixtures of
three phases may also be employed. Such reactions can be monitored in situ to reveal the transformation of the substrates, active
sites, intermediates, and products over the course of the study. Further, coupling of operando NMR with isotopic labeling schemes
reveals specific mechanistic insights otherwise unavailable. Examples of these strategies will be outlined to reveal important
fundamental insights on working catalyst systems possible only under operando conditions. Extension of operando MAS NMR to
study the solid—electrolyte interface and solvation structures associated with energy storage systems and biomedical systems will also

be presented to highlight the versatility of this powerful technique.

B INTRODUCTION AND MODERN APPROACH particular interest due to the relevance of revealing the state of
the catalyst under operating conditions, often at significantly
elevated temperatures or pressures. Magic-angle spinning
nuclear magnetic resonance (MAS NMR) spectroscopy is an
excellent tool for such investigations on heterogeneous catalysts
due to the nondestructive nature of the characterization and the
sensitivity to small changes in the chemical environment of the

Modern chemical transformations extensively rely on catalytic
chemistry to provide the desired product. Catalysts are involved
in the production of an estimated 30% of all global products and
90% of chemicals,’ covering a diverse set of industries such as
petrochemicals,2 emissions controls,” and agriculture,4 to name
a few. A solid understanding of how these systems function,
through either structural characterization or mechanistic insight,
is imperative for the thoughtful design of new materials or Received: October 26, 2019
optimization of chemical processes. To address such questions, Published: January 13, 2020
advanced characterization techniques have been developed to

elucidate the underlying structures and reaction mechanisms of

chemical systems. In situ and operando characterization is of
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Figure 1. Schematic of high-temperature, high-pressure operando
NMR rotors loaded within the specially designed loading chamber and
an internal component view. Reprinted with permission from ref 16.
Copyright 2015 Royal Society of Chemistry.
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nucleus. As such, the development of in situ and operando solid-
state NMR technologies for high temperature and pressure has
been a subject of great interest to catalysis and other fields.>
Though a powerful technique used to probe chemical systems,
overcoming the technical difficulties of a nonmagnetic vessel
capable of withstanding high temperatures and pressures while
spinning several thousand times per second has been a
challenging endeavor.

The early history of operando NMR has been extensively
detailed elsewhere.” Briefly, early adaptations took the form of
flame-sealed tubes’ ™ or polymer inserts,'”"" which exhibited
undesirable operational limitations. Newer efforts for improved
rotor performance have centered on rotor designs that can
handle high temperatures and pressures under conditions of fast
spinning rates, which were extensively used to reveal the nature
of stored CO, for carbon sequestration.'”'® Modern rotor
schemes have suffered from limitations in the maximum
operating temperature or sample volume due to the use of
epoxy or ceramic inserts.'”~'* The present state of modern rotor
design is depicted in Figure 1. The all-zirconia cavern-style rotor
sleeve is milled with a threaded top to allow for a secure seal.
Reverse threading prevents sample rotation from loosening the
zirconia cap and an O-ring (or two) constitutes the sealing
surface, enabling a mechanical strength, chemical resistance, and
temperature tolerance that is maximized for flexibility of
performance. These designs are suitable for temperatures and
pressures up to at least 250 °C and 100 bar, limited by readily
available NMR probe technology. A complementary technology
was recently developed that substantially reduces unit
production costs by employing simple snap-in features in a
commercial rotor sleeve.'” Termed WHiMS, this rotor avoids
the need for specialized loading equipment by employing a
check valve for gas loading. This design has been demonstrated
to withstand 275 bar of pressure (20 °C) or 325 °C at
significantly decreased pressure. Both of these rotor technolo-
gies are quite similar in sample volumes, ~400 yL for the 7.5 mm
OD versions. The preparation of solids and liquids in the rotors
is nearly identical, and both are dependent on a force applied to
an O-ring for sealing. The key differences in these designs stem
from the required production and operation resources as well as
the flexibility of gas atmosphere introduction. The WHIMS is
more restrictive to a loading pressure higher than § bar, and the
rotor size (outer diameter) is limited to 5 mm and above due to
the difficulties of engineering high mechanical strength plastic
valves. The all-zirconia design is more scalable to smaller rotor
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sizes to accommodate limited sample applications and the
requirement of faster sample spinning at high field for studying
quadrupolar nuclei (e.g., smaller than 3.2 mm rotor size and
spinning rates exceeding 15 kHz).

The WHIMS rotor takes advantage of a check valve to
maintain internal pressure and offers the ease of gas introduction
by simple exposure to a high-pressure external atmosphere.
Gases may be sequentially added to the desired makeup,
provided the external gas pressure exceeds both the internal
pressure and the pressure required to open the check valve (>
bar gauge for a S mm OD rotor). To charge the all-zirconia
rotors with a gas atmosphere, a specially designed rotor loading
chamber must be utilized. The all-zirconia rotor would be fixed
within the loading chamber, and gases of varying pressures
(from vacuum up to >2000 psi) and temperatures (<0 to >100
°C) could be introduced to the chamber volume around the
rotor by use of gas manifolds. When the conditions are
satisfactory, the rotor cap is threaded closed using a bit piece that
matches the cap style (exploded hex or socket of the appropriate
size) and is magnetically coupled to a rotating rod on the exterior
of the chamber, enabling tight environmental control and
eliminating the need for a rotating high pressure sealing surface.
Viewing windows on the chamber enable the observation of the
cap seating while maintaining the desired environment. The
modular nature of the interior enables rotors from 9.5 mm to 2.5
mm to be used in the same system with a small change in the
rotor stage components. As such, the complementary
technologies offer options for either preparation convenience
and fewer resource requirements or a more expansive range of
control of the internal environment of the rotor. Due to the
range of convenience and control options, these two
technologies have been used for an array of applications to
strengthen scientific understanding of catalytic systems.

In addition to batch-style in situ NMR investigations,
continuous flow NMR probes have been employed to better
mimic the conditions of a fixed-bed reactor while taking
advantage of the benefits afforded by MAS.""™*' In these
designs, an axial tube delivers gases to the bottom of the catalyst
bed, which were then allowed to flow up and leave through the
top of the rotor. Alternatively, the gas profile enters through the
top and exits via the bottom with the aid of a slight vacuum on
the exit channel to encourage flow.”” While such efforts certainly
have brought unique insight and represent advancement in
technical capabilities, the technique suffers from channeling of
the catalyst bed and other issues of flow induced by back
pressure or mixin§ of gases with the bearing and drive gas of the
MAS technique.”” Nevertheless, such technologies continue to
provide unique insight and offer new opportunities to couple
characterization techniques. The inclusion of a quartz window
on the bottom of the NMR rotor, for example, has been shown
to be an effective method for coupling NMR measurements with
UV—vis spectroscopy.”

B MATERIALS STRUCTURE AND TRANSFORMATION

The scalable nature of rotor design and modular loading
chamber components make it an excellent tool for multinuclear
investigations on the structure of catalyst materials since an array
of probes, and thus spinning rates, and magnetic fields may be
employed to provide a thorough illustration of the material. A
recent publication has reviewed the characterization of active
metal sites in zeolites by NMR,** but the evolution of the
materials synthesis process, which generates an active catalyst
structure, is uniquely possible with specialized NMR capabilities

https://dx.doi.org/10.1021/acs.accounts.9b00557
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Figure 2. (A) In situ *’Al MAS NMR spectra showing the changes
during the synthesis of FAU. Deconvolution of the spectra (3 h heating
period shaded in gray) led to modulation of the peak area (B) and line
width (C) observed for liquid AI(OH),” and solid tetrahedral Al
(Al(g). Changes in the spinning sideband associated with solid Na*
material as a function of synthesis time (D). A high-field peak and a low-
field spinning sideband peak were identified at —22 and —20 ppm,
respectively. (E) Kinetic transformation of amorphous material into
crystalline 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)] with lines included to guide the eyes.
Reprinted with permission from ref 28. Copyright 2018 American
Chemical Society.
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Figure 3. Schematic representation of the genesis and stability of
hydronium ions in HZSM-5 as a function of water content in the
framework. Adapted with permission from ref 29. Copyright 2019
American Chemical Society.

that enable high pressure and temperature resilience. Such
transformations have been reported for the crystallization of
AIPO,-5 where operando 'H, "*C, ?’Al, and *'P MAS NMR
results were combined to reveal a semicrystalline phase that
served as an intermediate during the hydrolysis and con-
densation reactions that constitute the crystallization mecha-
nism.'®**?° In this example, NMR was able to clearly show the
expulsion of excess water, phosphate, and aluminum to yield a
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crystalline catalytic solid. Similar principles can be applied to
understand the formation of catalytic materials in zeolites.

»*Na and *’Al are attractive nuclei to observe such operando
transitions due to their sensitivity and presence in a variety of
synthesis gels.”” For example, the formation of the faujasite
(FAU) zeolite crystal structure was previously described by
operando **Na and *’Al MAS NMR, revealing the kinetics of
crystallization of the material structure at elevated temperature
and pressure.”® The time-resolved spectroscopic data presented
in Figure 2 illustrate not only the importance of temporal
resolution for observing the evolution of center band features
but also how spinning sidebands can offer unique insight into the
evolution of the structure. Figure 2A—C reveals the presence
and evolution of two *’Al species: solid tetrahedral aluminum
from the framework (Alg, at 62 ppm), which shifted from 60
ppm as the extended framework formed, and a narrow, liquid
YAl species (AI(OH)y~ at ~76 ppm), which shifts slightly
depending on hydroxyl replacement with siloxy groups. The
intensity of Alg, increased and the line width decreased during
the crystallization process, indicating the improved crystallinity
over the course of the experiment. The AI(OH),~ species
decreased in intensity as it was incorporated into the framework,
while the line width was relatively invariant.

The **Na species were also monitored during framework
formation. While the asymmetric center band feature narrowed
and slightly moved downfield, this was shown to constitute both
the solid and aqueous sodium that were superimposed and
complicated a detailed analysis of the formation of FAU.
Second-order quadrupolar interactions were sufficiently sup-
pressed under these conditions; however, the spinning side-
bands (Figure 2D,E) exhibited two distinct framework cationic
sites at —20 ppm (sodalite positions) and —22 ppm (supercage
positions) from the corresponding isotropic chemical shifts at
2.8 and 0.8 ppm, respectively. Both species grew in abundance as
the crystallization process completed, and the sodalite
population reached saturation prior to the supercage. Further,
it is shown that cationic sites populate supercage and sodalite
sites at a ratio of 70:30, providing direct evidence as to the types
of confined environments experienced by substrate molecules
and their reactive intermediate states. It should be noted that a
quantitative comparison of the quadrupolar species abundance
based on the sideband patterns alone, without simulation, is only
possible if the quadrupolar coupling constants are known.

Not only is the formation of an extended crystal structure of a
material of great importance, but so is the behavior of the
catalytically active site. Identification of the active center of a
catalyst is appropriately regarded as an integral step in evaluating
the performance of a catalyst material and discerning the
underlying reaction mechanisms. Material surfaces have
dynamic structures that are significantly img)acted by the local
environments around the active centers.””*® As such, it is
necessary to conduct spectroscopic measurements under
conditions relevant to the reaction of interest to gain a firm
understanding of the true nature of the active centers. Acidic
zeolite sites, for example, are well-known to catalyze an
abundance of reactions. Zeolitic acid sites are highly sensitive
to the chemical environment and readily adapt to changes in the
surrounding atmosphere.

Recently, the impact of water on zeolite HZSM-S was detailed
by employing a combination of in situ 'H single-pulse and
"H—?Si cross-polarization (CP) NMR, depicted in Figure 3.*
It was shown that under conditions of hydration, the Bronsted
acid site (BAS) proton would progressively detach from the

https://dx.doi.org/10.1021/acs.accounts.9b00557
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framework oxygen atom. At low water loadings, the detachment
took the form of an elongated Hp,—Of bond due to hydrogen
bonding of the acid proton with one adsorbed water molecule.
Within this regime, the "H—?°Si CP NMR illustrated an increase
in silicon signal due to the more efficient polarization of silicon
atoms from the additional proximal protons. With the
subsequent addition of water at hydration levels exceeding
two water molecules per BAS, the in situ 'H—2Si CP NMR
signals were suppressed. Concurrently, selective excitation
spin—echo experiments revealed a 'H peak at 9 ppm, which
represents a hydronium ion (H;0"), that is difficult to observe
otherwise. Experimental and computational evidence confirmed
the presence and assignment of hydrated hydronium ions that
solvate the acid proton from the framework sites and undergo
extensive molecular motion and exchange with surrounding
water molecules. Both the longer 'H—>°Si distances and the
increased mobility led to smaller signal in the CP experiment.
This exchange was found to be extensive at elevated temper-
atures, even at low water concentrations. The employment of
Hahn-echo and cross-polarization pulse sequences have also
been used to discriminate between molecules reacting in the
pores and at the pore mouths of zeolites to identify the active
centers. It was found that the etherification of citronellene with
ethanol primarily occurs on the pore mouth rather than within
the zeolite pore due to the preferential adsorption of ethanol in
the pore and the easily accessible acid sites at the pore opening.*'

B REACTION INTERMEDIATES AND MECHANISMS

A firm mechanistic description is also of great interest for
understanding the chemistry operating during a reaction on the
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Figure 4. Species concentrations determined by '*C NMR for phenol
alkylation in decalin as a function of reaction time: reaction with (a)
cyclohexanol or (b) cyclohexene. Green triangles, phenol; red squares,
cyclohexanol; blue diamonds, cyclohexene; purple diamonds, 2-
cyclohexylphenol (2-CHP); blue squares, 4-cyclohexylphenol (4-
CHP); orange circles, 2,4-dicyclohexylphenol (2,4-DCHP); green
line, cyclohexyl phenyl ether (CHPE); blue crosses, 1-cyclohexylcy-
clohexene (1-CC). Reaction conditions: 5.0 g of phenol, 5.0 g of
cyclohexanol (a) or cyclohexene (b), 0.2 g (a) or 1.0 g (b) of H-BEA-
150, 100 mL ofdecalin, S MPa (ambient temperature) H,, stirred at 700
rpm, 160 °C. Reprinted with permission from ref 42. Copyright 2018
Springer.

defined active centers. In situ NMR offers extensive oppor-
tunities to highlight the underlying chemical pathways of
reactivity for heterogeneous catalysts. This may come from
isotopic labeling to trace out a pathway or identification of the
presence and dynamics of surface intermediates.””’ Such
efforts can be extended to simultaneously measure product
formation rates and selectivity to provide a truly operando
spectroscopic technique.16 In particular, extensive work has
been conducted to trace out the mechanisms of reactions within
zeolite frameworks, owing to the relatively well-defined
structures they offer.”*™® Propane activation over Zn/H-MFI,
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for example, was explored by in situ NMR to highlight the
formation of a zinc-propyl species in concert with Zn—OH
groups prior to propane conversion. This dissociative adsorption
initiates reactivity on the zinc center and contrasts the
protonation mechanism observed on the Bronsted acid sites of
unmodified zeolites.”” ~** Zinc modification was also studied for
the carbonylation of ethane, which reveals zinc-ethyl and
methoxy species as the key intermediates.*

Due to the elevated temperatures and pressures required for
condensed phase reactions, sealed rotors are uniquely suited for
in situ analyses of the evolution of species during such processes.
The dehydration of cyclohexanol, for example, has also been of
interest and explored in detail by in situ NMR in conjunction
with kinetic studies, which revealed no apparent mass transport
limitations and enabled measurable reactivity, similar to the
well-matching activation barriers between NMR and batch
reactor studies."*'® It was demonstrated that the aqueous-phase
dehydration of 1-'*C-cyclohexanol on H-BEA zeolite occurs
through a cyclohexyl cation, which undergoes a 1,2-hydride shift
via an E1 mechanism. Such insights were extended to more
complex reaction networks involving cyclohexanol and water.
For example, phenol alkylation in H-BEA zeolite has been the
focus of multiple studies due to the strong interest in catalytic
conversion of lignin-derived phenolic compounds to improve
the value of the chemicals and identify the key reaction pathways
for the transformation thereof.*"**

Important chemical transformations of phenol include
alkylation and dealkylation transitions that adjust the carbon
number of substrate species and pose interesting mechanistic
questions, which can be addressed by in situ NMR.*> The
alkylation of phenol is an electrophilic aromatic substitution,
which can take place with either alcohols (protonated alcohol)
or alkenes (carbenium) as alkylation agents. The alkylation of
phenol with cyclohexanol and cyclohexene in decalin was
studied by in situ "*C MAS NMR, revealing a detailed pathway
whereby alkylation products were minimal until a majority of the
cyclohexanol co-reactant was dehydrated to cyclohexene on the
acid sites.*" This behavior was caused by the absence of reactive
electrophile, which was present as a cyclohexyl carbenium when
the cyclohexanol concentration was suppressed. This carbenium
is directly formed by the protonation of cyclohexene by the
Bronsted acid site and not during the dehydration of
cyclohexanol. Subsequent work greatly expanded upon these
observations in high detail only possible with in situ NMR to
provide a thorough view of how alkylating reagents and solvents
alter the reaction pathways of H-BEA-catalyzed phenol
alkylation.*”

Figure 4 reveals the time-resolved development of phenol
alkylation with cyclohexanol and cyclohexene with decalin as the
solvent. As previously reported, dehydration of cyclohexanol
(red squares) to cyclohexene (blue diamonds) and dicyclohexyl
ether was the primary transformation during the first period of
time of the reaction at 160 °C. Phenol (green triangles)
remained relatively unperturbed during this induction period.
Not until ~70% of the cyclohexanol was dehydrated did C—C
and C—O bond coupling alkylated phenol products form. The
C—C alkylation products steadily increased with time, while the
C—O alkylation products exhibited a transient behavior
characterized by an enhancement in signal intensity after the
induction period, followed by a decrease in concertation at
longer reactions times. In contrast, when cyclohexene was used
as an alkylation agent, the reaction initiated immediately. The
concentration of cyclohexanol in the aqueous phases did not

https://dx.doi.org/10.1021/acs.accounts.9b00557
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Figure 5. Reaction pathways proposed on the basis of in situ '*C NMR measurements of 1-'*C-cyclohexanol dehydration on HBEA in decalin at 126
°C. Within 0—200 min, a significant fraction of the reaction occurs via elimination from alcohol dimer species (the monomer path not shown), while
cyclohexene readsorption is severely hindered; within 200—500 min, olefin formation occurs via monomeric (increased contribution) and dimeric
cyclohexanol (reduced contribution), and cyclohexene readsorption becomes less hindered with decreasing surface abundance of dimer species;
within 500—780 min, cyclohexene readsorption becomes more pronounced after more than 70% of cyclohexanol is converted, and the distribution of
labels becomes fully randomized at the end. The corresponding stacked plots for these '*C MAS NMR-derived concentration data are presented on the
bottom. Adapted with permission from ref 42. Copyright 2018 Springer.

play a role in the observed reaction rate, but this was an
influencing factor when decalin was used as a solvent. Based
upon this observation and the detailed results of the reaction
with cyclohexanol as the alkylating agent, a scheme was
proposed based on cyclohexanol monomer and dimer pathways.

Isotopic-labeling schemes may also be coupled with in situ
studies to unravel more complex mechanistic puzzles (Figure ).
3C scrambling of cyclohexanol dehydration in decalin solvent
was shown to occur between 3- and 4-'*C-cyclohexenes after an
induction period, in direct contrast to aqueous-phase observa-
tions where 1-, 3-, and 4-13C—cyclohexenes scramble from the
initial phase of the reaction. It was suggested that cyclohexanol
does not form the lower-activity alcohol—alcohol dimer in
water-filled pores, which are prevalent in aprotic solvents such as
decalin. In the initial stage of the reaction (0 to 200 min), the
dimer-mediated pathway facilitates dehydration to 1-'*C-
cyclohexene, according to the scheme and evidenced by the
NMR-derived concentrations. Readsorption of cyclohexene was
hindered due to the notable abundance of cyclohexanol dimers
on the active sites during this induction period. The monomer/
dimer ratio is proposed to slowly increase as cyclohexanol was
consumed over the 200 to 500 min time span but not
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substantially, which resulted in a lower concentration of
carbenium ions compared to the aqueous phase during the
induction period. The scrambling is understood to directly result
from the readsorption of cyclohexene onto the active center at
the later stages of the reaction (500 to 780 min) when
cyclohexanol dimers are sufficiently suppressed. Such cyclo-
hexanol dimer species are proposed to inhibit the phenol—
cyclohexanol alkylation reaction in decalin. It was also revealed
that hydrated hydronium ions exhibited less-favorable carbe-
nium ion formation than the nonhydrated acid sites present in
apolar solvents, despite the necessity of cyclohexanol to
dehydrate prior to carbenium ion formation from cyclohexene.
Such insights were made possible by the contributions of in situ
NMR observing the fine details of dynamic development of
chemical species.

In addition to the consumption of phenol, its generation from
the hydrogenolysis of benzyl phenyl ether, catalyzed by Ni/y-
Al)O; has been investigated by MAS NMR employing the
WHIMS rotor system.”* This systems reveals the unique role a
co-reactant can play in the chemical transformation of interest.
The key finding enabled by the use of in situ NMR showed that
2-propanol, the solvent employed in the study, served as the
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source of H, during the reaction, ultimately forming acetone as
the result of dehydrogenation.

B ADAPTABILITY OF SEALED MAS ROTORS FOR
ADDITIONAL SCIENTIFIC DISCOVERY

In addition to monitoring reactions for heterogeneous catalysis,
sealed MAS rotors offer distinct advantages in monitoring the
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Figure 6. Stacked plot of the variable-temperature '"H MAS NMR
spectrum of 280 mg of mouse liver from 0 to 25 °C. Adapted with
permission from ref 16. Copyright 2015 Royal Society of Chemistry.

transformations occurring in biological systems as well as the
interphase and solvation structures in electrochemical energy
storage systems. This rotor technology has demonstrated
suitability for use in biological tissue examination, as shown in
Figure 6.'° An early example of in situ MAS NMR analysis of an
in-tact tissue from a mouse liver enabled the observation of a
variety of chemical constituents such as glucose, glycogen, and
an array of functional groups. Modulation of the temperature
without a loss in signal indicates that such sealing capabilities will
eliminate the concern for biofluid leaking, advantageous for both
safety and experimental accuracy. Since the rotor may easily
accommodate low temperatures, it enables extended analysis at
conditions that prevent biological tissue degradation, which is an
area of concern for the accurate determination of chemical
species in biological samples. Such a sealed rotor simplifies the
metabolic profiling of intact tissues by MAS NMR.

Another related subject includes that of understanding the
interfacial interactions and solvation structures of materials for
energy storage. Similar to catalysis applications, much of the
critical chemistry for electrochemical cells occurs at the surface.
Figure 7 highlights this concept for electrolytes 0.1 M
Mg(TFSI), and 1.0 M Mg(TFSI), in diglyme (G2) interacting
with a simulated MgO passivation layer for a Mg electrode.”
Employing sealed rotors enabled the investigation of the thermal
adsorption and decomposition of the electrolytes without a loss

of solution. At elevated temperatures, diglyme solvent was
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Figure 7. (a) *C SP/MAS (a) and CP/MAS (b) spectra obtained on MgOjs, (clean surface) + 0.1 M Mg(TFESI), in G2 after in situ heat treatment at
180 °C for 1 h. Traces al and b1 are horizontally expanded regions (SS to 75 ppm) of traces a and b, highlighting MgO surface-adsorbed G2 with peaks
located at approximately 58.4, 70.65, and 72.23 ppm. No electrolyte decomposition is observed for this sample. **C SP/MAS (c) and CP/MAS (d)
spectra obtained on MgO and 1.0 M Mg(TFSI), in G2 after in situ heat treatment at 180 °C for 1 h. Traces c1 and d1 are horizontally expanded regions
of traces ¢ and d, highlighting MgO surface-mediated adsorption products with peaks at approximately 60.94, 68.85, and 70.63 ppm, surface adsorbed
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from ref 45. Copyright 2019 American Chemical Society.
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shown to decompose on the MgO layer to form surface methoxy
species (with Mg-methoxy at 50 ppm and Mg-(O-CH,CH,),-
OCH; at 56.96, 69, and 72.43 ppm). With low Mg(TFSI),
concentrations, solvent-separated ion pairs were the dominating
feature of the spectrum, evidenced by the large amount of
solution G2 (~63%). G2 also adsorbs onto the MgO surface
without decomposition (58.4S, 70.65, and 72.24 ppm). At high
salt concentrations, however, contact ion pairs form between Mg
and TFSI in the solution and the MgTFSI(G2),(G2)4" cation
adsorbs onto the MgO surface (59.28, 69.74, and 71.49 ppm).
Elevated temperatures stimulate desolvation converting the
surface-interacting solvation structure to MgTFSI(G2),"
(60.94, 68.85, and 70.63 ppm) and releasing G2 molecules
from the second solvation shell of the original cluster into the
solution (58.75 and 72.6 ppm). Employing such a technique for
battery applications demonstrates that the composition of the
electrolyte has a directing role in the species present on the
electrode surface, which may impact the structures and
constituents of the solid—electrolyte interface on working
electrodes. Such detailed observations of surface-interacting
and solutions species at elevated temperatures are greatly
benefitted by sealed in situ rotor technologies.

B SUMMARY AND OUTLOOK

The studies described here represent the capabilities of the
current state of in situ NMR technology whereby the formation
and identification of the nature of the catalytic active sites can be
described in detail and a robust analysis of reaction mechanisms
at relevant conditions is possible. Reactions occurring in vacuum
atmospheres up to several hundred bar and from low
temperatures (well below 0 °C) to 250 °C are realizable and
reproducible in systems containing mixtures of solids, liquids,
and gases. Such a diverse and inclusive operating range sets
broad limits for the types of systems that can be analyzed by in
situ and operando NMR methods. Future work will be based on
employing the current and evolving technologies to explore the
challenging mixed-phase systems at finely controlled pressures,
not previously possible, while addressing key molecular-level
questions posed in catalysis and related fields. Such efforts will
involve extending operations to smaller rotor sizes for faster
spinning at higher magnetic fields, which will enable well-
resolved in situ NMR of quadrupolar nuclei including studies of
>’ Al MAS NMR at 850 MHz. These efforts are already underway
and represent a dramatic improvement over current capabilities.
Our current experiments indicate that such an approach is
possible with all-zirconia rotors as small as at least 3.2 mm. This
may enable detection of NMR-active species at spinning rates of
up to 25 kHz, which would dramatically increase the quality of
detection and resolution for some quadrupolar nuclei at high
fields under conditions of high temperature and pressure. The
use of even smaller rotor sizes (2.5 or 1.6 mm) may become
possible in the future, which would facilitate faster spinning rates
(35 and 45 kHz, respectively). The adaptability of such methods
to a wider array of rotor sizes and fields of study positions in situ
NMR as an attractive option for a variety of applications. In fact,
not only is it relevant to catalysis, but in situ and operando NMR

is gaining popularity within fields such as geochemistry,**~**
16,49

i

*S and biology.
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