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Abstract

Nuclear magnetic resonance (NMR) is a nondestructive
spectroscopic technique that provides detailed molecular
structural information via the electronic environments of
nuclei in materials. Enhanced magnetic field strengths
offer potential increases to the resolution of the NMR
measurement, enabling discernment of unique chemical
environments that might not be possible at low fields.
Herein, the application of high-field NMR to catalyst and
electrochemical system characterization is detailed. A
brief description of NMR and quadrupolar nuclei is pre-
sented where the effects of magnetic field are described.
Examples of high-field NMR are provided with particular
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focus on employing NMR to elucidate the structure of
oxides of aluminum and vanadium for catalyst applica-
tions. The role of high-field NMR to conduct challenging
experiments for energy storage materials is also explored,
and numerous other nuclei which require high-field mea-
surement are briefly summarized.
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34.1 A Brief Introduction of NMR for Catalyst

Characterization

The industrial significance of catalysts stimulates unwavering
efforts to detail the underlying material structures and char-
acteristics [1]. Such efforts have relied upon numerous cata-
lyst characterization methods to probe their structures and
reactive properties. Spectroscopic techniques are of great
importance due to the diverse array of information they can
provide, be it detection of active surface structures, reaction
intermediates, or interactions between substrates and cata-
lysts. Nuclear magnetic resonance (NMR) is a particularly
powerful technique for the nondestructive analysis of chem-
ical species. NMR is capable of probing the detailed three-
dimensional molecular structures in a quantitative fashion
and molecular dynamics through electronic environment of
nuclei upon exposure to a strong magnetic field. The NMR
signal arises from detected electromagnetic radiation that is
emitted from the nucleus of an atom. The frequency of such
emissions typically spans from 10 MHz to 1 GHz or more,
which are stimulated by the excitation of these nuclei. With-
out the application of an external magnetic field, the spin
states of the nuclei are oriented randomly and energetically
degenerate. However, exposure to a magnetic field causes
spin states to preferentially orient themselves such that the
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induced magnetic field of the nuclear spin aligns with the
external field. This generates a separation in the energy levels
of those spin states in alignment and those opposing the
external field, a phenomenon called the Zeeman effect
(Fig. 34.1 for spin I = 1/2). Spins of high energy oppose
the external magnetic field and are present in populations that
are controlled by thermodynamic equilibrium. A Boltzmann
distribution (Eq. 34.1) describes the population of the spin
states, where N represents the number of the spins in either
the upper and lower energy levels (U or E, respectively), AE
is the energy difference between the two states, 7 represents
the temperature, and & is the Boltzmann constant:

Ny,

—AESKT
t—p¢
Ny

(34.1)

Nuclear spins are sometimes described as possessing
angular frequency of precession around the applied magnetic
field (w) [2]. This angular rate of recurrence is termed the
Larmor frequency and is characteristic of the nucleus through
the gyromagnetic ratio (y) and directly proportional to the
applied field strength (B) as related by Eq. 34.2. The Larmor
frequency also directs the Zeeman Energy, shown by
Eq. 34.3:

(34.2)

(34.3)

By applying a radio-frequency pulse near the energy of
Zeeman splitting, spins in the low-energy state can be excited
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Fig. 34.1 Representation of the Zeeman effect for nuclear spins

to the high-energy state, in the process generating a pre-
cessing transverse magnetization. Rotation of the magnetic
movement from the transverse magnetization induces a volt-
age inside the detection coil of the NMR probe which gener-
ates a rotating magnetic field that, in turn, generates an
electric field. The electric field interacts with the electrons
present within the NMR detection coil, and the interaction is
recorded as the free induction decay (FID), the precursor to
the NMR spectra which is arrived at through Fourier trans-
formation. The local electronic structure around the nucleus
of a given chemical species determines the energy of the spin
precession and is responsible for the unique chemical shifts
observed for different species that enable the detection of an
array of signals in the spectrum. Such a spectroscopic method
is inherently insensitive, arising from the minute excess of the
low-energy spin population over the high-energy spins due to
the achievable magnetic field strength and often low natural
abundance of the nuclei, necessitating repeated scans of the
same sample for improved signal distinction exceeding noise
levels which arise from the thermal motion of electrons
present within the receiver coil.

Any nucleus with spin (/ # 0) will exhibit such properties
in a magnetic field. This criterion qualifies a cornucopia of
nuclei for detection by NMR, enabling the observation of the
chemical environments of both catalyst materials, probe mol-
ecules, and reactive substrates. A selection of such nuclei
includes 'H, °H, °Li, 'Li, ''B, °C, '"*N, "N, "0, '°F, *’Na,
25Mg 27A1, 2981, 1P, 338, 35C1, 37C1 4T, 0T, 51V, 77, 9171,
95Mo, 97M0, 133Cs, 139La, 183W, 207Pb, and numerous others.
The quantitative examination of such a wide selection of
nuclei garners strong advantages which can be exploited to
supplement alternative spectroscopic techniques. Though
expansive, not all nuclei with spin are practical to observe
with NMR. Sensitivity is a notable challenge for NMR,
where repeated scans help to enhance the signal-to-noise
ratio, but this improves by the square root of the number of
scans (S/N o scans™). For dilute species, it is clear that the
resolution necessary may too resource-intensive for practical
observation. To overcome this challenge, isotope enrichment
is frequently employed to boost the signal since S/N o spins.
For example, isotopic enrichment of a '>C species can
improve the signal by nearly 100-fold over natural abun-
dance, which saves a factor of 10,000 in the number of
scans (~ day of data acquisition). Another factor that contrib-
utes to the sensitivity is the gyromagnetic ratio of the nucleus.
The intrinsic sensitivity of a nucleus is proportional to y .
Beyond this, how broad the spectral features are can further
limit the observation of nuclei. Another way to enhance the
sensitivity of the NMR signal is to employ a stronger magnet,
which had a direct relationship to the number of spins avail-
able for excitation (Eq. 34.1).

Special techniques are required to analyze solid samples
with high spectral resolution, a popular choice being a
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technique known as magic angle spinning (MAS) [3, 4]. The
MAS technique addresses the orientation-dependent (aniso-
tropic) interactions of NMR by rotating a given sample at the
magic angle — 54.7356° with respect to the magnetic field —
drastically narrowing the lines observed in solids and intro-
ducing a spinning sideband manifold to the spectra from spin
echos [5]. The line narrowing is realized due to the form of
the Hamiltonian which accounts for the energetic interactions
between the nuclear spin and magnetic field. Further details
are available elsewhere, but MAS NMR is widely regarded as
an essential tool to conduct advanced characterization on
solid catalyst samples [6, 7].

NMR provides a wealth of information about chemical
systems that might otherwise be challenging to obtain. On a
foundational level, the spectroscopic technique provides a
measure of the electronic shielding around the nucleus of an
atom. This shielding is modulated by the structure, coordina-
tion, electric charge, and outer shell interactions (first, sec-
ond, third, etc.). These differences in electronic environment
give rise to the contrasting chemical shifts, which make
species distinction by NMR possible. Given that such envi-
ronments are typically non-static, it is appropriate to note that
NMR provides the average configuration over the time span
of signal accumulation (~10 ms). If desired, however, extrac-
tion of such dynamic behaviors as rotation, translation, and
reactivity is achievable [8]. For example, the peak width can
often be related to the uniformity or mobility of a given
sample, and multiple pulse sequences can provide informa-
tion about the length of time spins interact (tumbling rate).
Further, the interchange between two species, chemical
exchange, is also an observable phenomenon with measur-
able rates [9]. Employing multitude of pulse sequences avail-
able dramatically extends the information accumulated from
an NMR experiment. Cross polarization is a common pulse
sequence used to achieve this goal. In this method, abundant
spin species (often 'H) are excited by an rf pulse, and the
resulting magnetization is transferred to a less abundant spe-
cies to enhance the signal of less abundant nuclei which are
located nearby and relatively immobile.

A more complex class of experiment can provide powerful
information regarding the structure and coordination of
nuclei in a catalyst system. Two-dimensional experiments
comprise those whereby a series of free induction decay
profiles are collected with a modulated time-dependent vari-
able. Several popular homonuclear correlation experiments
exist which establish the interactions between species in
chemical substrates. For example, COrrelated SpectrscopY
(COSY), TOtal Correlation SpectroscopY (TOCSY), Incred-
ible Natural Abundance DoublE-QUAntum Transfer Exper-
iment (INADEQUATE), and Adequate DoublE-QUAntum
Transfer Experiment (ADEQUATE) all take advantage of
spin-spin coupling to demonstrate species which are
connected through direct bonds. More advanced pulse

sequences to directly characterize the catalyst, however, can
provide unique insight into the structure of the materials.
Frydman introduced the multiple-quantum magic angle spin-
ning (MQMAS) experiment for half-integer quadrupole spins
which greatly enhances the resolution of the sample’s NMR
spectra [10, 11]. As will be detailed below, quadrupolar
nuclei can be challenging to characterize, but MQMAS
takes advantage of nonconsecutive energy transitions to pro-
vide a detailed view of the nuclear spin system and reveal
chemically inequivalent sites which would otherwise be con-
voluted. Representative applications of MQMAS will be
highlighted in later sections.

In addition to extracting information from a variety of
pulse sequences, the employment of probe molecules and in
situ NMR has dramatically expanded the possible descrip-
tions of catalyst systems. For example, acid-base properties
have been assessed by the introduction of probe molecules to
the material [12, 13]. Recently, in situ solid-state NMR tech-
niques have been developed which enable the observation of
catalysts and substrates under controlled conditions including
elevated temperatures and pressures [14—16]. Such technol-
ogy has enabled a detailed understanding of the active centers
of catalysts as well as how these sites are modulated under
environmental influence [17, 18]. While such in situ MAS
NMR contributes much the understanding of catalytic sys-
tems, this chapter considers the contributions of high-field
NMR on the study of quadrupolar nuclei, including the
ongoing development of high-field, high-temperature, high-
pressure MAS NMR. The effects of quadrupolar nuclei will
be outlined alongside a description of high-field NMR. Sub-
sequently, applications of high-field NMR to better under-
stand catalyst stems will be provided with an emphasis on
*’Aland °'V MAS NMR.

34.2 High-Field NMR and Quadrupolar Nuclei

The strength of a magnetic field has a dramatic impact on
NMR spectroscopy. As described by Eqgs. 34.1-34.3, higher
fields contribute to a larger energetic separation between the
low- and high-energy spin states in a nucleus. This results in a
larger population difference which enables a greater quantity
of spins be excited and detected during experimentation. This
directly results in enhanced resolution and sensitivity for a
given sample in the same sample volume. This is directly
advantageous for nuclei with poor overall sensitivity. It is
also beneficial for isotopes which do not possess a uniform
electric field around the nucleus. Nuclei with spin exceeding
one-half possess a nonspherical electric charge distribution,
which gives rise to the nuclear quadrupole interaction. Unlike
spin 1/2 nuclei, asymmetries in the charge distribution sur-
rounding the nuclei interact with the electric field gradient
and generates (27 + 1) energy levels when exposed to an
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external magnetic field. For example, a spin 3/2 nucleus
would exhibit four energy levels as shown in Fig. 34.2
instead of just two for spin 1/2 as shown in Fig. 34.1. These
energy levels can be further perturbed by first- and second-
order quadrupolar interactions [19-25].

The quadrupolar interaction also can cause fluctuations in
electric field gradient that often manifest as shorter relaxation
of the nuclear spins and consequently decrease the signal
intensity and broaden the NMR signature. This notably chal-
lenges the spectral acquisition of quadrupolar nuclei and
hinders characterization of a wide range of materials. Since
each nuclear environment will experience different asymme-
try in the gradient, the properties which describe the
quadrupolar nature of the species can be a useful character-
ization tool. For example, the asymmetry parameter, 7o, is a
measure of anisotropy in the lineshape and can be derived
from the electrostatic potential of the electric field gradient in
a given direction, V(r) (Eq. 34.4). This property can be
determined by fitting either a spinning sideband manifold or
a wide-line powder NMR pattern. Further, the quadrupole
moment, eQ, can be described as prolate (>0) or oblate (<0)
and is a component of the electric field gradient O tensor and
quadrupole coupling constant, Cy, described by Eq. 34.5:

_Vax =V
o Vzz

2
%sz = ZQ

(34.4)

Xp=Cp = (34.5)

First- and second-order perturbations which arise from the
quadrupolar interactions can be applied to the spin state
energy difference to directly calculate the transition energies.
In the limit of high magnetic field strength, the quadrupole
interaction alters the Zeeman states in the laboratory frame.

Zeeman splitting
—hvom
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o - ——
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2 0
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First-order quadrupolar

hx,
o (3cos20- 1)

Equations 34.6 and 34.7 quantify this energy where 6 and ¢
are the Euler angles, m is the magnetic quantum number
associated with the Zeeman levels, I is the nuclear spin, 7 is
the asymmetry parameter, h is Planck’s constant, X, is the
quadrupole coupling constant, e is the fundamental charge,
O is the nuclear quadrupole moment, and ¢ is the greatest
component of the electric field gradient g-tensor [26, 27].
When added to the Zeeman energy, modulated first- and
second-order quadrupolar energies (‘" and E) give the
energy of each level. The transition energy can be calculated
by noting the difference in energy between a given pair of
levels. Such differences for consecutive levels are directly
shown in Figs. 34.2, 34.3, 34.4, and 34.5, where the visual
magnitude is approximated. Care should be taken when
selecting the source for these equations [28, 29]:

_ Xoh
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(34.6)
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(34.7)

When conditions of axial symmetry (7 = 0) are valid, the
energy pre-factor for the first-order terms as a function of
nuclear spin and magnetic quantum number is provided for

Ey+ Q! + 16(-sin*6 + 6sin26) 0?2

Ej + 2(9sin*6- 8sin26)Q?

Ey— Q! + 16(-sin*0 + 65in26)Q?

Second-order quadrupolar
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256 v,

Fig. 34.2 Energy-level diagram for a spin 3/2 nucleus listing the energy level difference for each spin state as first- and second-order quadrupolar

terms are applied
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Fig. 34.3 Energy-level diagram for a spin 5/2 nucleus listing the energy level difference for each spin state as first- and second-order quadrupolar

terms are applied
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Fig. 34.4 Energy-level diagram for a spin 7/2 nucleus listing the energy level difference for each spin state as first- and second-order quadrupolar

terms are applied

several quadrupolar half-integer spins in Table 34.1. Again, 34.3, 34.4, and 34.5 for spin three-, five-, seven-, and nine-
the transition energy can be derived from the difference half nuclei). It is shown that the —1/2 and 1/2 first-order
between these two energy states (depicted in Figs. 34.2, quadrupolar energy perturbation terms are the same for all
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Fig. 34.5 Energy-level diagram for a spin 9/2 nucleus listing the energy level difference for each spin state as first- and second-order quadrupolar

terms are applied

Table 34.1 First-order quadrupolar energy perturbation coefficients
for quadrupolar half-integer spins

m\[ 32 5/2 72 9/2
—9/2 1/8
=772 1/8 1/24
=52 1/8 1/56 —1/48
=372 1/8 —1/40 —3/56 —1/16
—1/2 —1/8 —1/10 —5/56 —1/12
172 —1/8 —1/10 —5/56 —1/12
32 1/8 —1/40 —3/56 —1/16
572 1/8 1/56 —1/48
7/2 1/8 1/24
9/2 1/8

The energy is the product of the coefficient and AX¢*(3cos26 — 1)

half-integer spins, demonstrating that the central transition
energy is unaffected by first-order effects. It is shown in the
equation and expressed in the energy diagrams that the mag-
nitude of E" depends not on the strength of the external
magnetic field, but it is proportional to the quadrupole cou-
pling constant. By assessing the governing equation, it can be
seen that first-order quadrupolar perturbations can be elimi-
nated under the condition of magic angle spinning at sample

spinning rates far greater than the width of the first-order
quadrupolar interaction (infinite spinning rate). This arises
from the 3cos?6 — 1 term for which coefficients are provided
in Table 34.1. When infinite MAS is satisfied, this term
approaches zero. Eq. 34.7 shows that the second-order per-
turbations have a less straightforward relationship with the
orientation (8), spin number (/), and Zeeman level (m). The
square dependence on m for first-order corrections shifts in
the same direction for +m and —m; however, this is not the
case for second-order corrections. These second-order coef-
ficients in the limit of MAS are provided in Table 34.2. Even
under such conditions, second-order contributions are
retained. Unlike for first-order effects, the central transition
is altered since the energy shifts for +m and —m are opposite
in magnitude due to a dependence on both m and m”. Further
disparities from the first-order correction are revealed when
considering that first-order terms increase with X and the
second-order terms increase with X Qz. The second-order
correction also contains an orientation-independent term,
showing that the isotropic chemical shift has contributions
from quadrupole coupling. Notably, the second-order
quadrupolar perturbation is inversely proportional to the



34 High-Field Nuclear Magnetic Resonance (NMR) Spectroscopy

763

Table 34.2 Second-order quadrupolar energy perturbation coefficients
for quadrupolar half-integer spins under MAS

m\[ 32 512 72 9/2

-9/2 17/2304
=T 13/1344 7/6912
—5/2 9/640 —5/9408 —25/13824
=372 5/192 —3/640 —31/9408 —29/13824
—1/2 —1/64 —3/800 —5/3136 —1/1152
172 1/64 3/800 5/3136 1/1152
32 —5/192 3/640 31/9408 29/13824
572 —9/640 5/9408 25/13824
7/2 —13/1344 —7/6912
9/2 —17/2304

The energy is the product of the coefficient and (th)2

frequency and thus field strength. For this reason, high-field
magnets provide advantages when conducting NMR experi-
ments on quadrupolar nuclei. If axial symmetry is achieved,
second-order energy perturbations can be simplified.

Contrasting X, and # between species in a given sample
can give rise to unintended selective excitation of a particular
spin species. For example, large X, will exaggerate the
separation between adjacent levels and promote contrasting
pulse responses that render quantification challenging. This
issue is typically alleviated by employing very small pulse
lengths to reduce the tip angle and render selective excitation
to be effectively absent. In addition to describing the nature
of the nuclear spin, the quadrupolar parameters can be used to
simulate the lineshape of spin-half nuclei. Second-order
quadrupolar effects are decreased at sufficiently high mag-
netic fields under MAS conditions, since quadrupolar broad-
ening is inversely proportional to magnetic field strength
(Eq. 34.7) [30]. Under such conditions, the spectral resolu-
tion may be improved, and the resulting lines may be suitably
symmetric to fit with a simple Gaussian/Lorentzian simulated
lineshape. Though first-order quadrupolar effects can be
eliminated by spinning at the magic angle, second-order
effects remain since the angle required to eliminate them is
dissimilar to the magic angle, resulting in only partially
averaged second-order quadrupolar effects [31]. When the
rotation rate of the sample is lower than the frequency domain
width of the static sample spectrum, spinning sidebands
appear for which the overall SSB profile resembles the gen-
eral shape of the static powder pattern. The static powder
pattern is a projection of the NMR spectrum of all orienta-
tions of single-crystal transitions [32]:

1

Av o« —

34.8
yBo (34.8)

In addition to suppressing these quadrupolar effects, mag-
netic field strength has an impact on the resolution on the

acquired spectra. The linewidth is inversely proportional to
both the gyromagnetic ratio and the magnetic field, so at
high-field strengths, greater sensitivity can be achieved
(Eq. 34.8). A prototypical example can be found in an inves-
tigation of hexamethylborazine [33]. Under conditions of
magic angle spinning, the NMR spectrum is both incom-
pletely narrowed and shifted from the true isotropic position
due to quadrupolar contributions. This contribution decreases
with increasing field strength, which shifts the line closer to
the isotropic position and narrows the feature to provide
enhanced resolution.

As a brief way to visualize how such quadrupolar inter-
actions impact the spectrum, Fig. 34.6 displays simulations
of the lineshapes for second-order quadrupolar interactions
(which cannot be removed by MAS) with different asym-
metry parameters () and magnetic field strengths of 9, 14,
20, and 40 T. At higher fields, this effect is suppressed,
narrowing the observed linewidth. Also shown is the impact
that the field strength has on the chemical shift anisotropy.
This increases with field strength, leading to undesired
broadening (in hertz), though typically retains comparable
linewidth in the ppm domain since it is proportional to the
external field strength. Both the broad static line and set of
spinning sidebands are shown for the chemical shift anisot-
ropy. Indeed, the quarupolar lineshape adds complexity and
broadens the spectrum and when combined with other NMR
effects can induce highly irregular spectral patterns. These
are just a sample of how these interactions effect the NMR
lineshape. Dipolar coupling, Knight shift, and others may
also impact the observed spectrum. An extended account of
how various interactions can impact the NMR spectra can
be found in eMagRes [19]. The lineshapes presented herein
were simulated using dmfit, a software packed that simu-
lates and fits spectra with numerous models to account for
different NMF interactions [20]. Fitting and quantification
are topics of interest on its own [21]. There are a number of
software packages that can be used to simulate quadrupolar
spectra: QuadFit [22], Vnmr] [23], ssNake [24], and
QUEST [25] are representative of a body of software
available.

Such changes to the spectral resolution of quadrupolar
nuclei have been directly measured using solid-state >’Al
MAS NMR [34, 35]. As shown in Fig. 34.7, for two samples
of zeolite framework BEA, the magnetic field for a given
sample can be modulated (7, 12, 20 T), and the resulting
spectra can be compared. The low-field spectra reveal broad
lines near 60 ppm ascribed to tetrahedral aluminum species
that heavily overlap and are not resolved. At higher magnetic
fields, the lines narrow, and a clear shoulder is present on the
low-field side of the spectrum. At even greater field strengths,
the lines are resolved from each other. In contrast, the narrow
features near 0 ppm ascribed to extra-framework aluminum
are relatively unaffected by field strength. The results indicate
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that the tetrahedral aluminum species suffer from broadening
induced by second-order quadrupolar interactions. These
interactions are inversely proportional to the field strength
and greatly suppressed at 20 T. Observations made at high
field enable the observation of unique aluminum tetrahedral
species where such a distinction is not possible at low-field
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strengths where overlapping of the signals results in a some-
what ambiguous assignment.

Such observations become increasingly apparent at even
high-field strengths. Recently, Bruker has revealed an ultra-
high-field 1.2 GHz NMR (28.2 T), which represents a dra-
matic enhancement over previous technologies [36]. While
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Fig. 34.6 Simulated >'V NMR spectra for species which exhibit second-order quadrupolar and chemical shift anisotropy-induced lineshapes with
the parameters specified at several external magnetic field strengths. All species were simulated with an isotropic chemical shift of 0 ppm

Fig. 34.7 2’Al MAS NMR

spectra of HBEA zeolites at a)
magnetic field strengths from 7.05

and 11.75 to 19.97 T: (a)

HBEA150a and (b) HBEA150b.

Asterisks denote background

signal from the empty rotor.

(Reprinted with permission from
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Hu et al. [34]. Copyright 2017
American Chemical Society)
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this represents the current state of the art, 900-MHz magnets
are a common high-filed tool and continue to provide unique
insight into catalyst systems [37]. As the technological limits
of magnetic field strengths continue to be expanded, NMR
will increasingly reveal chemical information previously
unattainable as a result of the enhanced resolution afforded
by ultrahigh fields.

Notably, a 40-T magnet has been employed to reduce the
second-order quadrupolar interactions of an aluminoborate
sample [38]. This magnet at the National High Magnetic
Field Laboratory is a specialized unit and unique in the
world, utilizing an 11-T superconducting magnet combined
with a 29-T resistive magnet. The aluminoborate sample
exhibits large quadrupolar broadening which impedes the
detection of all unique ?’Al sites due to signal overlap, even
at a high magnetic field of 14-25 T. At 40 T, all four >’ Al sites
were well resolved without peak overlap and lineshapes
approaching a Gaussian distribution. Given the unprece-
dented insight such a magnetic field can offer, it may even
be possible to well resolve unique tetrahedral sites in the
framework of zeolites in the future.

Figure 34.7 also reveals a key challenge to high-field
NMR measurements of solids. At the higher-field strengths,
spinning sideband patterns are visible between the two
observed signals. This arises from the chemical shift anisot-
ropy being proportional to the magnetic field strength. At
these higher fields, the frequency of precession is also
enhanced, necessitating faster MAS rates to suppress spin-
ning sidebands as illustrated in Fig. 34.8. At these higher
spinning rates, the sidebands are propelled away from the
central region of the spectrum, enabling the resolution of
multiple sites which would not otherwise be possible as
well as magnifying the intensity of the center band. In addi-
tion to this, it can be shown from the largely invariant peak
position that the primary contribution to this spectrum is the
chemical shift tensor and that complete line narrowing is not
present due to second-order quadrupolar contributions.
Though a uniform site, the trade-offs between the increase
in chemical shift anisotropy and the decrease in quadrupolar
interactions at high field can be observed in Fig. 34.8.
The linewidth (in hertz) increases with field strength, while
the apparent linewidth (in ppm) decreases to better resolve
the features. Previously published work has described the
interplay between these two effects in greater detail
[2, 39—41]. Clear advances in magnetic field strength have
been recounted, and concomitant improvements to sample
spinning rates have been realized as well [42]. Such devel-
opments to probe design have enabled sample spinning rates
up to ~110 kHz (samples rotated 110,000 times per second).
Such rates will effectively suppress the sideband pattern of
most nuclei and eliminate strong 'H-"H dipolar coupling, if
present in the sample system. While such spinning rates are

possible, ~30 kHz is much more accessible and routine for
high-field solid-state NMR measurement.

To accurately describe the chemical species of interest
with NMR, it is most appropriate to characterize not only
the isotropic chemical shift of the nucleus but the full set of
chemical shift tensors, the quadrupolar interactions, and the
characteristic angles between the two sets of parameters. This
is the only true way to accurately characterize a quadrupolar
spin via NMR spectroscopy. In practice, it is sometimes not
practical to do so given the potential constraints of system,
but a true, thorough characterization carefully accounts for
each of these parameters.

Efforts to exploit high-field MAS NMR to reveal unique
details on catalyst systems will be detailed in the sections
below. While detailed reviews have been presented for vari-
ous nuclei in a variety of applications over the years [43—46],
herein, we highlight, *’Al and °'V NMR due to their preva-
lence and importance to catalysis science. High-field efforts
to understand electrochemical reaction systems will also be
explored, and commentary on other challenging nuclei will
be provided.

34.3 High-Field 2 Al MAS NMR

Aluminum is widely abundant in a number of chemical
systems. It occurs naturally in a number of minerals and
holds great importance in catalysis as transition alumina or
in aluminosilicates. Such aluminosilicates constitute a vast
majority of the Earth’s crust and thus are important also to
geochemistry applications. The dominating isotope is >’Al at
>99.9%, which is conveniently an NMR-active isotope. This
nucleus, however, is quadrupolar with a spin of 5/2, meaning
that it will be subject to the quadrupolar effects previously
described. As shown for zeolites, sufficiently high fields
dramatically enhance the resolution of the spectra enabling
multiple sites to arise from one broad feature. The frequency
of the central transition is often slightly displaced by second-
order perturbations, but the isotropic chemical shift can be
approximated with the quadrupolar coupling constant and
asymmetry parameter [47]. Typically, such displacements
are less than 10 ppm even at a field strength of 12 T and
decrease at high field [31]. The typical range of chemical shift
for aluminum species spans from 110 to —20 ppm. For
catalyst studies, one of the most common features is the
tetrahedrally coordinated Al (AlO4, Alr) which appear
between 50 and 80 ppm. The environment such as nearby
ligands and specific structure can shift the location of these
signals. For example, AlO, Q° (3Si) primarily exist at lower
field in the 75-80 ppm range, while Al0, Q* (4Si) typically
occupy the 60—75 ppm range. Numerous groups have devel-
oped formulations to estimate the Al-O-Al or Al-O-Si bond
angles based on the chemical shift [48—53]. These have been
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shown to be valid for a limited selection of aluminosilicate
frameworks. Pentahedrally coordinated aluminum species
(Alp) are commonly present in the 30—40 ppm region, while
octahedral alumina (Alp), as the hexa-hydrated cation refer-
ence, are present from —10 to 20 ppm. The ability for NMR
to distinguish and quantify these sites makes it a powerful
technique to probe catalysts containing aluminum.

Such a high-resolution capability has enabled the detailed
study of important industrial materials such as transition
aluminas [54—62]. Though y-Al,O5 is commonly employed
for sulfur production and alcohol dehydration, the structural
morphology of alumina modulates through a number of poly-
morphs before reaching the thermodynamically stable
a-Al,O5 structure. Due to the challenges associated with
monitoring the structures of alumina during phase transitions,
a clear correlation between reaction rates and 2’ Al sites was
absent. High-field NMR (21 T), however, enables the obser-
vation of the aluminum species which are present in the
sample [63]. Figure 34.9 illustrates the evolution of such
species after treatment from 500 °C to 1300 °C to simulate

Fig. 34.9 The center band
spectra of SP Al MAS NMR
spectra of samples annealed at
different temperatures. The peak

the extended use in a reaction environment. Significant
changes in the AI** coordination occur during the thermal
treatment. Broad peaks at 16, 35, and 70 ppm corresponding
to Alp, Alp, and Aly, respectively, are present in all spectra.
At elevated temperatures, neat Alpand Alg features arise, and
a decrease in Alp species were observed. By quantifying
these high-field results, the authors discovered that the abun-
dance of Alp sites was well correlated with the production of
ethylene during ethanol TPSR experiments and ascribed this
species as the active center for this important reaction. Not
only are such pentahedrally coordinated alumina sites impor-
tant for reactivity, they have also been found to play a role in
supporting other metals onto the surface.

Supported metal catalysts possess a deep pool of applica-
tions for catalytic purposes. Such transition Al,O3 has also
been employed as a support for metal particles and metal
oxides. The anchoring positions of such active species on this
nonreducible oxide support are of great interest for maximiz-
ing the dispersion of the metal. However, such a determina-
tion is challenging owning to the need for a clear grasp of the
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Fig. 34.10 ?’Al MAS NMR spectra of y-Al,O; (black) and 10 wt%
Pt/y-Al,O5 (red) (both samples were calcined at 573 K before NMR
measurements). (Reprinted with permission from Kwak et al. [64].
Copyright 2009)

surface defect sites. As a supported metal, Pt has been
observed to atomically disperse onto the support of the
metal oxide. As shown in Fig. 34.10, such an incorporation
coincides with a decrease in spectral intensity of
coordinatively unsaturated pentahedral alumina sites, the
abundance for which the added platinum accorded [64].
Under metal-loading conditions exceeding the quantity of
Alp, two-dimensional PtO islands were observed. This is
consistent with observations of tungsten oxide supported on
v-Al,O3, whereby seven unique Al sites were observed with
the aid of two-dimensional high-field NMR and that Alp
decreased monotonically with the impregnation of tungsten,
generating new Alg sites in place of Alp [65]. Such assign-
ments were corroborated with computational modeling.
Zeolites are another common catalyst material for which
unique molecular insights may arise from characterization by
high-field NMR [17, 66—68]. In addition to leveraging high-
field single-pulse MAS NMR, MQMAS has been employed
to reveal new details regarding the aluminosilicates. 2”Al is
especially well suited for such two-dimensional MQMAS
NMR measurements since this quadrupolar nucleus is
relatively sensitive compared to many other nuclei. For rep-
resentative HBEA zeolites of the same silica-to-alumina
ratio, tetrahedral species were shown to primarily resonate
near 58.8 and 55 ppm in a range of positions due to the
nonuniformity of the nine crystallographic Al T-sites as vis-
ible in the isotropic dimension (F1) in Fig. 34.11 [34, 35].
Line fitting of slices parallel to the F2 dimension enables
extraction of the isotropic chemical shift and quadrupole

coupling constant of the observed species. A distribution of
isotropic chemical shifts is apparent for each of the two
dominating features at high field. The resulting fitting dem-
onstrated two Cq, values of 2.4 and 1.8 MHz for the feature at
55 ppm and one value of 2.5 MHz at 59 ppm. The extraction
of such parameters enabled the deconvolution of the two
broad peaks at 60 and 55 ppm from the single-pulse spectra,
demonstrating that even zeolites that should contain similar
species will likely have a contrasting distribution of
Al-occupied T-sites. This demonstrates the importance of
high-field measurement in providing a detailed understand-
ing of the specific catalysts in use.

While single-pulse and MQMAS high-field NMR can
provide truly insightful descriptions of the catalyst systems,
other two-dimensional pulse sequences are able to provide
powerful, specific information for a catalyst system. Double-
quantum MAS NMR (DQ-MAYS) is one such tool employed
to approximate the spatial distribution of aluminum species
[69]. This technique is challenging for dilute Al species but
can be aided by the employment of a high-field magnet [70].
This technique has been successfully demonstrated on sam-
ples of zeolite HY which underwent dealumination [71]. The
27Al DQ-MAS NMR spectra of these samples are illustrated
in Fig. 34.12. The parent sample exhibits a single Al site
evidenced by the diagonal autocorrelation peak at
61, 122 ppm. The result illustrates that these framework
alumina sites are in close proximity to each other. The pro-
gressive dealumination of the parent sample in (A) gives rise
to new features in both single-pulse and DQ-MAS NMR
spectra. HY-500, for example, reveals a new feature at
0 ppm from the extra-framework Al species (the authors
note the potential for both AlO and Al(OH);-3 H,0). In
addition to the autocorrelation features of Aly and Alg
peaks, cross peaks are observed at 61, 61 and 0, 61, demon-
strating spatial proximity between four-coordinate frame-
work alumina and Alp sites. Further increasing the
calcination temperature to 600 °C generates new five-
coordinate Al sites at 30 ppm in extra-framework positions
[72]. These species are shown to be proximal to both the four-
and six-coordinate Al species. The strong intensity between
four- and five-coordinate cross-peak pairs suggests that these
species are of particular close proximity. Upon further
increasing calcination to 700 °C, the Aly species becomes
asymmetric and broad from the appearance of a new feature
at 55 ppm (four-coordinate extra-framework alumina) and a
new cross-peak pair forms at (55, 87) and (32, 87) which
shows the close proximity of the AIOH>" (generated by the
elimination of water) and Alp; however, now, spatial correla-
tion with Alg existed for the new Alr site. Based on these
detailed findings, coupled with single-pulse *’Al, 'H, and
Si, and triple-quantum MAS NMR coupled with computa-
tional modeling, the authors proposed a scheme to describe
the dealumination mechanism of HY zeolite.
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Fig. 34.11 ?’Al MQMAS NMR
spectra of HBEA zeolites on the
right and the representative slices
(black) parallel to the F2
(acquisition) dimension at
selected F1 (the isotropic
chemical shift) dimensions with
the fitting lines (red) on the left:
(a) HBEA150a and (b)
HBEA150b. No line broadening
was applied before Fourier

transformation in both F2 and F1
dimensions. (Reprinted with

permission from Hu et al. [34].
Copyright 2017 American

Chemical Society)

52
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34.4 Vanadium Oxide Characterization

Vanadium was isolated as a component of vanadinite and
described by Andrés Manuel del Rio in 1801. Vanadium
represents an important material for myriad applications,
most abundantly employed as an additive used in steel
manufacturing [73]. Vanadium is also employed for its
redox properties since it readily cycles between various states
of oxidation both as a solid and in solution. Such electronic
states manifest themselves optically, e.g., [V(H,0)¢]*" (vio-
let), [V(H,0)6]*" (green), VO** (blue), and VO, (yellow).
The pentavalent state holds the most commercial prominence
as the V(V) oxide V,0s. This material holds great importance
for the production of sulfuric acid through oxidation of SO,

52
F2 (PPM)

to SO3 (contact process) [74]. Vanadium oxide catalysts are
employed for a large number of other chemical processes,
spanning reactions such as the selective oxidation of paraf-
fins, olefins, and alcohols [75], nonoxidative and oxidative
dehydrogenation of alkanes [76], selective catalytic reduction
of NO, [77], oxidation of a wide variety of other organic
chemicals [78], and sulfur oxidation [79]. Vanadium oxide
catalysts occupy homogeneous configurations and have been
characterized with >'V liquid-state NMR, such as those for
alkane, alkene, aldehyde, and ketone oxidation reactions.
They have also been supported as heterogeneous active
sites or within enzyme formulations [80—83]. Metal oxide
catalysts generally provide complex catalyst materials, in
particular when anchored to a support, owning to the wide
array of molecular structures (i.e., monomer, dimer, oligomer,
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Fig. 34.12 *’Al MAS and DQ-MAS NMR spectra of (a) parent HY,
(b) HY-500, (¢) HY-600, and (d) HY-700 zeolites. One-dimensional
27 Al MAS spectra are plotted on top of the two-dimensional ’Al DQ
MAS spectra. All spectra were recorded on hydrated samples at 18.8 T

polymer, and bulk) which may be present in varying oxida-
tion states. Due to these complexities, an accurate assessment
of the active site for these materials is often very challenging
to identify, necessitating detailed characterization to address
this important and challenging topic.

Heterogeneous catalysts use numerous support materials
such as zeolites, molecular sieves, bilayered or
co-precipitated mixed oxides, and pure metal oxides. The
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with a 3.2 mm probe at a sample rotation rate of 21.5 kHz. About 45 h
were required to record one 2’Al DQ-MAS NMR spectrum. (Reprinted
with permission from Yu et al. [71]. Copyright 2010 Wiley-VCH Verlag
MgbH & Co)

selection of the support is known to alter the catalyst function
and can provide unique advantages compared to the bulk
V,05 phase [75]. Supported vanadium oxide materials
undergo reduction of the active V' centers to the V** state
and can be reoxidized during a catalytic cycle to restore the
initial catalyst function. The V> oxidation state is diamag-
netic, containing only paired electrons and making °'V MAS
NMR spectroscopy an attractive option for characterization.



34 High-Field Nuclear Magnetic Resonance (NMR) Spectroscopy

771

The most abundant vanadium nucleus (°'V: 99.75%) is con-
veniently an NMR-active nucleus, though it is quadrupolar
with a spin 7/2 and short relaxation times. Vanadium also
typically hosts fairly low quadrupolar coupling where chem-
ical shift anisotropy can be the more relevant factor in deter-
mining lineshape. Though it has these advantages, it is also
challenged by typically low abundance in catalyst samples
(~1%) which, in addition to limiting the detection, also
decreases symmetry and enhances quadrupolar effects, mak-
ing detection of broad features more challenging and encour-
aging the use of high-field NMR to prove the materials. **V is
also an NMR-active, with a natural abundance of 0.24% and
spin 6, but suffers from poorer sensitivity and very broad
lines when compared to 31V [84]. Previous work has exten-
sively investigated the NMR parameters for numerous vana-
dium compounds, providing some basis for comparison of
the observed signals to a reference compound [85, 86]. A nice
summary of these parameters as they pertain to °'V MAS
NMR is available in the Encyclopedia of Nuclear Magnetic
Resonance [ 39].

On the surface of the catalyst, vanadium oxide resides in
molecular configurations ranging from isolated VO, units to
bulk-like V,Os5 crystallites. Decavanadate structures have
also been observed [87]. As a supported oxide, vanadium
oxide conformations typically evolve from monomeric,
distorted tetrahedral with one V=0 and three V-O-support
bonds at low surface densities through larger polymeric net-
works at moderate loadings to V,Os crystallites when the
monolayer is exceeded. Specific structural insights can be
provided by NMR which are not available by other means of
characterization. The spectral assignments of various 'V
species supported on titanium dioxide, a common support,
have evolved over time as better descriptions of the system
have emerged. Computational modeling has played a key
role in refining the assignments of these species, where sim-
ulations of surface structures and chemical shift calculations
are directly employed. Since titania-supported vanadium
oxides are a critical focus for applications such as emission
controls, reported assignments for various spectral features
have been summarized in Table 34.3. It should be noted that

assignments by computational modeling of the nuclei are
ideally compared on the basis of multiple experimentally
measured attributes such as isotropic chemical shift,
quadrupolar coupling constant, and asymmetry and not one
parameter alone to enhance the reliability of such
assignments.

As a quadrupolar nucleus, 'V is impacted by severe
broadening at low magnetic fields. Shown in Fig. 34.13, at
low magnetic fields, some supported vanadium oxide cata-
lysts reveal very broad features that cannot be well resolved
due to the distribution of isotropic chemical shifts and the
notable quadrupolar coupling constant [94, 95]. State-of-the-
art technology enabling high magnetic fields and fast

a)
b)
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Fig. 34.13 °'V MAS NMR spectra obtained on the VOx/TiO2/MCM-
41 sample at two different spin rates of (a) 10 kHz and (b) static. The
spectra are referenced to the center band of V,05 at 0 ppm. (Reprinted
with permission from Kwak et al. [94]. Copyright 2006 Elsevier)

Table 34.3 Reported species identification of >’V NMR signals of titania-supported vanadia catalysts

Ref. =502 —510 —530 —555 —587 —610 —630 —650
[88] Dist. octa. Dist. octa. Tetra. poly. V,05 Poly. octa.
[89] Octa. Tetra.
[90] V,05 Dist. octa.  Poly. octa.
[91] Trigonal Dist. tetra. Dist. octa.

pyramid (trigonal bipyramid)
[92]  Tetra. monomer Monomer Double-bridge Dimer/ V,0s5 Single-bridge dimer Poly.

dimer poly. and poly.
[93] Tetra. monomer Octa. Dimer Dimer/ V,05- Poly.
monomer poly. like

Dist. distorted, octa. octahedral, fetra. tetrahedral, poly. polymer
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Fig. 34.14 51 V MAS NMR
spectra at 20 T and 55-kHz MAS
rates 0f 0.2, 0.9, and 5% V,0s/
TiO, (bottom to top). (Reprinted
with permission from [92].
Copyright 2015 American
Chemical Society)

V loading

spinning rates, however, can offer enhanced spectral resolu-
tion as well as suppress spinning sidebands, enabling the
observation of unique vanadium oxide environments [92].
This was exemplified in a 2015 study from ACS Catalysis
which employed a 20-T magnet and fast spinning rates of
55 kHz. The results of this study are shown in Fig. 34.14
which reveal the evolution of >'V signals as the loading of
vanadium oxide is modulated. They also highlight the advan-
tages of high-field detection at fast spinning rates when
compared to catalysts collected at lower magnetic fields,
wherein enhanced spectral resolution is possible which better
resolves unique vanadium oxide species [96]. At low vanadia
loadings, NMR could identify and quantify such surface
species as monomeric(—500 and —530 ppm) and dimeric
(—555 ppm) when coupled with computational modeling.
The relative abundance of these species was modulated by
the surface density of vanadium oxide introduced. At an
enhanced loading of 0.9% V,0s, the catalyst exhibited an
increase in intensity, including the growth of dimeric vanadia
and the appearance of oligomeric species at —587, —607, and
—630 ppm. These features further grew at the expense of
monomeric vanadia in the 5% V,05 catalyst material. Such
an investigation provided the first clear speciation of titania-
supported vanadium catalysts and enabled an evidence-based
speculation on the active sites for the oxidative dehydroge-
nation of methanol. Strong correlations could be drawn
between the activity of the catalysts and the presence of
monomeric vanadia at —500 and —530 ppm as well as with
dimeric species at —555 ppm. The high-field measurement
provided unprecedented insight into the speciation of vana-
dium oxide on the catalyst surface, enabling the detailed
analysis of the active structures for reactivity.

Vanadia-based selective catalytic reduction (SCR) is an
important reaction for the abatement of polluting nitrogen
oxides in which high-field NMR has provided detailed

insight. For this industrial application, the catalyst surface is
typically modified with a promoter such as tungsten or
molybdenum oxide. The mixture of surface oxide species
introduces complications when trying to understand the
structure of the active center with techniques such as
UV-vis where band overlap prevents an estimation of the
oligomeric fraction of vanadium. However, the atom-specific
nature of NMR enables the observation of the molecular
structures of vanadia in the presence of these promoters. To
determine the potential effect of such tungsten oxide pro-
moter on the structure of vanadia, samples with contrasting
quantities of vanadia and tungsten were prepared and ana-
lyzed with °'V MAS NMR. The results (Fig. 34.15) show a
similar evolution in vanadia speciation with increased tung-
sten oxide loading as with an increased vanadium oxide
loading, namely, the enhancement of signals associated with
oligomeric vanadia. This was used to show the strong corre-
lation between oligomerized vanadia and the SCR reaction
rate. This was explained by the formation of oligomerized
vanadia structure at high vanadium oxide loadings or with
tungsten oxide present as a promoter which facilitates the
SCR reaction through a two-site mechanism. Such an exam-
ple shows how high-field NMR can be used to solve complex
mixed metal oxide catalysts to reveal the active species and
mechanism of promotion.

Though significant efforts and advances have been made
to identify the surface structures of titania-supported vana-
dium catalysts at high field, not all supports enable such
detailed findings. Silica-supported vanadium oxide catalysts,
for example, have long been the subject of debate as to the
surface structures present. Other characterization techniques
have suggested the possibility that silica can only support
isolated vanadium species on the surface. High-field NMR
typically resolves only one or two broad environments as
shown above, whose identity is speculated primarily based
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Fig. 34.15 °'V MAS NMR spectra of 1% V,05-(3—5)% WO;/TiO,
catalysts prepared by incipient wetness impregnation and dehydrated.
Spectral deconvolution summation is presented by the red line; the
collected data are shown in blue. (Reprinted with permission from [93]
Copyright 2019 Wiley-VCH Verlag GmbH & Co)

on known references [97-101]. One recent investigation
explored the potential structures of hydrated and dehydrated
materials and found one broad site at —675 ppm for
dehydrated materials and two sites at —566 and —610 ppm
for hydrated materials as shown in Fig. 34.16 [101]. Cou-
pling previous results with computational modeling
suggested that in the dehydrated case, the broad peak was
likely to arise from isolated monomeric vanadia species, but
the chemical shift from dimeric and cyclic trimers should be
similar to the monomer, highlighting the challenging of char-
acterizing silica-supported vanadia species. The hydrated
state was similarly ascribed to monomeric or dimeric species
which experience support bond hydrolysis(—566 ppm) or
oligomerization to bulk V,0s crystallites(—610 ppm). Efforts
to reveal the chemical environments of such species have
manifested themselves in the form of quadrupolar parameter
extraction from the spinning sideband patterns at high field
[102]. Though this represents an advance in the detailed
analysis of spectra, more work is necessary to reveal the
true nature of silica-supported materials. As NMR technol-
ogy advances, MQMAS on °'V may become more routine
and enable such detailed information.

Two-dimensional >'V NMR has been explored and pro-
vides unique information on the system allowing the deter-
mination of quadrupole coupling parameters [103]. Such

Fig. 34.16 Solid-state >'V MAS NMR of supported 8% VO,/SiO,
under hydrated (36 kHz) and dehydrated (38 kHz) conditions. Hydrated
catalysts contain a major peak at —566—67 ppm and a shoulder at
—610-13 ppm, and dehydrated catalysts exhibit a major peak at
—675 ppm. *denotes spinning sidebands. (Reprinted with permission
from Jaegers et al. [101]. Copyright 2017 American Chemical Society)

efforts are challenging, even at high field, for supported
vanadium oxide catalysts for which single-pulse spectra
may take several days to collect. An example of such efforts
of a vanadia catalyst spray-dried with phosphorus to generate
surface complexes on titania revealed a single feature with an
isotropic chemical shift near —755 ppm [104]. Such 3QMAS
and SQMAS spectra are replicated in Fig. 34.17, where the
isotropic, anisotropic, and quadrupolar-induced shifts are
designated on the lines. The results suggest that the V-P-Ti
sites are likely tetrahedral in coordination with strong distor-
tions from the second coordination sphere causing non-
uniformity in the sample. Though much room for
improvement exists in the application of such measurements
to catalyst systems, these are likely to become more routine
as NMR technology continues to improve.

34.5 Energy Storage

Similar to applications in catalysis, the studies of materials
employed in energy storage and electrochemical conversions
have been propelled by the utilization of high-field magnets
in NMR spectroscopy. Such efforts have encompassed test-
ing energy storage components ex situ as well as in situ
observation of the system to generate a clear depiction of
the chemical transitions that occur on the surface of the
electrodes [8]. In direct concert with investigations into cat-
alytic materials, limitations from the low abundance of active
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nuclei and poor resolution of electrochemical species at rel-
evant concentrations are rectified by the employment of high-
field NMR. A clear example of this comes from studies of
hydrogen storage in the form of lithium hydride (LiH) [105].
As depicted in Fig. 34.18a, a dramatic difference in the
resolution of the °Li spectrum is attained by tripling the
magnetic field strength. At the 7 T field, only a single peak
with an approximate Gaussian lineshape is visible. This
broad peak resolves to three unique environments at a mag-
netic field of 21 T, enabling the identification of distinct
lithium species, namely, a feature at 0.0 ppm ascribed to
LiOH'H,O, another at 2.7 ppm for LiH, and shoulder peak
present at 1.1 ppm assigned as LiOH. Using the high-field
magnet, the evolution of these species was followed through-
out the high-energy milling process.

Spectrum a from Fig. 34.18b represents a commercial
LiNH, consisting of a main feature at 2.6 ppm (crystalline
LiNH,) and a shoulder at 1.4 ppm (LiNH,H,O, validated by
the addition of water in al). The sample was subjected to
various treatments to understand mechanical activation of the
sample and the release of energy in the form of hydrogen.
The LiH powder (b) was milled at room temperature for
45 min (c), which instigated the formation of LiOH
(1.1 ppm) and LiOH-H,O (0 ppm) and shifted the LiH spe-
cies to 2.7 ppm due to changes in the local environment
induced by milling. A mixture of LiNH, and LiH was pro-
gressively milled and measured at discrete intervals. The
results indicate a reduction in the 2.7 ppm feature from
LiNH, and an increase in a broad peak at 2.0 ppm that is
ascribed to an altered defect structure of LiH. Additionally, a
shoulder at 1.5 ppm appears as well as the 0 ppm feature
indicative of LiOH-H,O. The culmination of the results

enabled the findings that high-energy ball milling facilitates
upfield shift of the resonances in °Li MAS indicative of
increases to the average local electronic shielding around Li
and that milling causes interactions between LiNH, and LiH.
Additional milling time increases the intensity of the 2.0 ppm
peak, which may be due to an increasingly defective lattice
on the surface of LiNH, and LiH. Lower milling tempera-
tures exhibit a similar effect, suggesting that lower tempera-
tures are more efficient for mechanical activation than room
temperature. Such detailed insights on the structure of LiH
species and the release of hydrogen were only possible due to
the advantages afforded by high-field NMR.

In addition to hydrogen storage, high-field solid-state
MAS NMR is a key tool to understand the solid-electrolyte
interface (SEI) composition for electrochemical energy stor-
age. Such examples include the use of °Li MAS NMR to
study the electrodes and SEI formed in lithium batteries
[106—-108]. At a high field, the composition of the SEI formed
in Cu-Li cells was determined by employing a multinuclear
strategy involving 'H, °Li, '*C, and '"F. The 20 T field
afforded sufficient resolution to enable the deconvolution of
at least six unique lithium species present in SEI layers
harvested from cells with contrasting electrolyte components.
One such species was metallic Li, which is often regarded as
dead Li species. This species, unable to contribute to electro-
chemical cycling, was found in contrasting abundance among
the various electrolyte configurations. The findings enabled
by high-field detection have implications on the safety and
performance of such galvanic cells. For example, the detected
LiF species (regard as a good Li" conductor) was observed
only at specific lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) concentrations in the electrolyte. A quantitative
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Fig.34.18 (a) °Li MAS NMR spectra of solid powder LiH sample that
was ball milled for 45 min at room temperature. The top trace was
acquired on a 300 MHz NMR spectrometer at an MAS rate of 5 kHz
(dvy, = 4.75 ppm or 210 Hz). The bottom trace was acquired on a

account of the species specificity on the solid material pro-
vides truly unique and explicit insight into the underlying
surface chemistry. Not only are solid species used in battery
applications benefitted by strong magnetic fields, but liquid
samples experience enhanced resolution and sensitivity
as well.

The natural abundance detection of low-concentration
species in energy storage solvents is yet another area in
which high-field detection has greatly propelled a molecular
description of the chemical system. For example, high-field
70 and °Li spectra have been employed to understand the
solvation structures of electrolytes for electrochemical appli-
cations. The high and enhanced resolution afforded by the
field strength enabled the detection of '’O at natural abun-
dance in low-oxygen abundance systems. '’O is not only

900 MHz spectrometer at a sample spinning rate of 18 kHz. (b) °Li
MAS spectra acquired with ultrahigh magnetic field of 21.1 T and at a
sample spinning rate of about 18 kHz. (Reprinted with permission from
Hu et al. [105]. Copyright 2008 Elsevier)

challenging to observe in numerous chemical systems
owing to its strong quadrupolar coupling (I = 5/2) but in
particular due to its low natural abundance of 0.038%. Con-
sequently, even enrichment of chemical species to attain
detection is hindered by the high cost of isotope-specific
compounds. Despite this, the solvation structures for LiFSI
(DME) (LiFSI dissolved in 1,2-dimethoyethane) could be
resolved on the basis of chemical shift coupled with compu-
tational modeling to show the modulation of TFSI coordina-
tion with concentration [109]. Figure 34.19 illustrates one
such example of high-field 'O which exemplifies the range
of oxygen environments present in such solutions and how
concentration modulates their abundance and speciation. In
this study, LiTFSI was dissolved in a number of solvents at a
range of concentrations to form an electrolyte [110].
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Fig. 34.19 High-resolution observation of natural-abundance '’0O NMR for electrolyte solutions at low to high concentrations and the accompa-
nying exchange of chemical species. (Reprinted with permission from Deng et al. [110]. Copyright 2015 Elsevier)

Carbonyl displacement was observed more strongly than
oxygen in ether positions with the changing formulation,
highlighting the importance of clearly resolving this feature.
As such, TFSI was proposed as the species directly
interacting with the Li" cation. The results enabled the deter-
mination of the coordination around Li" and showed that the
first coordination sphere is comprised of four carbonyl spe-
cies interacting with Li". In excess solvent, quick exchange is
observed between coordinating oxygen-containing species
and solution-state species. 'O has also been employed to
look at the cathode materials and observe the paramagnetic
shift to better understand the delithiation process. Such
experiments enable the electrochemical cycling process of
Li-based batteries to be monitored [111].

A somewhat similar approach has been employed to pro-
vide insight on solvation structures around *’Mg cations,
important for the potential alternative Mg-based battery tech-
nology [112—114]. To propel this next-generation research, it
is important to understand the limitations in cell formulation
which lead to poor performance. High-field NMR explored
the solvation structures and dynamics of electrolyte salts Mg
(BH,4), (magnesium borohydride) and Mg(TFSI), dissolved
in diglyme at various concentrations and ratios to reveal that
mixtures of the two salts decrease the strong interactions with
BH,, resulting in increased coordination of Mg*" with sol-
vent molecules. The likely solvation structures of these spe-
cies were proposed with the assistance of computational
modeling for each condition. Such results highlight the
power of high-field NMR to provide unique and specific
insight into the underlying chemistry of applications that
employ challenging nuclei.

34.6 Low-Natural Abundance, Low-Gamma
Nuclei

Since the criteria for the suitability of an element for NMR
are (1) possessing nuclear spin and (2) consisting of a dia-
magnetic electron configuration, it would follow that most
elements can be probed with NMR spectroscopy, enabling
detailed insight into the abundance of catalyst systems. How-
ever, the sensitivity of many of these nuclei suffers from
either poor natural abundance, low-y, or a combination of
both. In solid-state NMR, detection of low-y nuclei is chal-
lenged by their inherently poor sensitivity. Many of these
nuclei hold great importance to catalysis as the active metal
species, such as = Mg, T8, 7148, 7Zn, °'Zr, *>Mo, *"Mo,
105pqg, ]07Ag, 1OgAg, 183w 195p¢ etc., and reviews devoted
solely to [115] a given nucleus are readily available [44, 45,
115-119]. A number of other chemical species may be pre-
sent on the catalyst which impacts the reactivity of the mate-
rial as either a poison or promoter. These species may contain
nuclei that also suffer from poor sensitivity due to a low-y.
This includes nuclei such as '*N, *3S, *Cl, 3*’Cl, *K, and
43Ca. Since the sensitivity of these species is proportional to
both By and y*, one strategy to enable the detection of these
nuclei is to employ high-field NMR.

A number of these nuclei are commonly present in metal
oxide catalysts. Such nuclei as 25Mg, 47Ti, 49Ti, 577n, 9IZr,
%Mo, *’Mo, and '"**W are employed as active species, pro-
moters, and supports; many of these elements have been
previously mentioned in this summary. However, their obser-
vation is hindered by poor sensitivity and often broad
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features. A few applications will be mentioned below for the
reader’s interest. For example, 2>Mg is an important element
for numerous chemical transformations (as briefly mentioned
in the previous section). It suffers, however, from severe
quadrupolar broadening in asymmetric environments. For
catalytic applications, the oxide form MgO is of greatest
relevance. Despite the severe quadrupolar broadening expe-
rienced in some minerals, the symmetric environment of
MgO leads to sharp resonances at 25-27 ppm but experiences
long relaxation times on the order of minutes [120-122].
Recent work at 20 T has highlighted insights for the synthesis
of MgCl, Ziegler-Natta catalyst for olefin polymerization and
shown the response of the Mg and *>CI NMR spectra to an
extended surface area [123]. Both °Mg and **Ca, in con-
junction with '’O, have been used to observe the paramag-
netic shift of dopants such as NiO and CoO incorporated into
MgO and CaO materials [124]. The presence of these dopants
shifted portions of the uniform spectra for the pure oxide to
varying degrees based on the concentration of the dopant and
the proximity of the paramagnetic species.

Due to the extensive industrial use of TiO,-based cata-
lysts, their observation by NMR is of great interest to
researchers. There are two magnetically active titanium iso-
topes, *’Ti and *°Ti, with quadrupolar spins of 5/2 and 7/2,
respectively. Both have a low natural abundance and reso-
nance frequency. Their frequencies are uniquely similar such
that their spectra sometimes overlap [125]. As a representa-
tive application, metal organic framework (MOF) materials
have been investigated with *’Ti and “*Ti NMR, where the
signals were shown to be sensitive to molecules present in the
MOF pores [126]. Further, examples of high-field NMR to
understand the phases of titanium phosphates or titanium
silicates have been reported to provide unique, structural
insight [127, 128]. ®“Zn is a quadrupolar isotope of another
prominent metal oxide that suffers from low sensitivity. As
high-field spectroscopy becomes more prominent, its spec-
troscopic observation has played an increasing role in under-
standing the nature of Zn sites and coordination on the oxide
surface [129, 130]. Finally, *'Zr is another isotope for a
common metal oxide material which has been the subject of
detailed review [119]. Though it suffers from a very large
quadrupole moment, the nucleus has been successfully
resolved to reveal the local environment in MOF and phos-
phate applications [117, 126].

'83W is infrequently reported due to the lower receptivity
and extended relaxation times. Such signals have been col-
lected for tungsten oxide and tungsten-containing poly-
oxometalates, however. Two resonances are visible at
moderate field in the case of crystalline WO; at —414 and
—438 ppm due to the crystallographic ally inequivalent spe-
cies [131]. H3PW;,04 reveals a single resonance with a
large chemical shift anisotropy. High-field '**W and *’Mo
studies of other polyoxometalates (Lindqvist, Keggin,

Keplerate, and Dawson) have revealed the unique and spe-
cific NMR parameters for the solid-state spectroscopy of such
species [132]. “*Mo likewise suffers from quadrupolar broad-
ening a low-y and low natural abundance. The quadrupole
coupling of various molybdenum-containing compounds has
been the subject of detailed attention [116]. While the study
of Mo species anchored in zeolites for methane
dehydroaromatization does not reveal such sharp *>Mo fea-
tures, it does provide some unique insight into the bonding
environments of Mo in the framework [133, 134]. This work
took advantage of the contrasting spin-lattice relaxation times
between supported Mo species and those in the oxide crys-
tallite to differentiate exchanged Mo from the oxide agglom-
erates. The results demonstrated a linear correlation between
the extent of exchange and the reaction rate and indicated the
saturation loading of 0.5 Mo/Al in the MFI framework while
providing unique, high-field spectra of the oxide powder.

Noble metals also hold a great importance for catalysis,
but such species are relatively unexplored. A number of
studies have investigated the spectra of '°°Pd, '"7Ag, '®Ag,
and '°Pt NMR, but these come primarily from investigation
into the chemical structure of other materials such as glasses
and superconductors with only a modest selection pertaining
to catalysis [31, 135-137]. A few demonstrations exist of
these nuclei contained within catalyst systems. For example,
'%Ag has been explored as a supported nanoparticle on
zeolites [138]. The authors ascribed the observed peak to
mononuclear Ag(I) which shifted as the paramagnetic effects
of Ag clusters dominated at high loading [139]. Though this
is a spin %2 nucleus with a relatively high natural abundance
(48%), the gyromagnetic ratio is quite small (—1.25 x
107 rad s™' T7"), leading to poor sensitivity. '*’Ag is pre-
ferred over '°’Ag due to better sensitivity.

It should also be noted that the '°°Pd nucleus has been
studied in select catalytic Pd complexes, but applications to
supported Pd catalysts have been limited by a modest natural
abundance (22%), low gyromagnetic ratio (—1.23 X
107 rad s™' T™'), and high quadrupole moment (/ = 5/2,
66 fm?) [140]. Recently, a pair of studies have approached the
challenge to understand the structure of Pd-containing cata-
lysts in diamagnetic complexes and supported systems.
Hooper et al. established the sensitivity of the nucleus to
distortions in the material structure and highlighted the sen-
sitivity for NMR to detect such changes in static spectra
[141]. They were further able to employ the Knight shift as
a sensitive probe of the particle size. Recently, this approach
was applied to understand the modification of carbon-
supported Pd nanoparticles doped with boron atoms [142].
Short-ranged structural distortions were observed where the
presence of interstitial B distorted the lattice to an extent
sufficient to broaden the features out of observation. Typical
linewidths for these solid materials ranged from 13,000 to
80,000 Hz.
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The detection of 7O species is of extensive interest to the
advancement of catalyst applications. As the only stable and
NMR-active isotope of oxygen, it holds striking importance
for a detailed understanding of catalyst systems which very
often contain oxygen as either a component of the catalyti-
cally active material or as a component of the substrates in the
reaction network, just as in energy storage applications.
Unfortunately, such observations are not yet routine owing
to the significant quadrupolar broadening and low natural
abundance (0.0373%). Despite these challenges, it remains
a key tool to provide detailed catalyst characterization of
oxide materials to the extent that a pair of excellent reviews
has covered just this nucleus alone, one focusing on its
application to catalysis [143, 144]. Solid powders of metal
oxides have been extensively studied which exemplify the
sensitivity of oxygen to the bonding metals [145—153]. Due
to the low natural abundance, such investigations typically
require the use of enriched precursors to identify the local
structure of lattice, hydroxyl, and support-metal bridging
positions from MQMAS [154]. Enrichment often proceeds
via the introduction and incorporation of H,'0 or 170, into
the catalyst sample as a replacement for the oxygen already
present either through scrambling or redox cycles. Such a
strategy has enabled the distinction of oxygen environments
on the surface and first few layers of cerium oxide from the
bulk species via contrasting chemical shifts [151]. It has also
enabled the distinction of unique oxygen sites on zeolite
materials such as Si-O-Al, Si-O-Si, and Si-OH-Al in HY or
MFI zeolite [147, 155, 156]. Large quadrupole coupling
constants and asymmetry parameters manifest themselves
for the Si-OH-Al species. Notably, the unique crystallo-
graphic positions of framework oxygen and those near
Bronsted acids could be resolved with MQMAS NMR with
a negative linear correlation between bond angle and chem-
ical shift [157]. In addition to looking at oxygen in the
catalyst structure, a number of studies have investigated the
adsorption of oxygen-containing compounds onto the mate-
rial to understand the activation of oxygen or to probe the
acid site strength through trimetylphosphine [146, 158].
Given the detailed information such a nucleus provides,
techniques to enhance the signal of '"O nuclei are under
development. Such technologies as dynamic nuclear polari-
zation (DNP) and double-frequency sweep (DFS) have
shown considerable promise in improving the intensity of
170 signals [159].

34.7 Outlook

This brief account of the importance of high-field NMR has
described the underlying challenges associated with NMR
spectroscopy on quadrupolar, low-y, and low-natural-abun-
dance nuclei. The enhancements in sensitivity and resolution

afforded by a strong magnetic field are critical to the success-
ful detection of several nuclear species. Applications of the
technology to the relatively mature high-field 2’Al MAS
NMR for catalysis were recounted and complemented by
those for >'V MAS NMR. Additional insight has also been
provided for high-field investigation of energy storage mate-
rials and low-sensitivity nuclei. Despite these advances, sev-
eral nuclei remain relatively insensitive for routine detection
(170, 414, T, >Mn, *"Zn, °'Zr, W, etc.). While more
powerful magnets continue to enter service, the rate of this
advancement hinders the unique characterization capabilities
NMR offers to a variety of systems. To overcome the
resource challenges imposed by the poor sensitivity of these
nuclei, a relatively new technique, dynamic nuclear polariza-
tion (DNP), should be regarded as an emerging compliment
to solid-state NMR. DNP has demonstrated enhancements of
up to 400 times the signals which are possible by NMR
through the addition of a polarizing agent or by utilizing a
radical species native to the sample of interest. It works by
transferring polarization from the radical species to the
nucleus by microwave irradiation at the electron paramag-
netic resonance (EPR) frequency, taking advantage of the
much higher gyromagnetic ratio of electrons [160]. This
technique enables 2D experiments which are not realistically
achievable with MAS NMR by boosting the sensitivity
[161, 162]. Illustrated in Fig. 34.20, DNP-NMR has been
used to analyze a mixed oxide material of V-Mo-W and was
shown to promote the intensity of the vanadium signal by a
factor of 50. Since the acquisition time of the experiment
scales with the square of the signal-to-noise ratio, the use of
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Fig. 34.20 Sy MAS DNP of V,MogW 5Oy at a spinning speed of
10 kHz, ns = 30,000, recycle delay 1 s, experimental time 8 h: (a)
Spectrum measured with microwave (MW on), (b) spectrum measured
without microwave (MW off) and (c) difference spectrum of spectra a
and b representing only the surface near °'V. (Reprinted with permission
from Thankamony et al. [163]. Copyright 2017 American Chemical
Society)
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DNP-NMR equated to a time savings of 250 times that of
MAS NMR [163]. This emerging technology could render
2D and time-resolved detection of vanadium attainable.

Lapina has provided a summary of DNP NMR’s role in
characterizing catalytic materials [164]. While applications
such as surface-enhanced DNP which provides a two orders
of magnitude increase in signal are possible [165, 166], more
challenging experiments benefit from combining high mag-
netic field strength with DNP NMR to dramatically reduce
the experimental time for MQMAS and cross polarization
experiments [167, 168]. For example, ©’Zn, ''°Sn, and '*°Pt
DNP NMR observations have been reported, among others
[169—171]. Twice discussed in the context of experimental
rigor, it is unsurprising that a number of DNP NMR studies
have focused on '’O detection. Using this technology, detec-
tion of '’O hydroxyl groups at natural abundance was possi-
ble on a silica surface by two-dimensional HETCOR NMR
[172]. The quadrupolar  Carr-Purcell-Meiboom-Gill
(QCPMQG) sequence has been combined with DNP NMR to
provide unique insight into these silanol groups, providing
evidence for the enhanced dehydroxylation propensity of
hydrogen-bonded hydroxyls over isolated species [173].
This advancement has enabled further insights into the oxy-
gen environments near Bronsted acid sites. In particular, 'O
DNP NMR has been shown to be an accurate probe for
determining the O-H bond distance, which has direct impli-
cations on the acidity of solid acid catalysts, an important
factor in their performance [174]. This work employed
windowed-proton-detected local-field QCPMG at natural
abundance to determine the O-H bond distance by measuring
the dipolar coupling doublet in a series of samples. This was
correlated to the pH at the point of zero charge of the surface,
correlating longer O-H bond lengths as more acidic in nature
[175]. Such a technique was also applied to a Zn/SiO, system
to demonstrate the increased acidity of hydroxyl groups
associated with isolated Zn®" species [176]. Clearly such
observations would be nearly impossible at natural abun-
dance without the aid of DNP NMR. The contributions of
DNP to '"O observation for catalysis alone highlight the
power of this advancement.

Though a promising technology, complications may exist
in the deployment of DNP as a spectroscopic technique. In
particular, the preparation of materials for DNP NMR is a
concern since the added radical species required for the
experiment may alter the structure of the catalyst material
of interest. Further, such experiments should be performed at
low temperatures, which might alter the bonding environ-
ment of the nucleus of interest and severely complicate in situ
investigations. Such restrictions effectively limit DNP to a
quasi ex situ technique at present. Further efforts are required
to mitigate these challenges to ensure the sample conditions
monitored are representative of the catalyst at relevant con-
ditions. Finally, the equipment necessary to conduct high-

field DNP experiments is less accessible than even high-field
NMR, severely limiting the ability for DNP to be widely
employed. Such technical challenges will hopefully be
resolved as DNP-NMR methods mature.

Combining in situ NMR technology with DNP will pro-
vide endless routes for advanced catalyst characterization.
Indeed, future developments in high-field and/or DNP
NMR will drive catalyst research towards the more common
implementation of 2D and time-resolved studies of insensi-
tive or time-consuming nuclei such as >'V. Already in our
laboratory, smaller in situ rotor designs capable of spinning at
rates relevant to high-field ’Al NMR are being employed to
monitor the dynamic environments of zeolite materials. Such
in situ studies at high field will represent a powerful tool in
future investigations. Combining such in situ high-field fea-
tures with DNP NMR offers possibilities to explore chemical
interactions in ways not previously possible.
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