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Abstract: Solid-state NMR spectroscopy is a well-established method to obtain atomic-level information about
the structure of inorganic materials, but its use is often limited by low sensitivity. We review how solvent generated
dynamic nuclear polarization can be used to increase sensitivity in solid-state NMR of inorganic materials, with
emphasis on our recent method for hyperpolarization of proton-free bulk. We use selected examples to show
how overall gains in sensitivity can be observed in both the surface and bulk spectra of inorganic compounds
such as lithium titanate. The hyperpolarization methods reviewed here can be used to improve NMR sensitivity

for a range of inorganic materials.
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1. Introduction

Solid-state nuclear magnetic resonance (NMR) spectroscopy
is an analytical technique which directly probes molecular sym-
metry and structure at nuclei, and consequently provides informa-
tion about the atomic-level structure and dynamics of materials.[!]
Understanding how the properties of materials are related to their
structure is one of the most important aspects of chemistry and
materials science today, and solid-state NMR is especially useful
for characterization of disordered, amorphous or heterogeneous
solids.[!

One of the main drawbacks of solid-state NMR is its inher-
ently low sensitivity, caused by the relatively low polarization of
nuclear spins. This is especially problematic in the case of many
inorganic materials, where low concentrations and low gyromag-
netic ratios (%) of the magnetically active nuclei further decrease
the sensitivity. As a result, even one-dimensional NMR experi-
ments of nuclei with low sensitivity can be very time consuming.

Dynamic nuclear polarization (DNP) is a method to increase
spin polarization, and has been proven to provide significant sig-
nal enhancements in solid-state magic-angle spinning (MAS)
NMR experiments. DNP is the transfer of large electron spin po-
larization of unpaired electrons to nearby nuclei, achieved by mi-
crowave irradiation near to the electron paramagnetic resonance
(EPR) frequency.l3!
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Here we focus on the hyperpolarization of inorganic materials,
and explain how sensitivity in the NMR spectra of both surface
and bulk can be increased. The methods discussed are based on
impregnation DNP, where the source of unpaired electrons is a
stable organic radical which is added exogenously to the sample
of interest as a part of a wetting phase. Upon microwave irradia-
tion, the hyperpolarization generated in the wetting phase can be
selective transferred to the surface of the target material and de-
tected, resulting in NMR spectra of the surface of the material.[*]
Alternatively, the hyperpolarization can be transported from its
origin near the surface by spin diffusion, in a process called hy-
perpolarization relay.l>! In particular, we discuss a strategy which
has been shown to efficiently hyperpolarize the bulk of inorganic
materials.[0]

As a selected example of how these methods work, we review
our recent work on lithium titanates, which are of interest as anode
materials in batteries.l”! We use Li, TiO, as an example to show
how high sensitivity "Li and °Li surface spectra can be recorded
with cross-polarization®! (CP) MAS. We also go over how sensi-
tivity in bulk spectra can be improved using a combination of im-
pregnation DNP and slow spin diffusion between lithium nuclei.
As an example, an overall gain in sensitivity of around a factor 60
for the °Li bulk spectrum of Li, TiO, was measured.

2. DNP of Inorganic Materials

Impregnation DNP was introduced around 10 years ago as a
method to improve the sensitivity in NMR experiments of pow-
dered materials,“al and is now one of the main areas of applica-
tion of MAS DNP. In general, this is achieved by impregnating a
microcrystalline solid material (such as the one in Fig. 1a) with
a small amount of radical containing solution. The radical solu-
tion is chosen so that it dissolves the radical (Fig. 1b), but not the
analyte, as shown schematically in Fig. 1c. Significant effort has
been put into optimization of both the radical itself and the sample
formulation.l!
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Most commonly, the formulated sample is packed in a solid-
state MAS rotor, and inserted into a precooled DNP probe. The
DNP experiments are then carried out as the sample is spun at
temperatures around 90 K. In order for microwaves to be deliv-
ered to the sample, the NMR probe needs to be coupled to a high-
power microwave source capable of outputting power at an EPR
frequency corresponding to the field of the magnet.[10]

The DNP signal enhancements provided by DNP can be evalu-
ated by the enhancement factor, & which is determined by the
ratio of the NMR signal intensities in spectra acquired with and
without microwave irradiation (¢=1_/I ). NMR signal intensities
are directly related to the polarization of the nuclei. Relative to its
initial Boltzmann polarization, the maximum theoretical enhance-
ment of a given nucleus corresponds to the ratio of the electron
and nuclear gyromagnetic ratios. As an example, the maximum
enhancement of 'H is around 660 and around 2600 for *C, cor-
responding in each case to the ratio v /y,.

Figs 1d and le show examples of DNP enhancement factors
measured for the 7Li and °Li CP MAS spectra of a microcrystal-
line sample of Li,TiO, impregnated with a 16 mM solution of
TEKPol radical in tetrachloroethane (TCE).[!!l A klystron micro-
wave source with an output power of around 5.2 W was used to
transfer the high electron polarization of the radicals to protons
in the TCE, resulting in a '"H DNP enhancement of around 400.
Since this material is proton-free, the hyperpolarization does not
transfer to the material spontaneously (as is the case in relayed
DNP). Instead, CP can be used to transfer the high polarization
generated on protons in the wetting phase to 7Li and °Li nuclei
close to the surface of the Li,TiO, particles. This approach, where
the surface of a material is hyperpolarized selectively is called
DNP surface-enhanced NMR spectroscopy (sometimes abbrevi-
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Fig. 1. Dynamic nuclear polarization of an inorganic material. (a) SEM
image of ground Li,TiO, powder. (b) The molecular structure of the bi-
radical polarizing agent TEKPol.['"@ (c) Schematic representation of a
particle where the surface signals are enhanced with hyperpolarization.
(d) DNP enhanced 'H-"Li CP MAS spectrum of Li,TiO, compared to a
spectrum of the same sample without microwave irradiation. (e) "H-5Li
CP MAS spectra of Li, TiO, with and without microwave irradiation. Fi-
gure adapted from refs [6b,c].

ated DNP SENS).[I The process is shown schematically in Fig.
2a, along with the pulse sequence used to acquire the surface se-
lective spectrain Figs 1d and le. A more detailed discussion about
DNP SENS and its applications can be found elsewhere.[!2]

Relayed DNP targets nuclei further away from the polarizing
agent, such as the bulk of the material. The relay of hyperpolariza-
tion relies on the presence of spin diffusion in the sample.5! Spin
diffusion is the transfer of polarization through space, mediated
through homonuclear dipole—dipole interactions. The process de-
rives its name from the fact that it can on a large scale be consid-
ered as analogous to thermal diffusion.l'3] Methods to hyperpo-
larize the bulk of solid materials containing protons (where spin
diffusion is fast) are well established,!s! while NMR of proton-free
bulk materials remains challenging in many cases. This is par-
ticularly true for compounds where nuclear relaxation times (7))
are long, and when isotopic enrichment or paramagnetic doping
to enhance relaxation rates are not practical. We have recently
introduced a strategy to hyperpolarize the bulk of inorganic ma-
terials, where the relayed DNP method is extended to proton-free
inorganic materials.[¢]

For inorganic materials without protons in the bulk, such
as lithium titanates, relay can potentially start from nuclei near
the surface as seen in Fig. 2c. The surface hyperpolarization is
achieved in the same way as described before, through impregna-
tion with a radical containing solution, followed by hyperpolar-
ization of lithium nuclei near the surface. The surface-generated
hyperpolarization can then be transported towards the bulk of the
material by spontaneous homonuclear spin diffusion between
low-y nuclei, if given enough time to do so. Spin diffusion be-
tween lower-y nuclei is expected to be slow due mainly to weak
dipolar couplings, but has been confirmed to be present in various
different compounds with long 7' relaxation times, even at MAS
rates above 10 kHz.[%] This is discussed further in section 4.

Table 1 shows the estimated diffusion coefficients, D, for
several different nuclei, underlining that spin diffusion between
weakly magnetic nuclei is predicted to be slow. The spin diffu-
sion coefficients are scaled from the measured D for '°F in a static
single crystal of CaF,, D =710 nm*s™', which is similar to that for
"H-"H spin diffusion in rigid organic solids.['4] The scaling is done
using the relationship D o 3/c y? where c is the concentration of
nuclei and ¥ is the gyromagnetic ratio.['>! The diffusion length
\/D_Tl then corresponds to the distance that polarization can travel
from its source. The values reported in Table 1 are approximate
upper limits, since the estimated diffusion coefficient for a static
sample is used in combination with longitudinal relaxation con-
stants 7| which are measured at 90 K, 8 kHz MAS rate, and 9.4 T
field strength. The diffusion coefficients scale approximately as
1/v,, with the MAS rate, as dipolar interactions are averaged out,
and in addition many other factors can affect the rate of spin diffu-
sion.[16] The diffusion lengths are therefore likely overestimated.

Building on the presence of spin diffusion in these materi-
als (as discussed below in section 4), we introduced a method
for hyperpolarization of the bulk of inorganic materials, based on
a combination of impregnation DNP, continuous replenishing of
surface hyperpolarization, and slow spin diffusion between rela-
tively weakly magnetic nuclei such as *'P and '*Sn.102b] Ag shown
in Figs 2c¢ and 2e the hyperpolarization is maintained at the sur-
face of the material either by direct DNP of the weakly magnetic
nuclei, or by repeated bursts of cross polarization from protons in
the wetting phase. Provided that bulk T, values are long enough,
even slow spin diffusion can then transfer the surface-generated
hyperpolarization to the bulk. This can result in spectra which
exceed the sensitivity of conventional solid-state NMR. This is
discussed in more detail in the following section, where lithium
titanate is used as an example. A more detailed discussion about
maximizing bulk hyperpolarization by tuning the different param-
eters of the pulse sequence in Fig. 2f can be found in ref. [6b].
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Fig. 2. Schematic representation
of a lithium titanate particle im-
pregnated with a radical contain-
ing solution. The particle can be
hyperpolarized in three different
ways using the pulse sequences
shown next to each schematic.
a) Particle surface is polarized by

b) T ew

SLi

CP from protons near the sur-
face. b) Pulse sequence for DNS-
SENS. c) Direct polarization of
surface lithium nuclei, followed by
spin diffusion. d) Pulse sequence
for direct DNP. €) Repeated
hyperpolarization of surface SLi
nuclei by CP, followed by spin
diffusion. f) Pulse sequence using
multiple contact CP. Figure par-

tially adapted from ref. [6b]. e)

Table 1. Estimated diffusion coefficients and diffusion lengths for homo-
nuclear spin diffusion in different inorganic materials.

cM) Damish) T, Vo7 (um)
F in CaF, 81.5 7100 115° 286
"Li in Li,TiO, 28.9 85.8 70 77.5
“Li in Li,TiO, 23 53 4382 152
"Liin Li,Ti,0,, 7.1 53.7 942 225
“Li in Li,Ti,O,, 0.6 33 13100 208
19Sn in $nO, 4.0 41 500 141

2The measured diffusivity and T, of "F polarization in a single crystal of
CaF,.""The diffusivity is measured along the [001] direction.

3. Improving Sensitivity

Although the enhancement factor, &, is often a convenient way
to evaluate the efficiency of a DNP experiment, it does not take
into account all of the factors associated with doping a sample
with a paramagnetic species and irradiating it with high powers of
microwaves. The factor € does not take into account effects such
as signal quenching, sample dilution, or changes in temperatures
or relaxation time constants.[!'7] For a direct comparison of a DNP
enhanced spectrum to a MAS NMR spectrum without DNP we
use sensitivity ratios to evaluate the gains obtained, where the
sensitivity is defined as signal-to-noise ratio per unit square root
of time per milligram: sensitivity = (SNR/m)/sqrt(T), where m
is the mass of the compound and 7 is the experiment time. In
this way, the sensitivity of a DNP spectrum can be compared to
the sensitivity of a spectrum of the same compound without the
presence of radicals, potentially at different temperature or even
magnetic field, i.e. the experiment which would have been done
without DNP capabilities.

’Li and °Li spectra of Li,TiO, are shown in Figs 3a and 3b.
The spectra are acquired using the methods shown in Fig. 2. Fig.
3a shows the difference between the DNP enhanced surface spec-
trum, recorded with 'H-"Li CP, and the ordinary direct "Li spec-
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Y
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acquisition ¢,
L

trum acquired without DNP, which is dominated by signal from
the bulk. The surface-selective spectrum (DNP CP) is broader
than the bulk spectrum (DNP direct) as seen by the linewidths and
the more extended sideband pattern, indicating the presence of en-
vironments that are more anisotropic than the bulk environments.

Sensitivity comparison between the different ’Li spectra is
shown in Fig. 3c, where the reference experiment can be con-
sidered to be the conventional low temperature MAS spectrum
of the undoped material. "Li has a relatively high gyromagnetic
ratio, as well as a natural abundance of 92.3% and as a result
obtaining a spectrum with a high SNR is usually not challenging.
Compared to the spectrum of the undoped material, there is only
a slight increase in sensitivity using the direct DNP approach. The
experiments were performed at a MAS rate of 8 kHz, and they
are sensitivity optimized, which means that the recovery delay is
set according to the measured longitudinal relaxation times, 7,
or the DNP build-up times 7. The relaxation times measured for
Li,TiO;are T, =70 s and T}, ,,, = 3.5 s. Surfaces are often chal-
lenging since atoms on the surface make up a very small fraction
of the total volume of the sample, but here we get high sensitivity
'H-"Li spectrum of the surface.

Fig. 3d shows how sensitivity in the °Li spectra of Li,TiO,
can be very significantly increased with impregnation DNP. Due
to the low ¥, long T, and natural abundance of °Li nuclei, the
sensitivity in the conventional spectrum is low. Direct DNP of °Li
shows a gain in sensitivity of around a factor of 15. This can be
improved even further by using the multiple-contact CP strategy
of Fig. 2e, which here provides a sensitivity gain of almost a fac-
tor of 60. The increase in sensitivity here over that of direct DNP
indicates that °Li hyperpolarization is relayed in Li, TiO, (which
will be discussed in the following section). A spectrum with ex-
cellent sensitivity is also generated by 'H-Li CP. As seen in Fig.
3b, the surface spectrum of the compound is broader than the bulk
spectrum, and it is also slightly shifted to the left.

A similar analysis for a different lithium titanate, Li4T15012,
can be found in the original work.[%I This compound has a lower
lithium concentration than Li, TiO, and the longitudinal relaxation
times are also longer, as reported in Table 1, making it a more
challenging case for solid-state NMR, and even better suited to
the relayed DNP approach here.
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Fig. 3. MAS spectra and normalized NMR sensitivities measured for
Li,TiO,. (a) DNP enhanced 'H-"Li CP spectrum, as well as direct "Li
spectra with and without DNP. (b) DNP enhanced 'H-Li CP and multi-
CP spectra and direct 6Li spectra with and without DNP. The spectra are
scaled to the same intensity. Sensitivity comparison between different
(c) "Li and (d) ®Li spectra of Li,TiO,. Figure reproduced from ref. [6¢].

In general, we have shown that this method can increase the
sensitivity in bulk spectra of a range of inorganic compounds of
up to a factor 85 so far. In addition to °Li/’Li spectra of lithium
titanates it has been applied to 3'P spectra of GaP, ''*Cd spectra
of CdTe, *Si spectra of a-quartz, and '"°Sn spectra of powdered
SnO,.[6ab]

4. Spin Diffusion

Homonuclear spin diffusion is driven by nuclear dipolar cou-
pling as mentioned in section 2. The strength of this coupling
diminishes greatly with lower nuclear gyromagnetic ratios and
increasing internuclear distances. Exchange of magnetization
through mutual energy-conserving spin flip-flops is usually
lessened further when dipolar couplings are additionally aver-
aged out by sample rotation, or when chemical shift differences
are large.l3 For these reasons, spin diffusion between nuclei
other than 'H and "F is often thought to be negligible, espe-
cially under MAS.

Fig. 4 shows the results from different experiments to con-
firm the presence of spin diffusion in microcrystalline inorganic
materials. If the surface and bulk spectra are distinctly different,
the polarization transport from surface to bulk can be monitored
with an experiment where hyperpolarization is transferred to
nuclei near the surface of the particle with CP, and then al-
lowed to diffuse into the bulk during a waiting period (t ) before
detection (Fig. 4a). Fig. 4b shows that, for the !'°Sn spectra
of SnO,, the bulk signal intensity increases as the delay is in-
creased, while surface signals diminish. Additionally, spin dif-
fusion and magnetization exchange pathways can be detected
quantitatively with a two-dimensional exchange spectroscopy
(EXSY) experiment,!'8] as shown in Fig. 4c and discussed in
detail in ref. [19].

A change in the DNP enhancement € as a function of polar-
ization delay has also been established to be a signature of relay.
15200 When enhancements are calculated at different relaxation

delays, the result is that € changes with time in systems with re-
lay. Examples of this are shown in Figs 4d and 4e, where hyper-
polarization relay is observed between Li nuclei in Li, Ti,O,,
and between °Li nuclei in Li, TiO,. Note that the estimated D
for 'Li-'Li diffusion in Li,Ti,O , is expected to be around 10
times higher than D for °Li-°Li diffusion in Li,TiO, (see Table
1), and that relay curve in Fig. 4e has not reached steady state.
We also point out that although the lithium atoms themselves
can diffuse in these materials, and polarization transfer could
therefore either be mediated by physical diffusion or spin dif-
fusion, lithium dynamics in these materials have been found to
be relatively slow.[21]
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Fig. 4. Polarization relay in spinning samples. (a) Spin diffusion from
surface to bulk in the DNP enhanced "*Sn spectrum of SnO,. (b)
Normalized surface, bulk and total signals of the spectra in a). (c) 2D CP
spin diffusion exchange spectrum of SnO,. (d) “Li DNP enhancements
in Li,Ti,O,, and () °Li enhancements in Li,TiO, as a function of polariza-
tion delay. The solid lines are numerical simulations of polarization relay.
Figure adapted from refs [6a,b,19].

5. Conclusions

In conclusion, our recent work has shown that inorganic com-
pounds such as lithium titanate can be efficiently hyperpolarized
using impregnation DNP. We have discussed how homonuclear
spin diffusion between weakly magnetic nuclei can be used as a
mechanism for transporting surface-generated hyperpolarization
into bulk. This has led to the development of a general strategy to
improve the sensitivity of NMR signals of proton-free inorganic
solids.
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