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ABSTRACT: In recent years magic angle spinning-dynamic nuclear polar-
ization (MAS-DNP) has developed as an excellent approach for boosting the
sensitivity of solid-state NMR (ssNMR) spectroscopy, thereby enabling the
characterization of challenging systems in biology and chemistry. Most
commonly, MAS-DNP is based on the use of nitroxide biradicals as polarizing
agents. In materials science, since the use of nitroxides often limits the signal
enhancement to the materials’ surface and subsurface layers, there is need for
hyperpolarization approaches which will provide sensitivity in the bulk of
micron sized particles. Recently, an alternative in the form of paramagnetic
metal ions has emerged. Here we demonstrate the remarkable efficacy of
Mn(II) dopants, used as endogenous polarization agents for MAS-DNP, in
enabling the detection of 7O at a natural abundance of only 0.038%. Distinct
oxygen sites are identified in the bulk of micron-sized crystals, including battery
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anode materials Li, TisO;, (LTO) and Li,ZnTi;Oy, as well as the phosphor materials NaCaPO, and MgALO,, all doped with
Mn(1II) ions. Density functional theory calculations are used to assign the resonances to specific oxygen environments in these
phases. Depending on the Mn(II) dopant concentration, we obtain significant signal enhancement factors, 142 and 24, for °Li
and Li nuclei in LTO, respectively. We furthermore follow the changes in the ’Li LTO resonances and determine their
enhancement factors as a function of Mn(II) concentration. The results presented show that MAS-DNP from paramagnetic
metal ion dopants provides an efficient approach for probing informative nuclei such as '’O, despite their low gyromagnetic

ratio and negligible abundance, without isotope enrichment.

1. INTRODUCTION

Solid-state NMR (ssNMR) spectroscopy is an invaluable
structural technique for probing short-range order and
structure—function relations in materials science.' ™ However,
its main drawback is its low sensitivity. In recent years, with the
advancement of high-field dynamic nuclear polarization
(DNP) under magic angle spinning (MAS)," it has been
demonstrated that ssNMR sensitivity can be increased by
several orders of magnitude.é’7 As such, MAS-DNP has been
successfully implemented to study heterogeneous cata-
lysts,”*~'* nanoparticles'*™"” and battery materials."*'® In
particular, 7O with a natural abundance of only 0.038% is an
especially appealing target for hyperpolarization due to its high
structural and chemical sensitivity”””" in oxides and inorganic
surfaces'>”>*’ that are undetectable by standard ssNMR
methods.

Sensitivity via DNP is achieved by transferring the high spin
polarization of unpaired electrons to surrounding coupled
nuclei by microwave (uw) irradiation. Typically, nitroxide
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radicals are added to diamagnetic samples as exogenous radical
solutions and form a glassy matrix at the experimental
cryogenic temperatures (~100 K).” This technique is robust
and efficient for sensitivity gain; however, since the polar-
ization spreads from the surface of the particles, it is most
commonly applied to materials with high surface-to-volume
ratio. While recently it was shown that nitroxides can also be
used for polarization beyond the surface and subsurface layers
of inorganic particles,”* there is need to develop efficient
alternative approaches to gain hyperpolarization in the bulk of
micron sized inorganic particles, such as endogenous polar-
ization sources, which may be advantageous in many materials
systems.

Endogenous polarization in MAS-DNP can be achieved
from paramagnetic metal ions. Their use for endogenous
polarization has been demonstrated in biomolecules by Mn(II)
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substitution in the metal binding active site”> and in a Cr(III)
doped molecular crystal in a metal—organic complex.*
Similarly, in the early days of DNP, paramagnetic metal ion
dopants and defect sites were utilized as endogenous
polarization agents in the bulk of inorganic single crystals.”” >
These experiments were performed on static samples at
ultralow temperatures and low fields.

The utilization of paramagnetic metal ion dopants is an
extremely appealing route for DNP in materials science: Metal
ion dopants are routinely employed for introducing or
improving material functions such as ionic and electronic
conductivity, catalytic activity, and optical properties. In such
systems dopants can serve an additional role, by acting as
endogenous polarization agents for DNP they may provide the
needed sensitivity to probe low sensitivity and/or low
abundance nuclei. Alternatively, the established protocols for
introducing metal ion dopants in important materials classes
such as oxides, silicates, phosphates, and aluminates, provide a
route for introducing dopants as “structural spies”, incorpo-
rated in the material with control, at minute quantities, and
with negligible interference with the material’s structure and
function. In the context of NMR sensitivity enhancement,
paramagnetic metal ions are commonly introduced in the study
of glasses to reduce the eerriment time through shortening
the nuclear spin relaxation.”> We have recently demonstrated
this concept for DNP, polarizing "Li nuclei in the bulk of
micron sized Li,Tis0,, (LTO),* circumventing the addition
of a solvent matrix. LTO is a promising battery anode
material’* ™" which was shown to have improved ionic
mobility and function upon doping with metal ions.’**' By
doping LTO with Mn(Il) ions and using the dopants as
endogenous polarization agents in static, low field, DNP
experiments, we were able to achieve more than 10-fold
increase in signal intensity.

Here we expand this approach, demonstrating the high
sensitivity achieved in the bulk of micron sized inorganic
crystals in high field MAS-DNP experiments from endogenous
Mn(II) dopants. MAS-DNP enhancements of up to ca.140 and
24 fold are obtained for ®’Li resonances from the bulk of Mn
doped LTO (Mn-LTO).* Moreover, we show that Mn(II)
based MAS-DNP provides sufficient sensitivity for detecting
70 at natural isotopic abundance. '’O DNP enhanced ssNMR
spectra are acquired and assigned, supported by density
functional theory (DFT) calculations, for titanate anode
materials (Mn(II) doped LTO and Li,ZnTi;Og), Mn(II)
doped NaCaPO, phosphor, and Mn(II) doped MgAlLO,
phosphor and nuclear waste storage material.

We first describe the overall signal enhancement obtained
for Li in Mn-LTO samples for various Mn(II) contents,
assign the different Li resonances, and determine their
individual enhancement factors, revealing strong dependence
and variation depending on the Mn(II) concentration. We
then present '’O spectra acquired at natural abundance in Mn-
LTO and other oxides, enabled by DNP from endogenous
Mn(II) dopants, establishing it as a powerful approach to
investigate challenging nuclei in solids. Finally, we shortly
discuss the mechanistic aspects of the DNP process from
endogenous Mn(II) polarization.

2. METHODS

2.1. Materials. Samples of Li,Ti;O,, doped with Mn ions were
prepared by solid state synthesis as described previously.> A °Li
enriched sample was prepared in the same way using 95% °Li
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enriched Li,CO; as precursor (Sigma-Aldrich). All samples were
characterized by X-ray diffraction and EPR spectroscopy (Figure S1
and ref 33). Four Mn(II) concentrations were studied here with a
nominal Mn content of x = 0.0025, 0.005, 0.01, and 0.02 representing
the mole ratio of Mn in the LTO formula of Li,TisO,. These samples
are labeled Mn002S, Mn00S, Mn01, and Mn02, respectively.

Mn-doped Li,ZnTi;Og, with 0.005 Mn per Li,ZnTi;Oy formula, was
prepared by standard solid-state reaction method. First, all of the
reacting materials (Li,CO; (Strem Chemicals, Inc. 99.99% purity),
MnCO; (Alfa Aesar, 99.9% purity), ZnO(Alfa Aesar, 99.9%), and
TiO, (Strem Chemicals, Inc. 99.99% purity) were dried in an oven at
80 °C for a few hours. Then these materials were mixed by grinding,
pelletized, and fired in a box-furnace at 750 °C for 6 h in open air
followed by firing at 1100 °C for 3 h with one intermediate grinding.
5% excess Li,CO; was taken in the mixture to compensate for lithium
evaporation during calcination at the elevated temperature.

Mn-doped MgAl,O,, with 0.001 Mn per MgAl,O, formula, was
prepared in accordance to a published solid state reaction.*> The
starting materials—MgO (Strem Chemicals, Inc. 99.9% purity),
ALO;, and MnCO; (Alfa Aesar 99.985% purity)—were mixed by
ball-milling for 1 h and then pelletized and calcined in air at 1400 °C
for 6 h. Mn-doped NaCaPO,, with 0.002 Mn per NaCaPO,
formula, was prepared by solid state reaction.** The starting materials
were CaCO; (Alfa Aesar 99.999%), NH,H,PO, (Strem Chemicals,
Inc. 99.998% purity), MnCO; (Alfa Aesar 99.985% purity), and
Na,COj;. The mixture was heated to 350 °C for 10 h. The obtained
powder was mixed by ball-milling for 1 h, pelletized and heated to 750
°C for 8 h in air. After that, the sample was thoroughly mixed by
mortar and pestle, pelletized, and heated to 900 °C for 10 h in a tube
furnace under N,\H, (5%) flow.

All materials were characterized by X-ray powder diffraction to
determine their phase purity.

2.2. MAS-DNP Experiments. DNP experiments were performed
on a Bruker 9.4 T Avance-Neo spectrometer and a Bruker Avance III
spectrometer equipped with a sweep coil and a 263 GHz gyrotron
system. A 3.2 mm triple resonance low temperature (LT)-DNP probe
was used for the experiments at MAS of 10 kHz. All experiments were
performed around 100 K with sample temperature of about 98 and
107 K without and with gw irradiation, respectively. For all *’Li and
70 measurements single pulse excitation was used following a train of
saturation pulses and delay for relaxation or polarization build-up. The
RF amplitudes used were 50, 87, and 83 kHz for 170, Li, and °Li,
respectively. Longitudinal relaxation, T, and polarization build up
time with pw irradiation, Ty, were measured with the saturation
recovery pulse sequence using a train (150 repetitions) of short pulses
separated by 1.5 ms (for °Li and 7O) and 1 ms (for "Li) for
saturation. A MATLAB code was used to fit the individual "Li spectra
and fit the integrated signal intensity with exponential functions. °Li
relaxation experiments were analyzed using TOPSPIN and fitted with
ORIGIN. DMFIT* was used for spectral deconvolution and
determination of enhancement factors of individual resonances.
Overall signal intensity and enhancement factors were determined
by integration over the entire range of resonances in TOPSPIN.
Chemical shift referencing of %’Li was performed using secondary
references of Li,CO;, set at 0 ppm at room temperature. 'O shifts
were referenced to 7O enriched Li,O or H,O (natural abundance)
set at 35 ppm*® and 0 ppm, respectively. The RF amplitudes for 1O
were determined from nutation experiments on '’O enriched Li,O or
H,O and the pulse length was scaled by a factor of 3 in MAS-DNP
experiments.

2.3. EPR Spectroscopy. Field sweep echo detected pulsed EPR
experiments were performed on Mn doped LTO on a home-built
pulsed W band (95 GHz) spectrometer at 25 K. The Mn(II) line
shape at W band was fitted using EASYSPIN code.”” These
parameters were then used to simulate the line-shape at 9.4 T
(neglecting any line width changes due to relaxation). All other Mn
doped phases were characterized at room temperature with
continuous wave (CW) EPR at X-band.

2.4. DFT Methodology. Electronic structure calculations were
performed for LTO, Li,ZnTi;0g, MgAlL,O,, and NaCaPO, using two
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different density functional theory (DFT) simulation packages: the
plane-wave gseudopotential Vienna Ab Initio Simulation Package
(VASP)**™*° and the all-electron mixed plane-wave/orbital WIEN2k
package.SI’52 The Perdew, Burke, and Ernzerhof (PBE) exchange-
correlation (XC) functional of the generalized gradient approximation
(GGA)*? type was used in all calculations. The number of atoms in
the supercells for LTO, Li,ZnTi;Oq MgAlL,O,, and NaCaPO, were
168, 56, 56, and 84, respectively.

2.4.1. Geometry Optimizations and Self-Consistent Field
Calculations. For the plane-wave pseudopotential calculations using
VASP, we employed an energy cutoff of 600 eV for the plane wave
basis set expansion and the projector augmented wave (PAW)
methodology was adopted to define the core electrons.”* The self-
consistent field and density of states calculations for the full suyercells
for all systems employed the Monkhorst—Pack scheme®® with
Brillouin zone (BZ) k-point grids as described in Table S7. All
system ionic positions and unit cell parameters were relaxed until the
net Hellmann—Feynman force per atom was less than 0.01 eV/A.>

We also employed the WIEN2k package to perform all electron
DFT calculations. All calculations were based on the LAPW+lo
method, with the core electron states separated from the valence
states at —6.0 Ry. The calculations were converged for a plane wave
cutoff given by the factor RyrKyax = 7, where Ryr is the smallest
atomic sphere radius and Kyax is a cutoff for the basis functions wave
vector.

Test calculations were performed to determine the required
number of k-points in the irreducible Brillouin zone to achieve
convergence for the final NMR results for all systems.

Li,O was used as a reference for 7O NMR shift calculations, with a
value of 35 ppm.

Further details for all calculations are provided in Table S7.

2.5. EXAFS Measurements and Analysis. Mn K-edge X-ray
absorption fine structure (XAFS) measurements were performed at
the ISS beamline of the National Synchrotron Light Source-II (NSLS-
II) at Brookhaven National Laboratory, and Ti K-edge, at the
beamline BL2-2 at Stanford Synchrotron Radiation Lightsource
(SSRL) at SLAC National Accelerator Laboratory. For Ti K-edge
measurement in transmission mode, the sample powder was mixed
with boron nitride. Mn K-edge data were measured in fluorescence,
using a multielement silicon drift detector (SDD), and 20 scans were
averaged to improve the signal-to-noise ratio.

To analyze Extended XAFS (EXAFS) data, the nonlinear least-
squares fitting to theoretical FEFF6 model, as implemented in
Demeter package,”” was applied. Data from Ti K- and Mn K-
absorption edges were fitted up to the second coordination shell from
Ti and Mn, respectively, using the spinel structure as a reference for
theoretical calculations of photoelectron scattering amplitudes and
phase shifts. For Mn edge data analysis, several models were
compared, in which Mn absorbers were placed in different sites in
the spinel lattice. In one model, described below, Mn atoms
substituted Ti atoms at the octahedral lattice sites, while in the
second model, at the tetrahedral sites. The fitted variables were
amplitude reduction factors Sy, corrections AR to the model
interatomic distances, the bond length disorder factors (¢?) for Ti/
Mn—O and Ti/Mn—Ti pairs, as well as the corrections AE, to the
photoelectron energy origin. For the tetrahedral Mn model, in
addition, the third nearest neighbor Mn—O contribution was refined
in the fit as well.

3. RESULTS AND DISCUSSION

3.1. DNP Enhancement Profiles. A series of Mn-doped
LTO compounds with Mn(II) content of x = 0.002S, 0.00S,
0.01, and 0.02, representing the mole ratio of Mn in the LTO
formula of Li,Ti;O,,, was synthesized and characterized in
previous work, where the homogeneous introduction of
Mn(1I) ions to the lattice was demonstrated.”> These samples
are labeled Mn0025, Mn00S, Mn01, and Mn02, respectively.
Here, we examined the Mn-doped LTO samples with high-
field MAS-DNP.
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The MAS-DNP field-swept enhancement profiles of the
Mn00S sample, measuring the enhancement factor €.,/ as a
function of the magnetic field, were collected for ®’Li (Figure
1b,c). The profiles have an intricate structure, reflecting the
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Figure 1. (a) Simulated pulse EPR spectrum of Mn00S sample at 9.4
T and electron frequency of 263.5 GHz. Simulation parameters and
experimental spectrum at W band are given in the SL (b) ’Li DNP
sweep profile acquired with a build-up time of 10 s for Mn005. (c) °Li
DNP sweep profile acquired with a build-up time of 20 s for Mn00S.
The arrows mark the optimal field position for maximal enhancement.

EPR spectrum of Mn(II) (Figures la and S1). The strong
hyperfine coupling of Mn(II) electron spin (S = 5/2) with its
3>Mn nucleus (I = 5/2) causes the characteristic splitting of the
narrow mg = —1/2 to m, = +1/2 central transition to six
transitions, with a coupling constant of ca. 229 MHz, similar to
values previously reported for Mn(II).* Each line of the
hyperfine sextet gives rise to negative and positive DNP
enhancements. For Li, the enhancement pairs overlap since its
Larmor frequency (w, =155.5 MHz) is larger than half of the
hyperfine coupling constant of Mn(II). This results in some
interference between the positive and negative enhancements
from adjacent transitions in the hyperfine manifold. In
comparison, the DNP conditions for °Li (@, = 58.9 MHz)
are better resolved and are more symmetric in intensity. The
optimal condition for DNP enhancement for both °Li and Li
occurs at higher fields, at the position marked with an arrow
(Figure 1b,c). It should be noted, however, that the
measurements were not performed at steady state conditions
for polarization build up. Furthermore, the sweep profile does
not cover the entire DNP range as the signal does not return to
its thermal polarization value of &,,,,¢ = 1 at the outermost
field positions measured here.

The DNP sweep profile can provide some insight into the
dominating mechanism of the polarization transfer process.
The maxima and minima of both °Li and "Li sweep profiles
(Figure 1b,c) are separated by twice their Larmor frequency
(2w,). This suggests that the dominant DNP process is via
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solid effect (SE, by an electron—nucleus pair) according to the
matching condition of w,, = @, + @, where w,, is the yw
frequency and ®, is the Larmor frequency of the electron.’
We note, however, that the dopant concentration in mM in
these samples is between 20 and 150 mM (see the Supporting
Information), a concentration regime that was shown to have
cross effect (CE) contribution in Gd(III) and Mn(II) metal
complexes as exogenous polarizing agents.”® In addition to
high concentration, which makes electron—electron couplings
likely, the resonance frequency separation between the two
electrons, Aw,, should satisfy the CE condition Aw, = ®@,.
Considering that the hyperfine split sextet lines of the m, = —
1/2 to +1/2 transition are much narrower than both ®Li
Larmor frequencies, it is unlikely that CE occurs between
resonances within this manifold. Nevertheless, it may be
possible that CE is contributing to the DNP enhancement
through electron pairs where one (or both) electron is
populating higher electron spin transitions (with lmJ > 1/2).
3.2. 57Li Signal Enhancement and Dependence on
Mn(ll) Concentration. Polarization build-up times, T, were
measured at the optimal field positions (marked with arrow in
Figure 1b,c) for °Li and "Li. For each Mn(II) content, overall
Eon/off factors were determined from the ratio of the integrated
area of the entire spectrum with and without yw at steady state
conditions (ST,). Significant enhancements were obtained for
both Li and "Li, which varied strongly with Mn(1I) dopant
concentration (Figure 2). The insets show a comparison
between the Li spectra acquired with and without microwave
irradiation. The highest enhancement for °Li was 142 fold in
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Figure 2. MAS-DNP signal enhancement factors for (a) "Li and (b)
°Li obtained at the optimal field position and steady state conditions
(5T},) as a function of the Mn(II) concentration in LTO. The
different enhancement factors are described in the text. The insets
show the yw on and off spectra for Mn005 ("Li) and Mn0025 (°Li).
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the sample with lowest Mn(II) content, M002S, and it
decreased with higher concentrations of Mn(II) dopant.
Generally, the enhancement was significantly higher for °Li
compared to "Li. For "Li, the highest enhancement was 24-fold
obtained in Mn00S. When considering the ratio between the
gyromagnetic ratios of the two lithium isotopes (y'1;/7°, =
0.38), the enhancement obtained for °Li is only a factor of 2
higher than that of “Li. This difference could be due to an
interplay of the polarization transfer mechanism, the nuclear
spin-lattice relaxation times (T},) and the natural abundance of
the nuclei. The Ty, and Ty, of °Li are higher by 2 orders of
magnitude compared to "Li (see next paragraphs), such that a
higher degree of hyperpolarization can be achieved for °Li,
resulting in higher enhancement values.” In the case of °Li,
the hyperpolarization spreads over a smaller spin bath (7%
natural abundance), which furthermore supports higher °Li
enhancement in comparison to ’Li.

In order to have a better estimation of the absolute gain in
sensitivity achieved from Mn(II) dopants in MAS-DNP, we
must take into account effects of paramagnetic quenching by
the Mn(II) dopants and/or depolarization, the change in
experiment time due to relaxation enhancement by Mn(II)
doping, and the 6%ain in sensitivity due to the temperature
change to 100 K. —63

To this end, we performed a quantitative measurement of
the "Li resonances by recording the steady state LT NMR
spectra with a relaxation delay of ST, in Mn-doped and
undoped LTO (Figure S2). Up to Mn(II) content of x = 0.005
there was no significant change in the integrated signal
intensity. However, at higher Mn(II) concentrations we
observe a decrease in the Li signal of the uw off spectra.
This loss of intensity is due to signal quenching (and possibly
depolarization if there is any contribution from CE) in the
presence of the paramagnetic Mn(I1).”*~* Additionally, as the
dopant concentration increased, the T, measured decreased
and so did the Tj,. Both time constants were measured for "Li:
in pure LTO, T, was 132 + 4 s, while for Mn002S the T,
decreased dramatically and two components were evident
originating from two spectral components, a longer T, of 8.9
+ 0.8 s and a shorter T}, of 4.7 + 0.2 s (Figure S3 and Table
S1). Similar values were measured for Mn0O0S for the longer
T,, component, 8 + 1 s, and a shorter component of 2.3 + 0.6
s, while for MnO1 the longitudinal relaxation times decreased
by roughly a factor of 2. Overall, across all samples, for a given
Mn(II) concentration, the values measured for T;, and Ty, for
’Li were the same within error.

The effects of signal quenching (given by the ratio between
the integrated signal intensity of the doped and undoped
samples, ®) and the difference in T;, and T, on enhancement
were taken into account by the calculation of €, = €./
@(leundoped,RT/ Tyo)'? yr- Here we took into account the T,
of the undoped LTO sample at room temperature
(leundoped’RT) and yr defined as the gain in sensitivity due to
the LT measurements.”” For "Li, the significantly shorter Ty,
in doped samples, even at low temperatures, as compared with
the RT T, of 29 + 1 s for LTO, yields an increase of 1 order
of magnitude in &, factors relative to &,/ For °Li, however,
we observed an increase of 2 orders of magnitude in build-up
times compared to the RT T, of the undoped sample (56 + 8
s). In Mn0025, the polarization build-up curve was best fitted
with two T}, components, 3100 + 200 and 290 =+ 30 s, while
in Mn02 they were best fitted by three T}, components of
1600 + 300, 60 + 10, and a shorter component of 6 &+ 1 s
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(Figure S4 and Table S2). This resulted in decrease in the
absolute signal gain for this isotope.

A careful examination of the different lithium spectra as a
function of the Mn(II) concentration reveals several Li
environments, the structural origin of these as well as the
individual enhancement factors will be discussed in the next
section.

3.3. Lithium Environments and Their Enhancement
in the Presence of Mn(ll) Dopants. The incorporation of
Mn(II) within the LTO lattice was demonstrated by XRD and
EDS.*” As the bonding and environment of the site doped by
Mn(II) ions can affect the Li resonances observed in NMR,
additional structural characterization was performed with
extended X-ray absorption fine structure (EXAFS). The
Fourier transform magnitude of the EXAFS spectrum, acquired
at the Mn K-edge, is shown in Figure 3. The first two peaks in
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33
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Figure 3. Fourier transform magnitude of the data and FEFF6 fit for
Mn K-edge EXAFS spectrum for MnOl sample. The fitting was
performed by assuming Mn(II) substitution for tetrahedral Li sites, in
the k-range from 2.0 to 9.0 A™! and R-range from 1.25 to 3.92 A.

r-space correspond to Mn—O and Mn—Ti closest distances.
The spectrum was fitted using the structure reported for
undoped LTO®® in which Mn(II) ions were placed at either Ti
(octahedrally coordinated) or Li (tetrahedral) sites. Based on
the comparison of the fitting results and the qualities of the fit
obtained for different models, we conclude that Mn(II) is
doped predominantly in Li tetrahedral sites (Figures 3 and S5
and Table S3).

We now turn to discuss the different environments in the
lithium spectra, their spectral assignment, and their individual
enhancement factors in DNP.

3.3.1. 7Li Spectra. The resonance frequencies observed for
Li are within the typical range of Li NMR of diamagnetic
materials (about —$ to +5 ppm).*”*® Considering first only the
Li spectra, while a single Li resonance at 0.1 ppm was
observed for the undoped LTO, with the introduction of
Mn(II) a second broad Li resonance appeared in the spectrum
centered at about 0 ppm. The width and contribution of this
resonance increased with Mn(II) concentration (Figures 4 and
$3) and in Mn02 it accounts for 50% of the integrated intensity.
Furthermore, while the narrow and broad resonances have
similar €,,/,¢ enhancement factors at low Mn(II) concen-
trations (Figure 4b) and both reach their highest polarization
in MnO00S, the broad component was enhanced more
significantly at higher Mn(II) concentrations.
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Figure 4. (a) "Li LT MAS spectra acquired with and without DNP for
Mn0025 and MnO02. Inset: spectral deconvolution for the Mn02
sample (spectra were normalized for comparison). (b) MAS-DNP
enhancement factors for the two Li spectral components (fractions of
the two components for each Mn(II) concentration are marked in %).

3.3.2. °Li Spectra. Higher resolution was achieved in the °Li
spectra due to the lower gyromagnetic ratio and low natural
abundance, resulting in weaker dipolar coupling (with the
surrounding nuclei and unpaired electrons) and lower quadru-
pole coupling strength of the °Li isotope compared to "Li. The
SLi spectrum of undoped LTO (Figures 5 and S9), contains
two overlapping resonances at 0.1 and —0.3 ppm which can be
assigned to Li at the tetrahedral sites (Td) and octahedral sites
(Oh) respectively.”” A ratio of approximately 3:1 is observed at
room temperature measurements indicating the undoped
spinel is formed with the expected stoichiometry ([Li]-
[Li; ¢ Tis;6],0,4 following the standard AB,O, spinel structure).
As the concentration of Mn(II) increases, the fraction of these
two resonances decreases, and two additional overlapping
environments are detected (Figure 6b): a broad peak centered
at 0 ppm and a narrow peak at ~—1 ppm. The broad
resonance becomes more prominent as Mn(II) ions are
introduced into the LTO lattice and increases to a relative
amount of 50—60% in MnOl and Mn02, accompanied by a
decrease in the two sharp Li Td and Oh environments. This
suggests that the broad resonance is correlated with the
Mn(II) content and may arise from Li sites in proximity to the
Mn(1I) ions. This assignment is further supported by the
broadening observed with Mn(II) content, which may be due
to faster transverse relaxation and/or increase in local disorder
and heterogeneity around the Mn(II) dopants as well as
dipolar coupling to multiple Mn(II) dopants. We note that no
significant Fermi contact shifts were observed for this broad
resonance. Pigliapochi et al. calculated the Fermi contact shifts
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3.3.2 “Lispectra

LTO i

20 10 0 -10-20

Figure S. °Li LT MAS spectra acquired with and without DNP
(spectra were normalized for comparison) for Mn-doped samples at
steady state (STy,,). The spectrum of the undoped LTO was acquired
at RT due to the extremely long T, at 100 K. Inset: spectrum of Mn02
displaying a broader range.

expected for Li in both tetrahedral and octahedral sites
coordinated to Mn(II) via oxygen.”” They found relatively
small shifts of 28 ppm for Li in Td sites (coordinated to
Mn(Il) in Oh sites) and 17 and 64 ppm for Li in Oh sites
(coordinated to Mn(1I) in Td and Oh sites, respectively).
While these shifts are within the range spanned by the broad
resonance in our samples, it is unlikely that the Li sites in the
first coordination shell of the paramagnetic Mn(II) (bonded to
Mn(II) via oxygen) contribute to the broad resonance as these
are most likely quenched in the Mn01—02 samples. In the
samples with lower Mn(II) content, they might be quenched
or below the detection limit.

As expected, with the increase in Mn(II) concentration, we
observe significant signal loss. Taking into account the EXAFS
results, indicating that Mn(II) ions occupy Td sites (assuming
this is valid for all the Mn(II) concentrations), along with the
fraction of "Li signal quenched at different Mn(II) concen-
trations, we can estimate the range of quenching and/or
depolarization around the Mn(II) dopants (Figure S6). Using
a random distribution model for the dopants, we expect that
for x = 0.01 and 0.02 Li ions within a radius of 10 and 14 A,
respectively, around the Mn(II) are not detected. We note that
this range will be smaller for °Li, which has a lower quenching
factor. In the samples with lower Mn(II) content, where we do
not observe significant signal quenching, our results are not
sufficiently accurate to determine whether signal quenching is
present. Nevertheless, if quenching does occur in these samples
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Figure 6. (a) Spectral deconvolution of the MAS-DNP spectrum of
Mn02 sample. (b) The fraction of the four spectral components
obtained from the deconvolution of the yw OFF spectra as a function
of Mn(II) content. (c) Signal enhancement factors calculated for the
four spectral components.

it can only affect environments at a radius below 6 A around
the Mn(II) dopants (constituting 3—6% of the Li in the
sample, including the Li resonances in the first coordination
shell, which is within the measurement error of the spectral
quantification).

Additionally, the relative contribution of the new environ-
ment at ~—1 ppm increases up to 20% of the signal intensity
going from Mn00S to Mn02. According to its chemical shift,
this new environment may correspond to monoclinic Li,TiO;
impurity phase,®””" which is a common impurity in LTO,*>*’
initiated by the presence of excess Li precursor, as extensively
discussed in ref 42. Measurement of the RT °Li spectrum of
monoclinic Li,TiO; confirmed the assignment to this impurity
phase (Figure S8a). Additional support for this assignment is
given by the °Li spectrum of the undoped LTO at RT (Figure
S9) and the results of a 2D double quantum (DQ) correlation
experiment performed on a °Li enriched Mn00S5 sample
(Figure S10).
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Interestingly, the resonances from the Li,TiO; impurity also
undergo signal enhancement which might indicate that this
phase is well dispersed within the doped LTO framework or
that it is also doped, to some extent, by Mn(II) ions. The
significant reduction in signal intensity in MnOl and Mn02
samples due to quenching causes the contribution of Li,TiO;
to appear more dominant in higher Mn(II) concentrations and
makes quantification of the impurity phase across all Mn(1I)
concentrations impossible. However, based on powder
diffraction (Figure S11) we estimate its contribution by 4—
10% in all samples (4% in the undoped LTO and 8—10% in
the Mn01 and Mn02 samples, respectively).

3.4. Natural Abundance 7O Detection via MAS-DNP.
3.4.1. Natural Abundance 7O Spectra of LTO. Next we
confirm the feasibility of acquiring 'O DNP enhanced NMR
spectra at natural abundance by utilizing the endogenous
Mn(II) polarization. Remarkably, with MAS-DNP, a 7O
spectrum was acquired at natural abundance within a day of
measurement for Mn00S (Figure 7a). The 7O spectrum was
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Figure 7. (a) MAS-DNP natural abundance 7O spectrum acquired
for Mn00S. 1600 scans were collected with a build-up time of 60 s.
Two isotropic resonances are labeled, flanked by a manifold of
spinning sidebands (marked with asterisks). (b) Comparison of a yw
ON and OFF spectra acquired with a build-up and relaxation time of
170 s, respectively, and 64 scans.

acquired at the optimal field for °Li in the DNP sweep profile,
with a slight correction due to the small difference in Larmor
frequencies of O and °Li (w, = 54 and 58.9 MHyz,
respectively). In comparison, there was no observable signal
with pw off (Figure 7b).

Two oxygen environments were observed, at 536 and 403
ppm, with no distinct second order quadrupole line-shape.
This may indicate that the quadrupole coupling frequency is
lower than the broadening due to relaxation and/or disorder in
the material as well as the dipolar couplings to the
paramagnetic Mn(II) ions. Further insight into these oxygen
sites was obtained from DFT calculations.
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3.4.2. DFT Calculations of 'O NMR Parameters in LTO.
For the calculations we considered the undoped LTO spinel
structure (Fd3m space group) with eight formula units of
[Li]g[Tis/3Liy /3] 16al O4laze in its unit cell.”> We investigated
five low energy configurations (C1—CS, Table $5-56).”* In
particular, configurations C1 and C2 were considerably more
stable than all others considered. The supercell structure and
total ground state energy of these configurations are shown in
Figure 8a,b and Table S5—S6, respectively.

Figure 8. Supercells of Li,TisO,, for two configurations, C1 and C2,
are shown in panels a and b, respectively. The tetrahedral oxygen is
surrounded by (c) two Li-ions and two Ti-ions (O@Li,Ti,) and (d)
one Li-ion and three Ti-ions (O@LiTiy).

First-principles calculations of chemical shielding tensors
and nuclear quadrupole coupling constants for the most stable
LTO configurations (C, and C,) were computed using the
PBE functional and GIPAW method within the VASP and
WIEN2k codes.”””* In our supercell crystal structure, we
observed two types of oxygen environments, which are shown
in Figure 8c,d. The computed NMR chemical shifts of LTO
are shown in Table 1. The isotropic shielding was computed,

Table 1. Calculated Average Values of NMR Chemical Shifts
and EFG Parameters for O Sites in LTO Spinel”

Cal

6“(°V§fspprfl) € o

configuration  types of O WIEN2k) (Mﬁz) n (ppm)

C, O@Li,Ti, 556, 644 071 0571 —-11
O@LIiTi; 448, 468 —0.042 0.612 0

C, O@Li,Ti, 554, 599 0760 0535 —13

O@LiTi, 446, 509 0.211 0.702 —0.1

“The computed values for O@Li,Ti, and O@LiTi; were averaged
over 47 and 49 oxygen atoms, respectively.

with both VASP and WIEN2Kk, as the average chemical shifts
within a LTO structure for a specific type of local oxygen
environment, ie, O@Li,Ti, and O@LiTi;. As can be
appreciated from Table 1, the calculated values for both low
energy configurations are fairly close to the experimental values
of 403 (assigned to O@LiTi;) and 536 ppm (assigned to O@
Li, Ti,). We also show the histograms of all oxygens in the C,
configuration in Figure S1S5. The contribution of isotropic
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Figure 9. 7O MAS-DNP spectra at natural abundance acquired with single pulse excitation. (a) Mn005 Li,ZnTiO5: 992 scans were collected with
a build-up time of 60 s. (b) Mn001 MgAL,O,: 3258 scans were collected with a build-up time of 60 s. (c) Mn002 NaCaPO,: 2514 scans were
collected with a build-up time of 60 s. Fits for the 'O spectra (d) Mn005 Li,ZnTiO;: four distinct oxygen resonances are observed at 550 ppm
(green, 38 + 2%), 451 ppm (blue, 12 + 2%), 361 ppm (orange, 40 + 3%), and 284 ppm (yellow, 10 = 2%). (e) Mn001 MgAL,O,: three distinct
oxygen resonances are observed at 69 ppm (navy blue, 46 + 5%), SO ppm (brown, 43 + 6%), and 34 ppm (blue, 11 + 4%). (f) Mn002
NaCaPO,: Four overlapping oxygen resonances are observed at 155 ppm (blue, C; = S MHz, 7 = 0.21, 10 + 4%), 143 ppm (light blue, C, = 5
MHz, 1 = 0.3, 11 + 6%), 122 ppm (purple, Cq =51 MHz, 7 = 0.14, 57 + 6%), and 61 ppm (yellow, Cq=5MHz, n =018, 22 + 2%).

quadrupolar shift to the total isotropic resonance frequency
can be neglected (Table 1, histograms in Figure S16).

Thus, our DFT calculations suggest that the two DNP
enhanced 'O resonances (Figure 7a) correspond to two
dominant O environments in the low energy configurations.
Surprisingly, these two environments have almost equal
probabilities in the calculated structures while experimentally
higher integrated intensity is observed for the resonance of
O@Li,Ti, (536 ppm; see Figure S12). This discrepancy may
be explained by the relatively short polarization build-up times
of 60—170 s, which most likely are far from steady state
polarization. Thus, if the two oxygen sites differ in their build
up times this can lead to different polarization efficiency and
variations in their relative intensity. Another possibility is that
the slight difference in quadrupolar coupling results in different
RF excitation efliciency for the two sites.

To determine whether the Li,TiO; impurity phase
contributes to the 7O spectrum, we have also computed the
NMR chemical shifts for this phase. The computed chemical
shifts for O@Li, Ti, were 403 and 409 ppm and for O@LiTi;
371 and 334 ppm using VASP and WIEN2K, respectively.
These match well with previously measured experimental
values of 406 and 372 ppm.”* Thus, we did not observe
significant contribution of this phase in the '’O spectrum.

3.4.3. Natural Abundance 'O MAS-DNP Detection in
Other Oxides. To demonstrate that '’O detection at natural
abundance is applicable in other oxides via endogenous DNP
from Mn(II) dopants, we investigated three additional
materials.

In a second titanate anode material, Li,ZnTi;Og, doped with
0.005 Mn(II) ions per stoichiometric formula (resulting in
Mn(II) concentration of $6.6 mM, see the Supporting
Information), four 'O resonances were observed in the
MAS-DNP spectrum in less than a day of acquisition (Figures
9a and S19). These resonances, at 550, 450, 360, and 290 ppm
(fit shown in Figure 9d, based on the echo experiment in
Figure S19), match very well the 7O environments expected
from DFT calculations (Table S8 and Figure S17). The signal
intensity, resonance frequencies and lack of quadrupolar
broadening, all support the formation of a highly symmetric
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structure due to Li(I), Zn(II), and Ti(IV) cation ordering in
the spinel lattice.”® Another example where 7O resonances
provide insight into cation ordering is in the MgAl,O, spinel.
In this spinel it is useful to determine the degree of cation
mixing for rationalizing and controlling material properties and
in particular predicting and rationalizing its radiation
tolerance.”” The 7O MAS-DNP of the Mn-doped phase
(here with 0.001 Mn(II) corresponding to 25.2 mM, see the
Supporting Information), which is also active as a phosphor
material,”® revealed at least three distinct 7O resonances
(Figure 9b,e). Al MAS NMR measurement (Figure S21) was
used to determine that one out of seven AI(III) ions mix with
Mg(II) cations. DFT calculations performed for MgAlLO,,
considering the degree of cation mixing, showed that three
distinct O environments are expected within this range of
frequencies (Figure S17). While in this specific spinel phase
YAl ssNMR is a sensitive probe for local order,”® O may
provide additional insight into the structure’” and can be used
to develop this approach for probing cation disorder in other
phases which do not contain structurally sensitive nuclear
spins.

The third system where we tested this approach for
sensitivity enhancement is the phosphor material Mn(II)
doped NaCaPO, (doped with 0.002Mn(II) per formula,
corresponding to 39.4 mM, see the Supporting Information).
According to the crystal structure, the undoped phase contains
12 inequivalent '"O sites which were expected to result in
measurable quadrupolar interactions due to their low
symmetry. Indeed, the 7O MAS-DNP spectrum contains
several overlapping resonances (Figure 9c) which were
analyzed by DFT calculations. The 12 distinct oxygen sites
may be separated into four types of environments based on
interatomic distances: O@PNa';Ca,, O@PNa,Ca,, O@
PNaCa,, and O@PNa;Ca,. Here, the Na'; in the first
environment corresponds to two tightly and one loosely
coordinated Na* ion. The four O environments had significant
quadrupole couplings of about S MHz resulting in severe
overlap in a 1D spectrum (fit in Figure 9f based on the
calculated DFT parameters).
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Optimization of the Mn(II) concentration, polarization
build-up times, as well as the field position used for DNP
experiments can provide increased sensitivity in '’O detection.

3.4.4. On the Mechanism of Polarization Transfer to 'O
at Natural Abundance. Finally, we consider the route for
signal enhancement of the low abundance 7O isotope. It is
well-accepted that there are two steps in the polarization
transfer process: the first is polarization transfer from the
electrons to the core or local nuclei that are directly coupled to
them (through either SE or CE). The second step is a
homonuclear spin diffusion process, which spreads the
polarization across the sample between the coupled nuclear
spins.

Due to the extremely low abundance of 7O, it is unclear
whether 7O nuclei are directly polarized by the Mn(II)
dopants (Figure S7). '7O-detected DNP sweep profile could
provide some insight into the polarization transfer mechanism,
but these experiments are not practical at natural isotopic
abundance. As for the second step, homonuclear spin diffusion
is improbable due to the low abundance of 'O pairs. In order
to gain more insight, we have also acquired the 70 MAS-DNP
spectra from a Li enriched (95%) LTO sample doped with
nominally x = 0.005 Mn(II) (Figure 10) and compared it with

— Mn005
— ®Li-Mn005

800 400 0 -400

870 (ppm)

1200

Figure 10. Comparison of 'O MAS-DNP spectrum of Mn00S
sample at natural abundance and with 95% °Li enrichment. Spectra
were acquired with a build-up time of 170 s and 64 scans.

the nonenriched sample, while verifying that no structural
change occurred compared to the nonenriched phase (Figure
S$22). This resulted in considerably lower '"O signal intensity
compared to the natural abundance sample which has 93% "Li
nuclei. This result may suggest that the highly abundant nuclei
("Li in the case of LTO) may play a significant role in the
signal enhancement obtained for low abundance and low
sensitivity nuclei. However, we note that the difference in
intensity could also be the result of a longer build-up time of
the ®Li-enriched sample (both were acquired with a build-up
time of 170 s) or the presence of a larger bath of spins which
are effectively polarized in the °Li enriched sample (since the
Larmor frequencies of °Li and 7O are separated by only 4
MHz). The effect of the larger spin bath is also evidenced by
the lower enhancement obtained for °Li in the °Li enriched
sample (Figure S23). Further investigation of these two
polarization transfer stages will be the subject of future studies.
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4. CONCLUSIONS

We showed that Mn(II) doping provides an efficient route for
sensitivity enhancement in MAS-DNP of micron sized
inorganic powders. Signal enhancement factors of 142 and
24 were obtained for °Li and Li, respectively, in LTO which
translate to 4 and 2 orders of magnitude reduction in
experiment time, respectively. Furthermore, DNP from Mn(II)
dopants enables the detection of 7O NMR spectra at natural
abundance from four oxide phases, an otherwise impractical
and often impossible feat for ssNMR.

The enhancement obtained in ’Li spectra depends strongly
on the concentration of the dopants. At low concentrations
(here below x = 0.005 Mn(II) in LTO, which corresponds to
38 mM), we achieved close to uniform enhancement across
the sample (i.e., all sites have similar enhancement factors)
with minimal signal loss due to quenching effects. Higher
concentrations result in distribution of enhancement factors
which may be useful for elucidating the structural effects of
dopants on the lattice. However, at higher concentrations the
sensitivity gains decrease due to the overall lower enhancement
as well as significant signal loss.

MAS-DNP via paramagnetic metal ion dopants is expected
to be beneficial for elucidating the debated structural
transformations occurring in LTO anode material upon
electrochemical cycling. Structural insight obtained from '"O
DNP-NMR can also advance the development of titanate
oxides as viable anode materials for Na-ion batteries. On the
broader scope, this approach paves the way for sensitive
structural characterization of informative nuclei, which are
otherwise invisible due to the combination of low gyromag-
netic ratio and isotope abundance.
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