Endogenous 7O DNP of Gd-Doped CeO: from 100 to 370 K
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Abstract

O NMR is an invaluable tool to study the structure and dynamics of oxide materials, but remains challenging to
apply in many systems. Even with isotopic enrichment, studies of samples with low masses and/or concentrations of
the active species, such as thin films or interfaces, are limited by low sensitivity. Here we show how endogenous
dynamic nuclear polarisation (DNP) can dramatically improve sensitivity in the oxide-ion conductor Gd-doped CeO-,
with a 70 enhancement factor of 652 at 100 K. This is the highest enhancement observed so far by endogenous DNP
or Gd*" DNP, which is explained in terms of the electron paramagnetic resonance characteristics. The DNP properties
are studied as a function of Gd concentration for both enriched and natural abundance samples and the buildup
behaviour shows that spin diffusion in '"O-enriched samples improves sensitivity by relaying hyperpolarisation
throughout the sample. Notably, efficient hyperpolarisation could still be achieved at elevated temperatures, with
enhancement factors of 320 at room temperature and 150 at 370 K, paving the way for characterisation of materials
under operational conditions. Finally, the application of endogenous Gd®>" DNP is illustrated with the study of
interfaces in vertically aligned nanocomposite thin films comprised of Gd-CeO, nanopillars embedded in a SrTiOs3
matrix, where DNP affords selective enhancement of the different phases and enables a previously infeasible two-
dimensional correlation experiment to be performed showing spin diffusion between Gd-CeQO; and the solid—solid
interface.

Introduction

A significant proportion of materials of industrial and
scientific interest are oxides or contain oxygen; ''O
NMR can therefore provide a wealth of information on
the atomic-scale structure and dynamics of these
materials." The application of ’O NMR is hampered,
however, by its very low natural abundance (0.037%),
which results in low sensitivity.

Dynamic nuclear polarisation (DNP) is a method for
enhancing the sensitivity of NMR experiments by
harnessing the greater polarisation of unpaired electron
spins, via irradiation with microwaves at or near their
electron paramagnetic resonance (EPR) frequencies.*?
Revolutions in instrumentation and methodology over

the past 20 years have enabled the routine study of solids
with DNP at high magnetic field.>* Exogenous DNP, the
most common class of DNP experiment today, utilises
organic radicals dispersed in a glassy matrix as the
source of unpaired electrons to polarize a target
substrate.* The material is wetted with the radical
solution before typically cooling to around 100 K to
slow the electron relaxation. In an indirect DNP
experiment, the '"H hyperpolarisation generated in the
vicinity of the organic radicals is relayed by efficient
spin diffusion before being transferred to the nucleus of
interest by cross polarisation; this affords large bulk
enhancements for 'H containing solids,”” and strongly
surface-selective ~ enhancement of  proton-poor
materials.**'* Selective enhancement of the surface
region can also be achieved by direct DNP, where the



nucleus of interest is hyperpolarised directly.'%'?
However, the majority of functional inorganic materials
are proton-free and consequently standard DNP
techniques cannot be applied to study the internal bulk
structure. Two major strategies have been developed to
achieve hyperpolarisation of proton-free materials. In
relayed DNP, the sample is wetted with an exogenous
radical solution and the method relies on spin diffusion
of the nucleus of interest to transfer hyperpolarisation
from the surface into the bulk.”*'> In contrast,
endogenous DNP utilises paramagnetic electrons
present within the material. In metals these are
conduction electrons,'*'® whereas for insulating
materials, the radical sources are typically metal ion
dopants. This strategy was used extensively for DNP at
low fields with static solids,'”*' but has recently
undergone a renaissance with contemporary high-field
MAS systems, where endogenous DNP has been
demonstrated using high-spin metal ions,”** as well as
radical defects generated by gamma irradiation®® or
electrical discharge.”

Endogenous DNP has proved highly successful in
improving the sensitivity of bulk O NMR of natural
abundance oxide materials, with estimated ''O
enhancements in LisTisO12 of up to a factor of 28272
(the maximum theoretical enhancement for '’O is given
by the ratio of the electron and nuclear gyromagnetic
ratios, |Ye/¥n| = 4855). Nevertheless, the standard
approach remains to isotopically label the material with
0, typically via 70, or H,'’0.'"*%' There are,
however, systems where even with isotopic enrichment
or DNP alone, the applicability of NMR is limited by
low sensitivity. For example, surfaces and interfaces are
two-dimensional entities which inherently comprise
only a small fraction of the sample, so to study them
with NMR can be challenging. On the other hand, the
structure of such surfaces and interfaces underlies the
functionality of many catalytic, electrochemical and
electronic processes and applications. Exogenous 'O
DNP NMR has been combined with '’O enrichment to
study the surfaces of CeO,,'> MgO,” y-Al,03,*? and Zr-
and Y-based mesoporous silica-supported single-site
catalysts,* as well as at natural abundance in favourable
cases to study CeO, nanorods® and surface hydroxyl
groups in silica/alumina.***® Exogenous DNP cannot be
used to selectively enhance buried solid—solid
interfaces, on the other hand, since they lie within the
bulk of the material.

Recently we used '"O NMR to study the interfaces
between CeO; nanopillars and a SrTiO3; matrix in ~1 pm
thick epitaxially grown thin films.*” These vertically
aligned nanocomposites (VANs) are of significant
interest due to their large interfacial areas, enabling the
functional properties of thin films, such as their oxide-
ion conductivity, to be enhanced.’®*  The
characterisation of these interfaces represents an
important challenge; however, the low sample mass of
the thin films, of which only a small proportion
corresponds to the interface, results in extremely poor
NMR sensitivity even with 'O enrichment. Our
previous experiments were therefore limited to one-
dimensional spectra, which still required days of signal
averaging in some cases. To improve sensitivity in this
and other similarly challenging systems and enable
more demanding experiments, in the following we
investigate and optimise endogenous DNP in '7O-
enriched CeO» using Gd doping.

Gd** can be readily substituted for Ce*" in CeO,, with
concomitant oxygen vacancies to balance the charge.
Gd-doped CeO is one of the best performing oxide-ion
conductors in the intermediate temperature regime (400
— 800 °C) and finds widespread commercial use in solid-
oxide fuel cells and oxygen sensors.***! For DNP, Gd**
is of interest because its f’ configuration has no orbital
angular momentum (L = 0), so that the central transition
between the ms = +1/2 states has a narrow EPR
linewidth with a g-factor close to 2.**** Molecular Gd
complexes have been developed as alternative
polarisation sources for frozen solutions,**** and DNP
with endogenous Gd** ions was recently used to power
a 'O radiofrequency maser®® and probe ¥Y-*Y
correlations in Y-substituted CeO, doped with Gd.”
Modest enhancements up to a factor of 4 have also been
shown by endogenous Gd** DNP in LisTisO,* and
oxide glasses.”

Here we report the EPR and '"O DNP properties of '’O-
enriched Gd-CeO, samples as a function of Gd
concentration between 0.01% and 1%, with further
comparisons to mnatural abundance samples. An
exceptionally high signal enhancement by a factor of
650 is observed at 100 K for 0.01% Gd-CeO,, which
remains as high as 150 at 370 K. This establishes the
feasibility of endogenous DNP of solids at room
temperature and higher, where materials are typically
operational, rather than the cryogenic temperatures
normally required for efficient DNP. The buildup
behaviour shows that the '"O hyperpolarisation is



relayed by spin diffusion in enriched samples, resulting
in significantly faster hyperpolarisation of the sample,
and therefore sensitivity, than for natural abundance
samples. Finally, the potential of this approach is
demonstrated for a sample of vertically aligned
nanocomposite Gd-CeO>—SrTiO; films, for which the
different phases and the interfacial environments can be
distinguished by their enhancements, and a previously
infeasible two-dimensional spectrum could be obtained
showing spin diffusion between Gd-CeO, and the
interface.

Experimental

Gd-doped CeO, was prepared by mixing appropriate
ratios of Gd,O3 and CeO, to yield Gd concentrations
between 0.01 atom% and 1 atom%, with respect to the
total metal content (i.e. Gd + Ce). The mixtures were
ground by hand, pelletised at 750 MPa under partial
vacuum and fired at 1500 °C for two days, before hand-
grinding, re-pelletising and firing for a further two days.
After hand-grinding again, ~100 mg (~0.6 mmol) was
transferred to an alumina tube, placed inside a quartz
tube filled with 7O, gas and heated at 1000 °C overnight
(70 at% "0O,, NUKEM isotopes, ~20 cm?®, ~200 mbar at
77 K, ~0.6 mmol). Given the reasonable oxide-ion
conductivity of CeO; at this temperature, we expect the
sample enrichment to be around the maximum of 35 at%
for the approximately 1:1 CeO,:'’0O, molar ratio. For
0.01% and 0.03% Gd-CeQ,, the initial mixtures were
first mixed in a hardened stainless-steel jar using a
Retsch PM 100 planetary ball mill, for 2—4 hours at 100—
400 rpm. Gd-CeO, samples were packed in 3.2 mm
outer diameter sapphire rotors.

The Gd-CeO,-SrTiOs VAN samples were prepared and
packed as described previously.’” Briefly, four 0.5 cm?
films were deposited on SrTiO; substrates with a
Sr;AlO¢ buffer layer which was then dissolved to lift
off the films. The films were center-packed in a 1.3 mm
outer-diameter ZrO, rotor, with KBr on the top and
bottom, before enrichment with 7O, gas at 550 °C
overnight.

DNP NMR experiments were performed on a 94 T
Bruker Avance III spectrometer, with a 263 GHz
gyrotron or 265 GHz klystron microwave source, using
a low-temperature triple-resonance CPMAS probe for
32 mm outer diameter rotors. Where given, the
microwave power from the gyrotron was estimated
using a calorimeter halfway along the waveguide. The

experiments on Gd-CeO»—SrTiO; nanopillars were
performed with a low-temperature probe for 1.3 mm
outer diameter rotors. Spectra were internally referenced
to 875 ppm which is the '"O chemical shift of CeO, at
~100 K."”” The sample temperature was measured by
adding a small amount of KBr or Pb(NOs), on top of the
sample and measuring the temperature dependent "Br
spin—lattice relaxation constant (71)* or 27Pb shift.*6 We
note that the 17O shift of CeOs is linear with temperature
between 200 — 370 K with a gradient of 0.0168 + 0.0004
ppm K! and could also be used as an NMR thermometer
in this range (Figure S1). Spectra were deconvoluted
using the dmfit software.”’” Signal enhancement is
defined as the ratio of the peak intensity (/) or area (A)
with and without microwave irradiation, i.e. €peax =

Ion/IoFF; €area = Aon/AorE-

EPR spectra were measured using a Bruker EMX nano
X-band spectrometer using a 0.4 mT modulation
amplitude. Absorption spectra were calculated by
integrating the derivative spectra, before background
subtraction using the Bruker Xenon software. Spectral
simulations were performed using the EasySpin suite in
Matlab.*®

Results and discussion

Figure 1 shows the 70O NMR spectrum of '"O-enriched
0.01% Gd-CeO; at 100 K, with and without microwave
irradiation, which exhibits a DNP enhancement of 525
+ 5 from the peak intensity or 652 + 7 from the
integrated area. 0.01% Gd corresponds to a
concentration of 4.2 mM and an average Gd-Gd
distance of 9.1 nm. The enhancement by area is higher
because the enhanced signal is broader (Figure 1 inset).
There are two reasons for this: (1) the '’O ions closer to
Gd dopants have both a greater enhancement and a
broader linewidth due to interaction with the
paramagnetic Gd** center,” therefore the broader
linewidth contributes proportionally more to the overall
linewidth of the enhanced signal, and (2) the enhanced
magnetization is so large that coupling to the rf-circuit
induces radiation damping which acts as an additional
source of transverse decay.’**' These two factors also
cause variation in the linewidth as a function of buildup
time (Figure S2): at short buildup times, the signal is
dominated by '’O ions close to Gd** ions which exhibit
a broader line; the linewidth decreases with longer
buildup time as more distant nuclei are hyperpolarized.
However, as the time increases further, the
magnetization becomes sufficiently large that radiation



damping becomes comparable to the transverse
dephasing time, 7>*, and the linewidth increases again.
In fact, as we have recently reported, the radiation
damping is so strong in 0.01% Gd-CeO, and the 'O
signal so sharp that transverse magnetization develops
spontaneously when the magnetic field is matched to the
negative lobe of the solid effect; the system acts as a
radiofrequency maser or raser, resulting in a continuous
steady state NMR signal and millihertz linewidths.
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Figure 1: 7O NMR spectra of "O-enriched 0.01% Gd-CeOz, with
and without ~14 W of microwave (uw) irradiation at 100 K and 10
kHz MAS with a 200 s recycle delay. The magnetic field was
optimized for the positive lobe of the solid effect. The enhancements
(e) by peak intensity and area are indicated and the inset shows a
comparison of the linewidths with normalized intensities.

The large DNP enhancement in Figure 1 predominantly
occurs via the solid effect (as shown below), whereby
the microwave irradiation drives forbidden transitions
which simultaneously flip the electron spin and a
nuclear spin.’ The degree of hyperpolarisation is
determined by the EPR properties of the radical, and in
particular the linewidth: the narrower the EPR
linewidth, the more efficiently microwave irradiation
drives the solid effect transitions and the higher the
nuclear enhancement, since the excitation width of
typical microwave sources is limited. Furthermore, for
broad EPR linewidths exceeding the nuclear Larmor
frequency, positive and negative enhancement by the
solid effect can occur simultaneously and therefore
partially cancel out; this is known as the differential
solid effect and results in significantly lower
enhancement.’ The EPR linewidth is, therefore, a key
factor that determines the enhancement in solid effect
DNP and hence we now describe the EPR properties of
Gd-CeO,.
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Figure 2: Integrated X-band EPR spectra of Gd-CeO: as a function
of Gd concentration, with a) absolute scaling and b) normalized
intensity. The inset in a) shows a log—log plot of the double integral
as a function of nominal concentration.

EPR Characterization

Figure 2 shows the EPR spectra of Gd-CeO; as a
function of Gd content between 0.01 atom% and 1
atom%, corresponding to Gd concentrations of 4.2 — 420
mM. With increasing Gd concentration, the resonance is
significantly broadened by dipolar coupling, due to the
reduction in the average separation of the radicals, from
9.1 nm to 2.0 nm, assuming a random distribution. Aside
from dipolar coupling, broadening of EPR spectra of
high-spin metal ions is typically caused by 2"-rank zero
field splitting (ZFS), which is the interaction of the
electron spin with a non-cubic (quadrupolar) charge
distribution. At high magnetic field, 2"*-rank ZFS can be
considered as a perturbation to the Zeeman splitting: the
satellite transitions (between ms # £1/2) are affected to



first order and significantly broadened, whereas the
central transition of a half-integer spin is not affected to
first order, resulting in a much sharper resonance which
can be used for DNP. The central transition is still
broadened at second order, therefore decreasing the ZFS
by creating a more isotropic environment around the
metal site is an important strategy to improve the DNP
enhancement from high-spin metal ions. Indeed, it was
recently shown that frozen solutions of Gd(tpatcn), a
Gd(IIT) complex designed to have a more isotropic
metal environment and thus a smaller ZFS, exhibited a
DNP enhancement a factor of two higher than for frozen
solutions of [Gd(dota)(H.0)]".*

The metal site in the CeO; lattice, on the other hand, is
cubic and the 2™-rank ZFS is zero; this is one of the
reasons for the large DNP enhancement in Gd-CeO;.
However, there is clearly still a significant residual
linewidth, even for the lowest Gd concentration, despite
the lack of 2™-rank ZFS (Figure 2b). This is due to
nonzero coupling to higher order charge distribution
multipoles, specifically 4™-rank and, to a lesser extent,
6"-rank.’ In a cubic crystal field, these couplings give
rise to the following terms in the Hamiltonian:
B4(Of + 502) and B6(02 - 210§), where 0,? are the
Stevens operators for crystal field splitting and B4 and
Bs are the 4™ and 6"™-rank coupling constants,
respectively. The EPR spectrum of 0.01% Gd-CeO; can
be accurately reproduced with Bs = —2.69 MHz, Bs =
—0.89 kHz, and g = 1.99 (Figure S3);**** for higher
concentrations, similar features are observed, but
broadened. The higher rank ZFS can be treated
perturbatively in an entirely analogous way to 2™-rank
ZFS, so while the satellite transitions are broadened to
first order, the central transition is only affected at
second order, and its linewidth therefore decreases with
increasing magnetic field (the width in magnetic field «
BZ/vo,, where v, is the microwave frequency).
Consequently, at 9.4 T, this contribution decreases
sufficiently to allow efficient solid effect DNP.
Nevertheless, we note that cubic symmetry alone is not
sufficient to give a sharp central EPR transition for high-
spin metal ions, and thereby efficient DNP; the
magnitude of higher order electrostatic multipoles is
also important.

Increasing the Gd concentration also introduces more
oxygen vacancies which break the cubic symmetry if
present close to a Gd ion; this reintroduces the 2™-rank
ZFS and would therefore also contribute to the broader
EPR spectra. In single crystals of Gd-CeO,, the EPR

lines from Gd** in a cubic environment and Gd*" in the
axial environment arising from an adjacent oxygen
vacancy can be clearly resolved; Abraham et al. found
that axial signals could only be observed for Gd
concentrations of 0.1% or greater, and for 0.02%
doping, only the cubic environment was observed,
implying weak Gd*'—vacancy clustering.”® This is in
good agreement with our experimental observation of
zero 2"-rank ZFS in 0.01% Gd-CeO»; nevertheless,
broadening from 2™-rank ZFS is expected at higher Gd
concentrations.
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Figure 3: a) 7O DNP enhancement factors by area as a function of
Gd concentration with a 100 s recycle delay and irradiation with a
gyrotron source; the solid line is a guide to the eye. b) Field profile
showing enhancement by area as a function of magnetic field for
different concentrations of Gd, using ~5 W of microwave irradiation
from a klystron source and a 10 s recycle delay; note that the short
recycle delay results in similar enhancements for the different
concentrations.




Table 1: 7O DNP enhancement and buildup characteristics for different Gd-CeO: samples. enr. = "O-enriched. N.A. = natural abundance.

0.01%; enr. 0.03%; enr. 0.1%;enr. 0.3%;enr. 001%;N.A. 0.1%;N.A. 0.3%; N.A.
Earea 652(5) 389(4) 162(3) 81(2) 611(92) 242(37) 112(7)
Ty /sb 186 109 384 7.95 3247 2835 212
B 1.00 1.00 1.00 0.90 0.69 0.74 0.70
Earea/\[Tp /5705 48 37 26 29 11 14 24
SNR/ [texp /57 3009 2414 958 1314 12 22 4.7

*The enhacement by area for the recycle delay at which this was largest, i.e. recycle delay > T3, see Table S2.

B
*The DNP buildup was fit to I = I, (1 —exp [— (Ti) D, where {3 is the stretching exponent, see Figure S7
B

Concentration, Sensitivity, and Relay

Due to the increase in EPR linewidth with increasing Gd
concentration, the DNP enhancement decreases
monotonically (Figure 3a). Decreasing the Gd
concentration below 0.01% could potentially increase
the DNP enhancement even further; however, at 0.01%
the EPR spectrum already appears to be approaching the
limiting linewidth as determined by the 4™-rank ZFS
(Figure 2b) and would not become significantly
narrower at lower concentrations. The reduction in
number of electron sources could instead then reduce
the enhancement. In practice, it is challenging to ensure
a uniform distribution of dopants at such low
concentrations from solid-state synthesis, and therefore
lower concentrations were not attempted here, although
this would be interesting to explore in future.

The narrower EPR resonance at low Gd concentration is
also reflected in the DNP field profiles (Figure 3b).
0.01% Gd-CeO; exhibits sharp positive and negative
lobes separated by twice the '’O Larmor frequency (54.8
MHz, equivalent to 2 mT), corresponding to the
resolved solid effect. There is also a broader component
of the DNP field profile (see Figure S4) which may
correspond to those of the randomly distributed Gd ions
that are closer to each other, resulting in a broader
central transition resonance from dipolar coupling, or to
Gd ions closer to an oxygen vacancy exhibiting greater
broadening due to 2™-rank ZFS. The broader profiles
seen for 0.03% and 0.1% Gd-CeO, more closely
resemble those expected for the differential solid effect.
There may also be some contribution from the cross
effect, for which the positive and negative lobes are
spaced by the nuclear Larmor frequency, given that the
presence of oxygen vacancies near Gd at higher Gd
concentrations will result in heterogeneous broadening

by 2™-rank ZFS; the tensor orientations are determined
by the position of the oxygen vacancy, so that the cross
effect condition can be achieved between two Gd*" ions
even within the same crystallite.>** Note that due to time
constraints, a 10 s recycle delay was used for the field
sweeps which is significantly lower than the buildup
time constants (7B, see Table 1), resulting in lower
enhancements that are similar for all three
concentrations. The slight offset between the profiles is
ascribed to variations in the microwave frequency of the
klystron source, which were not present for the gyrotron
source (Figure S5).

The sensitivity in DNP NMR experiments is not
determined only by the enhancement, but also by the
buildup; the faster hyperpolarization is generated, the
more scans can be recorded per unit time.’>*® The
sensitivity gain from DNP can therefore be assessed by
considering the parameter &0,/ \/T_ , where T3 is the
DNP buildup time constant. The enhancement and
buildup characteristics of different Gd-CeO, samples
are tabulated in Table 1. Although the buildup becomes
slower at lower Gd concentrations, for the ’O-enriched
samples this is less significant than the higher
enhancement afforded by more efficient DNP, and the
greatest sensitivity is still obtained with the lowest Gd
concentration of 0.01%. Paramagnetic quenching, due
to strong electron—nuclear coupling in the vicinity of the
radical,”® and depolarization from cross effect-like
transitions under MAS in the absence of microwave
irradiation®’ can also affect the sensitivity; here, in
comparing the sensitivity gains, we neglect the effect of
quenching and note that depolarization is not expected
to be significant due to minimal cross effect
contribution. An alternative analysis, simply measuring
the experimental sensitivity as the signal-to-noise ratio



(SNR) per square root of experimental time,’**®

qualitatively similar conclusions (Table 1).

yields

The large DNP enhancement also enables '’O NMR
spectra to be acquired with high sensitivity at natural
abundance (Figure S6), as also recently reported in
(Y,Gd)-Ce0,.”” In this case, on the other hand, the
sensitivity is lower for 0.01% Gd-CeO> than for 0.1%
Gd-CeO; due to the extremely slow buildup of the
former with 7g of almost an hour (the experimental
sensitivity is then lower for 0.3%, most likely due to
significant broadening and quenching). This is because
the rate of hyperpolarization falls off with distance from
the source as 1/7°, and at natural abundance (0.037%),
the low concentration of '"O results in weak
homonuclear dipolar coupling and inefficient spin
diffusion to relay the polarization, so nuclei far from an
appropriate source are hyperpolarized only extremely
slowly.* 1In contrast, for the enriched samples,
magnetization can be relayed away from the sources by
spin diffusion and homogenized within the sample,
resulting in significantly shorter DNP buildup time
constants, 7Tp.°*®" This homogenization is also
evidenced by the stretching exponent, f, which is a
measure of the distribution of buildup time constants
within the sample (Table 1 and Figure S7). For the
enriched samples, f = 1 indicates a single uniform
monoexponential buildup of the sample, whereas for the
natural abundance samples £ is significantly lower,
corresponding to a distribution of buildup time constants
and a lack of efficient relay by spin diffusion.”*** The
£ = 0.9 value for the enriched 0.3% Gd-CeO, sample is
likely due to the greater relative proportion at higher
concentration of '’O ions that are close enough to Gd**
to be polarized directly.

Further evidence for the relay of hyperpolarization can
be seen from the dependence of the enhancement on the
buildup time (Figure 4).%"*% For '"O-enriched 0.01%
Gd-CeO,, the enhancement increases with increasing
buildup time up to the order of 7s (186 s), where it
reaches a plateau. This indicates that the relay of
hyperpolarization is diffusion limited,”' as expected for
low-gamma '"O. In contrast, for '’O-enriched 0.3% Gd-
CeO,, the enhancement is independent of the buildup
time, even below T3 (8 s) (see also Figure S8). This
could be explained by hyperpolarization occurring
directly without relay, however in this case the DNP
buildup behavior with and without 'O enrichment
would be the same, whereas the buildup of 0-enriched
0.3% Gd-CeO; is still notably faster than at natural

abundance (Table 1), with, as previously noted, a
stretching factor f = 0.9 compared to f = 0.7 at natural
abundance; both of these observations indicate that
hyperpolarization still occurs by relay with 0.3% Gd
doping. Instead, the flat enhancement vs. buildup time
in this sample is ascribed to a transition from the spin-
diffusion limited regime to the “spin-exchange”
regime,®’ where the rate-limiting step becomes the
transfer of polarization away from nuclei in the
immediate vicinity of the radical, i.e., across the spin-
diffusion barrier. This transition is expected with
increasing Gd concentration because the average Gd—
Gd distance decreases, decreasing the distance over
which hyperpolarization must diffuse, so that this is no
longer rate limiting. We note that based on the Gd
concentration dependence of the 'O Ti, direct
hyperpolarization would be expected at concentrations
above 0.3% even in enriched samples; see Figure S9 and
discussion in the SI. For natural abundance 0.01% Gd-
CeO,, there is some evidence of relay at the longest
buildup times since the observed enhancement increases
(Figure 4); however, due to the low sensitivity without
DNP, the errors are too great to say for certain. As the
zero-quantum 'O lineshape is not dominated by
homonuclear dipolar coupling, the spin diffusivity, D,
depends on the nuclear spin concentration as D «
(cnuc)*’® (see Supplementary Note 1);* therefore, the
spin diffusivity at natural abundance is almost four
orders of magnitude lower than at 35% enrichment.
Nevertheless, given the long 77, some relay may still be
possible.
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The enhancement of 652 for 0.01% Gd-CeO; is the
highest that has been reported for DNP with a high-spin
metal ion. In part this arises from the relatively low
gyromagnetic ratio of '’O, since the maximum possible
DNP enhancement is given by |ye/Vy |, the ratio of the
electron and nuclear gyromagnetic ratios (|Ve/Vn|=
4855 for '’0). However, even scaling by the nuclear
gyromagnetic ratio, the '’O enhancement in Gd-CeOs is
more than a factor of two higher than the best
performing organic Gd** complex, Gd(tpatcn),” for
direct 'H, "*C, and "°N experiments (Table 2). This is not
due to a narrower EPR resonance because although Gd-
CeO; is cubic and has no 2"-rank ZFS, the 4"-rank
coupling actually results in a broader EPR resonance
than in Gd(tpatcn): the 2™ order broadening of the
central transition for B4 =—2.69 MHz yields a linewidth
comparable to that from a 2™-rank ZFS of D = 500 —
600 MHz, whereas for Gd(tpatcn) D = 410 MHz.*
Instead, the greater enhancement is ascribed to the long
O T, which allows greater nuclear magnetization to
accumulate. Stronger Gd—'"O hyperfine coupling in Gd-
CeO; could also play a role: the first oxygen shell is
found at a distance of 2.34 A, compared to nearest Gd—
H distances of ~3.7 A in Gd complexes;* this results in
stronger dipolar coupling, which increases the
probability of the nominally forbidden solid effect
transitions. Delocalization of the unpaired electron
density could also contribute to the anisotropic
hyperfine coupling, and hence the solid effect.
Hyperpolarization may also be mediated by the second
coordination shell (at 4.49 A) with smaller hyperfine
coupling. The lower enhancement observed for *Y in
(Y,Gd)-CeO,” could be due to the relatively high
concentration of Y dopants (10 —40%), and concomitant
oxygen vacancies, which break the cubic symmetry of
the metal site, introducing 2"-rank ZFS and broadening
of the EPR resonance. The much lower enhancement of
previous endogenous Gd*" DNP experiments, € < 4,7%
is ascribed to the broad EPR resonances caused by ZFS
or dipolar coupling. The higher enhancement of 0.01%
Gd-CeO, than endogenous DNP*?* of natural
abundance Mn?*- or Fe**-doped LisTisO1; is ascribed to
the narrow EPR resonance and long '’O 7} in Gd-CeO..
In cases where the 7O T is shorter, '’O enrichment is
also advantageous since it allows hyperpolarization to
be more quickly relayed throughout the sample by spin
diffusion.

Table 2: The highest observed direct enhancements from Gd** DNP
at ~100 K, |&¢op |, the maximum theoretical enhancement, |&eorl,
as determined by the ratio of the nuclear and electron gyromagnetic
ratios (Eheor = Ye/¥n), and the relative enhancement.

o €top
Nucleus |¥al /MHZ T |£t0p| l€theor] :

theor
70 5772 6522 4855 13.4%
'H 42.577 37° 658 5.6%
B¢ 10.708 122° 2617 4.7%
5N 4316 350° 6493 54%
8y 2.095 193¢ 13377 1.4%

20.01% Gd-CeO,, this study
*Gd(tpatcn), Stevanato et al.
°(Y,Gd)-CeO,, Jardon-Alvarez et al.?’

High temperature DNP

A key limitation of current exogenous MAS DNP
approaches is the requirement for low temperatures.
Typically, the radical/solvent combinations in use today
only provide efficient DNP (e.g. &g > 100) at
temperatures around ~100 K. Some of the earliest MAS
DNP measurements were performed at room
temperature, with a BDPA/polystyrene formulation, but
the enhancements were relatively low (g = 10).®> More
efficient DNP at room temperature has been reported
using ortho-terphenyl as the matrix (g = 15 — 20),% but
it is only metastable at room temperature, with a glass
transition temperature of 243 K, and melts at 330 K.
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Figure 5: 7O enhancement by area as a function of temperature for
0 enriched 001% Gd-CeO. (see Figure S10 for peak
enhancement). Data is shown with microwave powers of ~14 W and
~30 W and recycle delays (r.d.) of 100 s and 200 s, respectively. For



the ~14 W dataset, the temperature was measured using KBr and the
error bars represent uncertainty in the sample temperature. For the
~30 W dataset the temperature was measured using Pb(NO:s):, since
KBr is not accurate at high temperatures, and the error bars indicate
the distribution of temperature within the sample. The enhancements
were calculated by recording spectra with and without microwave
irradiation at the same sample temperature, except for the points
recorded with ~30 W above room temperature, for which the
enhancements were all measured relative to the microwave off
spectrum at 293 K; these enhancements are therefore slightly
underestimated.

In Gd-CeO,, on the other hand, the metal dopants are
dispersed within a rigid crystalline lattice with a melting
point of 2400 °C. As a result, the DNP performance can
be assessed at temperatures above the glass transition
temperature of typical DNP matrices. We note that room
temperature ’Si DNP was also recently demonstrated in
quartz using endogenous radical defects from irradiation
with gamma rays.”® Here we measure the DNP
enhancements for 0.01% Gd-CeO; up to 370 K (Figure
5). Two sets of experiments were performed, one using
a microwave power of ~14 W (as in Figure 1) and a
recycle delay of 100 s, the other using a higher
microwave power of ~30 W and a recycle delay of 200
s. In both cases, the enhancement decreases with
increasing temperature; this is ascribed to more efficient
electron relaxation, which reduces the saturation of the
EPR resonance and reduces the DNP efficiency. This
reduces the saturation of the solid effect transition and
increases the rate at which nuclear polarization is lost,
but also results in the reduction in 7 with temperature
(Figure S11). The sensitivity decreases overall with
temperature because it is determined by the DNP
enhancement, the Boltzmann population, and the build-

€area

up time constant: sensitivity & TV Tone (Table S1 and
Figure S12); nevertheless, at any given experimental
temperature, DNP increases sensitivity by more than
two orders of magnitude. In particular, at room
temperature (~290 K), large '’O enhancement factors of
149 at ~14 W and 321 at ~30 W are still observed. The
higher microwave power results in more effective
saturation of the solid effect transition, and hence a
greater enhancement across the temperature range.
However, the higher power also results in greater
sample heating so that the lowest possible temperature
was 124 K with ~30 W, compared to 100 K for ~14 W.
In this case, the higher temperature counteracts the
higher power, resulting in a maximum enhancement
factor of 648 with ~30 W, very similar to the 652
achieved at 100 K with ~14 W (the maximum
enhancement observed with a recycle delay of 100 s is

slightly lower at 632). Significant DNP enhancements
were also observed above room temperature, with an
enhancement factor of 150 at 370 K with ~30 W of
microwave power, the highest temperature at which
solid effect DNP has been reported, to our knowledge.
Here the temperature was limited only by the probe
which is designed to operate at cryogenic temperatures.
At these temperatures, the vacancy mobility in Gd-CeO»
may approach the 'O spin diffusivity, based on
extrapolation from high temperature conductivity
measurements.” However, this is unlikely to contribute
to significant long-range relay of hyperpolarization
since the ionic conduction is vacancy mediated:
although the vacancy may hop between multiple sites,
each oxygen ion will only hop once (from its original
site, to the vacant site nearby). Nevertheless, physical
exchange could still play a role in increasing the flow of
hyperpolarization the short distance across the spin
diffusion barrier, where electron—nuclear coupling
significantly reduces spin diffusion, especially given
that vacancies are more likely to be present in the
vicinity of the Gd dopants for electrostatic reasons.*”®

There are many systems that are important to study
under operational conditions at or above room
temperature, to probe, for example, dynamics (including
oxide-ion mobility), phase transitions and other in-situ
behavior more generally. Extending the applicability of
solid-state DNP to these temperatures should allow
greatly improved sensitivity to perform more
demanding NMR experiments on challenging systems.

Gd-CeO-SrTiO; VAN Films

To demonstrate the utility of DNP in systems which are
a challenge for conventional NMR, even with 7O
enrichment, a vertically aligned nanocomposite of 1%
Gd-CeO,—SrTiO; was studied. This concentration was
chosen because high concentrations of Gd are typically
used to enhance ionic conductivity in CeO,. By
simultaneously depositing Gd-CeO, and SrTiOs; as an
epitaxial thin film, nanopillars of Gd-CeO, can be
grown with ~20 nm diameter.®®° To prevent dilution of
the sample, the substrate was removed using a lift-off
procedure’’ giving a sample mass of ~0.5 mg, before
packing in a 1.3 mm outer-diameter ZrO, rotor, then
enriching with 7O, gas.
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Figure 6: a) ’O NMR spectra of 1% Gd-doped CeO>—SrTiOs VAN
films, with and without ~40 W of microwave irradiation, with the
deconvolution and corresponding peak enhancements, &. The
assignments are as determined in Reference 7. A schematic of the
nanopillars is inset, with the SrTiO; crystal axes shown. b) DNP-
enhanced O EXSY spectrum, showing a cross peak between the
Gd-CeO2 and interface signals, recorded with a 0.1 s mixing time
and 38 increments of 27 ps in the indirect dimension. Spectra were
recorded at 37 kHz MAS in a 1.3 mm MAS DNP probe with a
sample temperature of 140 K and recycle delays of a) 1 s and b) 4.2
s. Blue and green contours indicate positive and negative intensity,
respectively, and asterisks indicate spinning sidebands. We note that
the sample is placed in the center of the ZrO: rotor, and thus will
experience a more uniform B field than the rotor itself, likely
contributing to the slight mis-phasing of the ZrO: signal.

Figure 6a shows the 7O NMR spectra of the VAN films
at 140 K, with and without microwave irradiation. The
magnetic field was optimized for the negative lobe of
the solid effect to allow unenhanced background signals
to be readily distinguished by their opposite phase. The
Gd-CeO; signal at 875 ppm is enhanced by €peax = —9.9,
in line with the results on bulk 1% Gd-CeO, (¢ = 8.5);
although the Gd concentration is much higher than
would be ideal for DNP, this nevertheless demonstrates
the applicability of the technique. The SrTiOs signal at
465 ppm has a significantly lower enhancement of &peax
= —2.8 because the Gd** is predominantly present in the
Gd-CeO, phase, and enhancement of the SrTiO; can
only therefore occur by longer distance Gd**-'70O
interactions or minor substitution of Gd into the SrTiOs
phase (we note that significant relay of
hyperpolarization from Gd-CeO, to SrTiO; on this
timescale can be ruled out by the lack of a cross peak in
the EXSY spectrum, see below). In contrast, the ZrO,
signal at 377 ppm from the partially '"O-enriched rotor,
which is not in atomic scale contact with Gd**, is not
enhanced and remains positive.

Between the Gd-CeO; and SrTiOs; peaks, two signals
can be distinguished, which have been assigned
previously on the basis of random structure searching
and density functional theory calculations.”” The major
signal at 685 ppm arises from  the
CeO, (100):StrTiOs (110) interface (yellow in Figure 6a
inset); this facet comprises a shared oxide layer between
the CeO, and SrTiO; phases and has a chemical shift
intermediate between the two. The intensity around 465
ppm is caused by SrTiOs-like environments in the major
CeO, (110):SrTiOs (100) interface (green in Figure 6a
inset). Both interface signals exhibit an enhancement of
€ = -6, i.e. intermediate between those of Gd-CeO, and
SrTiOs. This is consistent with environments that are
adjacent to the Gd-CeO, phase, although there is a
significant uncertainty in the values of ¢ due to the
weakness of the signals.

The use of a DNP system with 1.3 mm diameter rotors,
rather than the standard 3.2 mm rotors, was critical here
for two reasons. Firstly, this allows a smaller NMR coil
to be used which, given the extremely low sample mass,
increases the fill factor and hence the signal-to-noise
ratio. Secondly, the smaller rotors enable faster MAS to
separate the spinning sidebands from the wide isotropic
chemical shift range spanning over 500 ppm, which is
only just achieved at 37 kHz MAS. Overlapping
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spinning sidebands would obscure the weak interface
signals in the already cluttered spectrum.

The enhancement afforded by DNP enabled the 1D
spectrum to be acquired in two hours, compared to a day
to acquire the spectrum at room temperature without
DNP, and five days for the same mass of sample without
Gd doping. Significantly, it allows previously infeasible
2D experiments: Figure 6b shows a DNP-enhanced 'O
exchange spectroscopy (EXSY) spectrum acquired in
36 hours. The Gd-CeO,, SrTiOs, and interface signals
are again inverted, and the interface signal is more
clearly resolved. More importantly, although the
intensity is weak, a cross peak appears to be present
between the Gd-CeO, and interface signals,
corresponding to transfer of hyperpolarization
generated in the Gd-CeO; phase to the interface (see also
Figure S13); note that physical exchange of oxide-ions
is extremely slow at 140 K. The absence of the other
symmetric cross peak (from the interface to Gd-CeO,)
indicates that the hyperpolarization is predominantly
generated in the Gd-CeO, phase.”’ The signal of the
cross peak is comparatively weak and transfer over a
greater distance to SrTiOs; cannot be seen because 'O
spin diffusion is slow and the diffusion time is limited
by the short 7} induced by the high Gd** concentration.
This spectrum demonstrates the feasibility of
performing 2D 'O experiments and observing
correlations in sub-milligram samples by combining 'O
enrichment with endogenous DNP. More distant
correlations could potentially be observed with lower
Gd** concentrations in this and similar systems due to
the resulting longer 7' and greater enhancement.

Conclusions

An enhancement of 650 has been observed for the 'O
signal in 0.01% Gd-CeO, from endogenous DNP, which
represents the highest reported enhancement for
endogenous DNP or Gd*>" DNP, even when correcting
for the gyromagnetic ratio. This is ascribed to the
narrow EPR resonance arising from the cubic metal site
in CeO,, although 4™-rank coupling is significant, as
well as the long '"O T) constant. The enhancement
decreases with increasing Gd concentration due to
dipolar broadening of the EPR resonance.

The DNP buildup behaviour shows that '"O
hyperpolarisation is relayed by spin diffusion in
enriched samples, resulting in significantly faster
buildup, and therefore sensitivity, than for natural

abundance samples, although natural abundance spectra
can still be recorded quickly using DNP. The
enhancement decreases with increasing temperature, but
since the crystalline DNP matrix is rigid and does not
melt, DNP remained effective, with '’O enhancement
factors of 320 at room temperature and 150 at the
highest studied temperature of 370 K. This shows great
promise for characterisation of structure and dynamics
under more relevant conditions for e.g., catalysis or
studies of solid-state electrolytes.

Finally, endogenous Gd** DNP was applied to a
vertically aligned nanocomposite thin film sample of
Gd-CeO,—SrTiO; with a very low sample mass of ~0.5
mg and partial "O-enrichment. The different phases
could be distinguished by their enhancements, with the
highest for Gd-CeO,, the lowest for SrTiOs;, and
intermediate enhancements for the interface signals. The
enhanced sensitivity enabled a previously infeasible 2D
EXSY spectrum to be recorded which shows transfer of
polarisation from the Gd-CeO. nanopillars to the
interface, corroborating the assignment of the interface
signal. Together this work shows how endogenous DNP
can be combined with 'O enrichment to perform
advanced characterisation experiments on extremely
challenging samples.

Supplementary Information

Supplementary information contains additional NMR,
DNP and EPR figures.

Raw and processed NMR and EPR data are freely
available at DOI: 10.5281/zenodo.5101215.
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Raw and processed NMR and EPR data are available at DOI: 10.5281/zenodo.5101215.
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Figure S1: 'O shift as a function of temperature for '"O-enriched 0.01% Gd-CeO.. In two sets of experiments the
temperature was measured from the Br 7} of KBr and the 2’Pb shift of Pb(NOs),, respectively. In the former, the
"Br shift was also used to account for any field drift, once its temperature dependence had also been included.
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Figure S2: Full-width-at-half-maximum (FWHM) of the 'O NMR signal in 17O enriched a) 0.01% and b) 0.3% Gd-
CeO; as a function of buildup time with and without microwave irradiation. In both cases the line is broader at shorter
buildup times because nuclei closer to Gd**, experiencing greater broadening, build up faster. However, whereas the
linewidth for 0.3% Gd-CeO, decreases monotonically in line with Tonp, the linewidth for 0.01% Gd-CeO; increases
again at longer buildup times due to radiation damping. Radiation damping depends on the size of the magnetization,
and therefore follows the same buildup as the magnetization, only becoming significant above 100 s (c.f. Figure S7).
Note that the scales in a) and b) are not the same. It was not possible to accurately measure the linewidth without
microwave irradiation at short build-up times due to poor signal-to-noise.
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Figure S3: a) Derivative and b) integrated X-band EPR spectra of 0.01% Gd-CeO; with vy = 9.6226 GHz and
simulated spectra with the given parameters. LW is the gaussian linewidth, D is the 2"-rank ZFS, and B4 and Bg are
the 4™ and 6™ rank ZFS constants, respectively, giving rise to the following terms in the Hamiltonian: B, (Of +50% )

and By (02 —210¢ ), where 0,? are the Stevens operators for crystal field splitting.
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Figure S4: Schematic deconvolution of the sharp and broad components in the DNP field profile of "O-enriched
0.01% Gd-CeOs, recorded with a 10 s recycle delay and a 265 GHz klystron microwave source.
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Figure S5: Comparison of the 70O DNP field profiles recorded for 0.01% and 0.03% Gd-CeOs recorded with klystron
and gyrotron microwave sources, using a 10 second recycle delay. The gyrotron data has been offset by 26.7 mT to
align the maxima of the 0.03% sample. The offset between the maxima of the two samples is far smaller when the
gyrotron was used than when the klystron was used, therefore in the latter case the offset is ascribed to slight variations
(<30 ppm) in the microwave frequency. The slight remaining offset between the maxima for the two samples most
likely arises from the different relative contributions of the sharp and broad components of the enhancement profiles.
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Figure S6: 70 spectra of natural abundance a) 0.01% and b) 0.1% Gd-CeO,, with and without microwave irradiation.
The microwave on spectra were recorded with four scans, while the microwave off spectra required 8 and 32 scans
for (a) and (b), respectively.
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Figure S7: 70O DNP buildup curves measured using a saturation recovery experiment for Gd-CeO, with different
concentrations of Gd, 0.01% — 0.3%, both with 7O enrichment and at natural abundance. The crosses are

experimental data points and the solid lines are fits to a stretched exponential function, I = I, (1 —exp [— (Ti) ]) with
B

the parameters shown in Table 1.
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Figure S8: 170 enhancement factor by area as a function of buildup time for "O-enriched 0.3% Gd-CeO, recorded
at 10 kHz MAS and 100 K. A zirconia rotor was used resulting in slightly lower enhancements than with a sapphire
rotor, as in the main text.
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Figure S9: Log-log plot of 17O T at room temperature as a function of Gd concentration in ’O-enriched Gd-CeO,
showing a change of gradient at a concentration of 0.3%. When relaxation occurs by spin diffusion from paramagnetic
centres, 1/T; « cgq, whereas when the nuclei relax directly 1/T; « Céd.The discrepancy between the expected
exponents (i.e. —1 and —2, respectively) and the observed exponents (—0.58 and —2.68, respectively) may be due to a
concentration dependence of the Gd** electronic relaxation, due to electron—electron interactions, which in turn
affects the efficiency of nuclear relaxation.
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Figure S10: 70O DNP enhancement by peak intensity and by area as a function of temperature for '’O-enriched 0.01%
Gd-doped CeO; with ~14 W of microwave irradiation at 10 kHz MAS. The line-broadening due to radiation damping
decreases with increasing temperature due to the reduction in nuclear spin polarisation, therefore the difference
between the linewidths with and without microwave irradiation decreases, and the peak and areal enhancements
become similar.
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Figure S11: Buildup time constant, Tg, for 7O DNP of '’O-enriched 0.01% Gd-CeO as a function of temperature at
10 kHz MAS with ~14 W of microwave irradiation.
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Table S1: Sensitivity factor (final column) as a function of temperature, as determined by the enhancement, sample
temperature, and build-up time constant, for 'O DNP of 0.01% Gd-CeO».

€
€area _ area K-1g-05
TR (interpolated) Tone /s T/ Tpnp /

100 632 172 0.482
200 262 113.6 0.123
300 140 72.52 0.055
4000 0.6
X
@ 3500 1 X Experimental Sensitivity L 05
g 3000 - X + Sensitivity Factor
= X
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= X b
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Figure S12: The experimental sensitivity, given by the signal-to-noise ratio per square-root time, and the sensitivity
factor calculated in Table S1 for '’O DNP of 0.01% Gd-CeO: as a function of temperature.
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Figure S13: Horizontal slice at 860 ppm from the 2D DNP-enhanced 'O EXSY spectrum of 1% Gd-doped CeO,—
SrTiO3 VAN films (Figure 6b) compared with the 1D DNP-enhanced spectrum (Figure 6a), showing weak signal
intensity corresponding to cross peaks with the interface environments at 685 ppm and 465 ppm.
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Table S2: Experimental parameters and enhancements for different '’O spectra shown in this work.

Sample Figure/Table | MAS /kHz | Recycle delay /s | Approx. pw Earea
power /W
Fi 1
0.01% Gd Bute 10 200 14 652(5)
0 enr Table 1
' Figure 3a 10 100 14 632(5)

0.03% Gd Figure 3a

10 100 22 389(4
170 enr. Table 1 @
0.1% Gd Figure 3a

10 100 22 162(3
170 enr. Table 1 )
0.3% Gd Figure 3a 10 100 34 78(2)
170 enr. Table 1 10 10 34 81(2)
1% Gd .
170 enr. Figure 3a 10 100 41 8.8(2)
0.01% Gd Table 1 10 20,000 14 611(92)
Nat. abund. Figure S6 10 3600 14 564(62)
0.1% Gd Table 1
Nat. abund. Figure S6 10 200 14 242(37)
0.3% Gd
Nat. abund. Table 1 10 100 30 112(7)
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Supplementary Note 1:

A note on the scaling of spin diffusivity with concentration.®® In a cubic crystal, the spin diffusion constant
depends on the probability of a flip—flop transition, ¥, and the separation of the spins,  as

D = Wr2.
W is proportional to the square of the dipolar coupling strength, d, which in turn depends on r~3:
W « d? o< 1/7°,
Therefore, in the absence of any other dependence on r, the spin diffusivity scales as:

D < 1/r* o c*/3,

where ¢ « 1/r3 is the concentration of the spins. However, W is also inversely proportional to the zero-
quantum linewidth, and therefore proportional to the zero-quantum 72:

W o d?TQ

For abundant, high-y nuclei like protons, the zero-quantum linewidth is determined by homonuclear dipolar
coupling and therefore also depends on the dipolar coupling constant, TzZQ o« 1/d. This changes the scaling
of W and therefore D:

W o d?*T Yo d o< 1/73
D x Wr? « 1/r « ¢/3,

Therefore for nuclei where the zero-quantum lineshape is dominated by homonuclear dipolar coupling we
have D o ¢!/3, whereas for lower-y and/or lower abundance nuclei we have D o ¢*/3, as is the case for
170.
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