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Hypershifted spin spectroscopy with dynamic nuclear

polarization at 1.4 K

Zhenfeng Pang1, Kirill Sheberstov’, Bogdan A. Rodin't, Jake Lumsden', Utsab Banerjee1=l=,
Daniel Abergel’, Frédéric Mentink-Vigier?>, Geoffrey Bodenhausen', Kong Ooi Tan'*

Dynamic nuclear polarization (DNP) enhances nuclear magnetic resonance (NMR) sensitivity by transferring po-
larization from unpaired electrons to nuclei, but nearby nuclear spins are difficult to detect or “hidden” due to
strong electron-nuclear couplings that hypershift their NMR resonances. Here, we detect these hypershifted spins
in a frozen glycerol-water mixture doped with TEMPOL at ~1.4 K using spin diffusion enhanced saturation transfer
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(SPIDEST), which indirectly reveals their spectrum. Additionally, we directly observe '"H NMR lines spanning
10 MHz. The spectrum is confirmed by simulations and density functional theory (DFT) calculations, which verify
that the signals originate from intramolecular protons on TEMPOL. Using two-dimensional NMR, we demonstrate
polarization transfer from hypershifted to bulk nuclei across a spin diffusion barrier. This methodology provides
new insights into the structures of radicals and could aid in designing more efficient DNP polarizing agents. It also
complements information on hyperfine interaction accessible by electron paramagnetic resonance (EPR).

INTRODUCTION
Nuclear magnetic resonance (NMR) is a noninvasive technique that
has been widely applied to study materials and biological macromol-
ecules, including catalysts, battery materials, fibrils, and membrane
proteins. Nevertheless, the technique suffers from its inherently poor
sensitivity. To boost the sensitivity, dynamic nuclear polarization
(DNP) (1-3) can be applied to mediate the polarization transfer
from unpaired electrons to the nearby nuclear spins that are coupled
by electron-nuclear hyperfine interactions. Because of their close
proximity (<1 nm) (Fig. 1A) to the unpaired electron, the nearby
nuclei experience strong distance- and orientation-dependent hy-
perfine interactions (Fig. 1B). The polarization of the hyperpolarized
nearby nuclear spins is then transferred to more remote bulk nuclear
spins via spin diffusion (4, 5). Alternatively, the bulk nuclei can also
be polarized directly by the radical if spin diffusion is not substantial
due to weak internuclear dipolar couplings as for dilute spins (6).
Although the nearby nuclear spins supposedly play a critical role
in mediating polarization transfer by spin diffusion from the un-
paired electrons to the bulk nuclear spins, it has been postulated that
some of these nearby nuclear spins could not relay the polarization
to the bulk if spin diffusion is quenched. Quenching of spin diffu-
sion could be due to a large shift difference, extreme line broadening
(Fig. 1B), or rapid relaxation rates that originate from the electron-
nuclear hyperfine interactions. Nearby nuclei that do not participate
in the spin diffusion process are said to lie within a so-called “spin
diffusion barrier” (7-11). Although many attempts have been made
to determine the size of the spin diffusion barrier using either theo-
retical models or indirect experimental observations, the estimates
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vary over an order of magnitude (~0.2 to 2 nm) (5, 12-18). It is chal-
lenging to observe these nearby spins with excessively broadened or
shifted NMR lines, resulting in poor sensitivity below the detection
limit and thus the common expression of “invisible” spins (8, 16).
To probe these nearby spins, we have adapted a well-known
solution-state NMR experiment known as “chemical exchange satu-
ration transfer” (CEST) (19, 20), which in our context has been re-
named “spin diffusion enhanced saturation transfer” (SPIDEST).
When applied to paramagnetic samples, SPIDEST shares some sim-
ilarities with electron-electron double resonance (ELDOR)-detected
NMR (EDNMR) (21). We have succeeded in detecting the hidden
spins indirectly using SPIDEST and directly via the detection of
their free induction decay (FID) (vide infra). Since these spins have
now been directly observed, they can no longer be called “hidden”;
we shall henceforth refer them as “hypershifted” nuclei and use the
symbol 'Hys. The experimental results show that the 'H spectra of
the hypershifted nuclei span a frequency range of ~10 MHz ['H
shifts of ~35,000 parts per million (ppm) at 6.7 T], which suggests
that the hypershifted signals originate from protons that are cova-
lently attached to the nitroxide radicals. The relaxation properties
(T, and T') of the hypershifted nuclei 'Hys and the rates of spin
diffusion between 'Hys and 'Hp,y were also quantified in this work.

RESULTS AND DISCUSSION

Spin diffusion enhanced saturation transfer

In the SPIDEST experiments, the microwave frequency was set to
the positive maximum of the DNP frequency profile (blue arrow in
Fig. 1C) and the off-resonance radio frequency (rf) frequencies of
the SPIDEST saturation pulses (Fig. 2A) were stepped across a wide
range of frequencies where the invisible spins could be resonant, be-
fore the direct excitation of the "Hpyi spins. Note that both the invis-
ible and 'Hpy spins are hyperpolarized by DNP in our SPIDEST
experiments. If the rf frequency of the SPIDEST saturation pulses
resonates with the invisible spins that exchange polarization with the
bulk spins, the latter will be indirectly saturated, resulting in a de-
crease of the NMR intensity of the observed "Hpui spins. By repeat-
ing the experiments using different SPIDEST irradiation frequencies,

10f10

GZ0Z ‘60 Arenuer uo AISBAIUN SIS BPLIO|H Te 610°90Us 1I0S" MMM/ ST1Y WoJ ) papeo|umoq


mailto:kong-ooi.​tan@​ens.​psl.​eu
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fsciadv.adr7160&domain=pdf&date_stamp=2024-12-11

SCIENCE ADVANCES | RESEARCH ARTICLE

A B C
1
‘ Simulation 2A = w frequency* o TEMPOL
. > at6.7T 3A g 1 g‘; %,
@ 4A 8 ¢ J 8
. O 0.1¢f 5A € 05¢ 4 8 g
- t £ 6 A R o & ‘
@ E 8A qC, :oo Zero Oo”’
G Hidden spins Bulk N 10A 8 0 crossing OO 000000‘
e ~ . g 102§ % @ Positive DNP LN 4
. &Y S £ -0.5[ # Negative DNP °°°°° g:g
S
3 Z 4t DNP frequency profile at 6.7 T
10° -
. 295 290 285 280 275 187.5 188 188.5

1H frequency (MHz) Microwave frequency (GHz)

Fig. 1. Hypershifted spins and DNP. (A) Schematic diagram of remote "Hg, nuclei (dark orange) and nearby hypershifted nuclei (formerly known as hidden or invisible
nuclei, shown in gray) in the vicinity of an unpaired electron. The nuclei are color coded according to their electron-nucleus distance: Gray hypershifted "Hys protons are
the closest to the electron, the dark orange bulk "Hpuik protons are the farthest from the electron, and the pale orange "Hus protons are at intermediate distances from the
electron. (B) Simulated "H powder spectra of an isolated two-spin e-"H system for various distances. (C) Experimental DNP frequency profile of TEMPOL at 6.7 T and 1.4 K,
where the 'H NMR signal intensity is plotted as a function of the monochromatic microwave frequency with a power of 140 mW.
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Fig. 2. Experimental results of SPIDEST applied to TEMPOL in DNP juice at 1.4 K. (A) SPIDEST sequence. The rf frequency of the orange pre-saturation pulses is cen-
tered on the bulk protons 'Hgyy, while the frequencies of the gray pulses in the pre-saturation (“Presat”) and SPIDEST blocks are varied stepwise. The SPIDEST block has a
duration of 128 ms and is repeated n = 48 times, interleaved with delays d = 1 5. (B) The y axis shows the NMR intensity of the "Hg, peak at 285.16 MHz in a static field of
6.697 T as a function of the SPIDEST saturation frequency (x axis) that is stepped from —5 to +6.9 MHz with respect to the resonance of "Hgy in 120 steps of 0.1 MHz each.
The color-coded 1D spectra acquired for different SPIDEST saturation frequencies were overlaid, with colors ranging from orange to gray with increasing offset with re-
spect to the frequency of 'HBu|k. (C) SPIDEST profiles acquired at different static fields: By = 6.697 T (285.16 MHz, blue), 6.707 T (285.58 MHz, red), and 6.716 T (285.96 MHz,
yellow). All offset frequencies are referenced to the NMR frequency of 'Hgu. (D) SPIDEST spectra with different numbers n of SPIDEST saturation blocks (A), showing that
n = 48 blocks are sufficient to saturate the bulk protons. The gray vertical dashed lines in (C) and (D) mark the local minimum at —1.6 MHz.

one obtains a SPIDEST profile (Fig. 2B), which yields a surprising
asymmetric shape spanning >5 MHz with a noticeable local mini-
mum at —1.6 MHz. The loss of signal intensity of "Hpuic following
far-off-resonance saturation at —1.6 MHz implies the presence of
nuclear spins that interact with 'Hp i via chemical exchange, nucle-
ar Overhauser effects (NOEs), or spin diffusion. We disregard both
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chemical exchange and homonuclear 'H-"H NOE, as they are un-
likely to occur in a frozen solid at 1.4 K (22). We hypothesize that
there exists a significant hypershifted proton bath ('Hys) that ex-
changes polarization with "Hp i via dipolar-mediated spin diffusion.

To verify the observations and exclude the possibility of rf artifacts,
the SPIDEST experiments were repeated with saturation frequencies
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chosen in a random order rather than in linear increments. This
strategy is commonly used in pulsed ENDOR, where stochastic rf
acquisition is used to mitigate artifacts and systematic errors (23).
The SPIDEST profile acquired with the stochastic rf scheme is nois-
ier, probably because of temperature fluctuations induced by reflect-
ed rf power, which could be significant given that the SPIDEST
frequencies can be far (~-MHz) from the frequency where the probe
is tuned and matched. The two experiments yield similar profiles
(fig. S1A) and, hence, confirm that the peak —1.6 MHz is not an ar-
tifact. For further verification, we repeated the SPIDEST experiments
at slightly different magnetic fields (+ 0.01 T or 'H frequencies
+ 0.4 MHz) by changing the superconducting current in the cryogen-
free magnet. The results (Fig. 2C) show that all three local minima
coincide at —1.6 MHz, which proves that the frequency depends on
the static field, confirming that our observation must be a magnetic
resonance effect.

To characterize the spin diffusion from 'Hys to 'Hpyp the
SPIDEST experiments were repeated with different duty cycles of the
saturation pulses (by setting the power to zero for part of the pulses
in the orange saturation blocks in Fig. 2A). The results (Fig. 2D)
clearly show a progressive loss of 'Hpyy signals, uniformly across
the entire profile (including both "Hpui and the hypershifted peak at
—1.6 MHz) as the saturation blocks increase. We did not attempt to
fit a buildup curve or to extract a time constant because of the many
undetermined parameters (for example, competition between DNP
and rf saturation efficiencies, T relaxation of both proton baths, and
spin diffusion). Characterizing and quantifying the spin diffusion rates
accurately is a challenge beyond the scope of this article. It is, therefore,
preferable to observe the hypershifted spins directly (vide infra).

Direct NMR observation of hypershifted protons "Hys

Motivated by the promising results of SPIDEST, we hypothesized
that the hypershifted spins resonating near —1.6 MHz in the SPI-
DEST profile could be observed directly. After the probe was tuned
and matched to ~283.5 MHz (corresponding to an offset of —1.6 MHz),
we successfully observed an NMR peak (Fig. 3A), albeit using a
longer excitation pulse than required for exciting the "Hpulk signal
(fig. S2C). To verify that the signals observed are true FID, and not
rf ringdown or other artifacts, the experiment was repeated without
microwaves. As the signal decreased significantly when the micro-
wave irradiation was turned off (Fig. 3A), it confirms that the signal
at —1.6-MHz offset is a real magnetic resonance and can be DNP
enhanced. The DNP enhancement factors of the 'Hyg and 'Hpyi

resonances were found to be eygg ~ 43 and epyjx ~ 26 (fig. S3, C and
D), respectively. In addition, we performed echo experiments (fig.
S1B) with different 7 delays. As expected, the echo signals appeared
at later times with increasing the value of t. These two control ex-
periments prove that these are real NMR signals hypershifted by
about —1.6 MHz from the 'Hpy Larmor frequency.

From the echo experiments, the transverse echo decay time was
determined to be T} .. ~ 252 ps (fig. S1B), which is, unexpectedly,

2,HS
significantly longer than Té ~ 110 ps. A similar, nonintuitive, ef-

,Bulk
fect was also reported in electron decoupling experiments (24, 25).

This could be explained as follows: Each bulk proton is coupled to
many other bulk protons with a broad range of values of homonu-
clear dipolar couplings in the 'H Zeeman reservoir. On the other
hand, the hypershifted protons are dipole coupled to far fewer pro-
tons. Hence, the decoherence of the transverse magnetization in
echo experiments is faster for the bulk than for the hypershifted pro-
tons. In contrast to the bulk protons that suffer from flip-flop terms
in the dipolar Hamiltonian, the flip-flop terms that affect the hyper-
shifted protons are partly truncated by the large ~1.6-MHz shift dif-
ference. Hence, we reason that the 20 pulse applied to 'Hys during
the echo experiment is inherently “selective” and decouples the
"Hys spins from the bulk protons, which contributes to longer T) s
To map the entire spectrum of the hypershifted spins, we repeated
the experiments with rf carrier frequencies stepped across ~10 MHz
while keeping the magnetic field By constant. Such an acquisition
strategy is a common technique used for observing nuclei with
severely broadened lines (often several MHz) by quadrupolar inter-
actions (26). Inspired by solid echo sequences (27), we have also at-
tempted 0-7-0-t-echo experiments, but these yield similar results
as the 0-7-20-t-echo sequences (fig. S4A). Figure 3B shows that the
"Hys peak intensities are ~100 times weaker than the "Hp i peaks.
The integrated intensity across the entire width of the 'Hys spec-
trum (skipping the peak due to Hpyx, which is fitted by a single
Gaussian function) yields about ~20% of the total 'H signal. Since
the DNP enhancement of 'Hys at —1.6 MHz (eyg ~ 43) is about
twice the enhancement of "Hpyi (€puix ~ 26), this implies that 12%
of the 'H spins in the DNP sample belong to the 'Hys reservoir. The
results are in reasonable agreement with the calculated number of
intramolecular protons attached to TEMPOL (8.8%) at a concentra-
tion of 60 mM in the DNP juice. This suggests that the hypershifted
"Hys peak is mainly due to intramolecular protons of the radical.
By overlaying the directly observed 'Hys spectrum with the
SPIDEST profile, we note that both feature a local extremum at
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Fig. 3. Direct experimental observation of "Hus. (A) "Hus signals at an offset of —1.6 MHz acquired with (blue) or without (red) microwave irradiation. (B) Overlay of
spectra acquired at different rf offset frequencies. The black envelope shows the outline of all spectra. The inset shows the "Hgyi peak, which is about 100x stronger than
the "Hys signals. (C) Overlaid results from direct observation (blue) and SPIDEST (orange). The vertical dashed lines indicate offsets of —1.6 and —0.7 MHz.
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—1.6 MHz with an asymmetric shape (Fig. 3C). The results of these
two independent experiments are in good agreement, except that
NMR signals were observed in the +3- to +6-MHz region of the
directly detected spectrum, but absent in the SPIDEST profile. The
results imply that there exists a fraction of the hypershifted protons,
particularly those in the +3- to +6-MHz region, do not participate
in spin diffusion with "Hpulk. Presumably, these 'Hyys lie within the
spin diffusion barrier.

To assign the hypershifted protons, simulations of the 'H spectra
of the protons attached to the TEMPOL molecule were performed
with the Spinach program using literature values of "H hyperfine
coupling tensors determined by ENDOR (green plot in Fig. 4A)
(28, 29). Note that the simulated "Hyg spectrum reveals an unfamil-
iar asymmetric Pake pattern due to the high electron polarization at
6.7 T and 1.4 K. Only one-half of the Pake pattern can be observed
if only the state of lowest energy is populated, assuming that the
electron relaxation time T is long enough (30). Simulated 'H spec-
tra of an isolated two-spin system (one electron and one proton) at
both 1.4 and 80 K are shown in Fig. 4B, demonstrating that the
asymmetry disappears with lower electron polarization. We have at-
tempted to measure the 'Hys spectrum at a slightly higher tempera-
ture of 4.2 K, but the sensitivity was ~30 times lower than at 1.4 K,
potentially due to insufficient microwave power to yield efficient
DNP and faster relaxation rates of 'Hyg at higher temperatures.

As the simulated 'Hyg spectrum (Fig. 4A) shows an excellent fit to
the peak at —1.6 MHz, we can confidently assert that the —1.6-MHz
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peak originates from the intramolecular protons on the nitroxide
radical. Despite a satisfactory agreement between the simulated and
experimental data, the simulated results could not reproduce the long
trailing edge in the range between +3 and +6 MHz observed in the
experiments. This could be due to the solvent protons close to the
nitroxide. To examine the contribution of the solvent protons to
the "Hyys spectrum, we repeated the experiment on the hydrophobic
TEMPO dissolved in a fully deuterated solvent mixture composed of
benzene-dg and toluene-dg. The standard DNP juice cannot be used
because the imperfect chemical purity and deuteration of commer-
cial glycerol-ds yields a nonnegligible "H background signal (25). The
'H spectrum of TEMPO in the 3- to 6-MHz range is partly sup-
pressed compared to the TEMPOL spectrum. Moreover, an anoma-
lous peak at —0.7 MHz (marked with #) is present in both TEMPOL
and TEMPO spectra but absent in the calculated ENDOR spectra.
We hypothesize that the signal at —0.7 MHz arises from the proton
attached to C4 (Fig. 4A) that was not reported in the ENDOR litera-
ture. Our hypothesis is supported by the experimental results ob-
tained on TEMPONE, which lacks a proton attached to C4 (fig. S4C).
To determine the origin of the 'H signals that are responsible for the
long trailing edge and unambiguously assign the peak at —0.7 MHz,
density functional theory (DFT) calculations were performed on
TEMPOL. The simulated 'Hyg spectrum based on DFT matches with
the experimental data quite well, including both the 3- to 6-MHz
range and the peak at —0.7 MHz. Further analysis shows that the long
trailing edge could be due to the methyl protons (fig. S4E), which
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Fig. 4. Assignment of 'Hys. (A) Comparison of experimental 'H spectrum of TEMPOL (blue) with simulated spectra using hyperfine tensor values from ENDOR (green)
(28) and DFT simulations (yellow). An experimental H spectrum of TEMPO (red) is also shown here. The "Hys peaks at —1.6 MHz of all spectra are normalized to the same
intensity. (B) Simulated 'H spectrum of an electron-proton pair with a near-unity electron polarization at a sample temperature T = 1.4 K (blue) that is asymmetric, in
contrast to the typical symmetric Pake pattern expected at 80 K (orange) (66). (C) SPIDEST of protonated and deuterated TEMPOL in DNP juice. (D) Directly observed
spectra of protonated and deuterated TEMPOL in DNP juice. The y axis is scaled down by ~100x with respect to the normalized 'Hgy peak.
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were also reported in the literature (31). Moreover, the —0.7-MHz
signal could arise from the protons attached to C4.

As a control experiment, we repeated the experiments on TEM-
POL-d;; to confidently assign the "Hys signal to 'H attached to the
nitroxides. Note that there is no significant change in DNP perfor-
mance observed between the protonated TEMPOL and deuterated
TEMPOL-d,; samples, in agreement with a previous study (32).
Both the SPIDEST profile (Fig. 4C) and the direct NMR observation
experiments (Fig. 4D) yield a significantly narrower peak with a full
width at half maximum (FWHM) of <400 kHz. The disappearance
of the broad lines observed on TEMPOL-d;; again proves that the
broad "Hys signal originates mostly from protons attached to the
nitroxide, while the narrow peak could originate from solvent pro-
tons in the vicinity of the radical.

Spin diffusion between bulk and hypershifted protons

Although the SPIDEST experiments (Fig. 2B) show a polarization
loss of "Hpyjx upon rf irradiation to saturate the "Hys protons, this
does not necessarily prove that the decreased "Hpui polarization
was transferred to 'Hys. To prove this point, a two-dimensional
(2D) exchange spectroscopy (EXSY) sequence [also known as nu-
clear Overhauser effect spectroscopy (NOESY)] (Fig. 5A) was used
to probe "Hpu-'Hys correlation. The pulse sequence can be used
to probe a transfer of longitudinal magnetization due to spin diffusion.
As it is impossible to excite the entire 10-MHz-wide spectrum of
"Hys with a limited rf amplitude, the 2D EXSY sequence was
modified by setting the first two pulses on-resonance with 'Hp, at
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0 MHz, while the third pulse was set to excite the strongest "Hys
peak at —1.6 MHz. For detection, the probe was tuned and matched
to —0.8 MHz, halfway between the two peaks. For optimal sensitiv-
ity, the frequencies of the first two pulses and the third pulse were
chosen to match the two most intense peaks. This strategy is remi-
niscent of double electron-electron resonance (DEER) (33) for the
measurement of dipolar couplings between two electrons.

Figure 5B shows a cross peak, which provides direct evidence
that the polarization was transferred from 'Hpuik to 'Hys. Besides,
we observed an unexpected diagonal peak (F; = F, = 0) in the 2D
spectrum. Although the offset of ~1.6 MHz between the third rf
pulse and "Hpx is too large to allow efficient excitation, only 1%
excitation of the strong "Hyu peak (Fig. 3B) is needed to yield a
diagonal peak with a similar intensity as the cross peak. To confirm
this hypothesis, we replaced the third pulse by a two-pulse echo de-
tection, which should refocus 'Hyg but suppresses "Hpui. The di-
agonal peak was suppressed (fig. S5). Despite this, we prefer to use a
single excitation pulse (Fig. 5A) before detection due to its higher
sensitivity.

To measure the polarization buildup mediated by spin diffusion,
we recorded multiple 1D EXSY experiments with varying mixing
times. The delay between the first two pulses was fixed to t; = 0.6 ps,
all other parameters being the same as for the 2D experiment. Al-
though the diagonal peak intensity decreases as expected when the
mixing time increases, we observed that the cross peak intensity has
a sign opposite to the diagonal peak (Fig. 5, C and D) for mixing
times Ty, < 0.5 s and goes through zero before reaching a plateau
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Fig. 5. Probing polarization transfer from "Hgyi to "Hys using 2D NMR. (A) 2D EXSY sequence where the first two pulses (10 ps @ 30 W, orange) are centered at the-
"Hauik frequency, while the third (95 ps @ 30 W, gray) pulse is centered at an offset of —1.6 MHz. (B) 2D NMR spectrum with a cross peak between "Hgyik (at F1 = 0) and "Hys
(at F, = —1.6 MHz). The inset shows the 1D spectrum of Fig. 3B. (C) Superposition of 1D spectra with mixing times t, ranging from 10 ms to 20 s. (D) Normalized cross peak
intensities (Iross / Ipiag) @s @ function of the mixing time, showing how the sign of the cross peaks changes. A bi-exponential it (red) yields time constants Tshort=0.33 sand

Tlong=33s.
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after T, ~ 10 s. This may be explained by first realizing that the spin
environments around the nitroxides, which have different orienta-
tions with respect to the By field (microscopic view), might not ben-
efit from the same DNP conditions as the ensemble average of all
spins across the sample (macroscopic view). For instance, although
the NMR spectrum recorded at the DNP zero-crossing position
(~188 GHz in Fig. 1C) yields an apparent zero DNP enhancement,
this does not mean that there is no DNP. Instead, on a microscopic
level, there are equal numbers of positive- and negative-polarized 'H
spins, which yield a net zero DNP enhancement on the observable
'Hp. Hence, at the positive DNP condition for the bulk (~187.8 GHz),
there may still be a number of nitroxides with orientations that
satisfy the negative DNP condition, and hence negatively polarize
their surrounding 'Hys spins (although the bulk signal is positive).
This helps explain our observation that the 'Hy signal at —1.6 MHz
is initially negatively polarized (for mixing times T, < 10 ms) and
becomes more negatively polarized (T, ~ 500 ms) due to spin diffu-
sion from nearby negatively polarized 'Hyys. As the mixing time Ty,
increases, the positive polarization from the dominant "Hpui (or
other positively polarized "Hyg) starts to diffuse toward 'Hyg. This
insight on the orientation dependence of 'Hys (see the Supplemen-
tary Materials for a detailed discussion) is inaccessible in conven-
tional DNP-enhanced NMR spectroscopy that detects only 'Hpyy.

Unlike conventional 2D NMR experiments, where the recovery
delay is usually chosen to be at least 1.27 X T} for optimal sensitivity,
such a scheme is not practical for these experiments because of the
long DNP buildup time (>15 min) and poor 'Hys sensitivity. In-
stead, many dummy scans before the 2D experiment (see the “Spin
diffusion enhanced saturation transfer” section) were used so that
the polarization reaches a transient equilibrium, and a shorter prep-
aration time (~6 s) was sufficient for a 2D experiment within a rea-
sonable time scale (~1 day versus ~5 months). Nevertheless, the
total polarization increases as the mixing time t,, increases (Fig.
5A), which indicates that some undesirable DNP builds up during
the mixing time. This yields an unreliable characterization of the
spin diffusion rate. Hence, the ratio of cross peak to the diagonal
peak intensities (I,qq / Iniag) against the mixing time t,,, was plotted
(Fig. 5D) for a fair comparison. A bi-exponential fit yields a fast spin
diffusion rate k'~ 3 s™" that characterizes the initial negative polar-
ization surge, and a larger but slower component k%%~ 0.3 s~ that
governs the delayed buildup of the positive polarization.

Clearly, the EXSY spectra show a significant polarization trans-
fer between ‘Hyg and "Hpy despite their frequency separation
(~1.6 MHz) that is significantly larger than the homonuclear 'H-'H
dipolar couplings in a partially deuterated sample—a surprising
observation that appears to contradict standard NMR predictions.
We believe that the experimental observation could be rationalized
by a series of spin diffusion processes involving many intermediate
protons 'Hys with offset frequencies between 0 and ~—1.6 MHz. A
detailed investigation of the polarization-transfer pathway is be-
yond the scope of this work but is planned in future studies. For
instance, this can be investigated by mapping the polarization across
the entire "Hpy-'Hys network, which can be achieved by varying
the frequency of the third pulse in the 2D experiment (Fig. 5A).
Nevertheless, such experiments would be impractically long, unless
pulsed DNP could be used to accelerate the DNP buildup rates and
boost the enhancement factors (34, 35). On the other hand, we
intend to apply the same methodology to investigate narrow-line
radicals like 1,3-bisdiphenylene-2-phenylallyl (BDPA) or trityls that
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yield simpler DNP frequency profiles to improve the understanding
of polarization-transfer pathways in DNP.

In recent literature, some theoretical studies and models have
been applied to address the roles of electrons in the nuclear spin dif-
fusion process (36-38). Besides electrons, it is also known that "Hpuik
participate in cross-talk with deuterons of the solvent (32, 39, 40),
which could also relay the polarization to "Hys. A similar phenom-
enon was reported for hyperfine-coupled °C spins in diamonds,
which relay their polarization to the bulk °C spins, although the
BC-BC couplings are 100 times weaker than the hyperfine cou-
plings (11).

We also re-investigated the resurgence of hyperpolarization
(HypRes) reported by Stern et al. (16), who showed that the "Hpun
polarization recovers at some delays after rf saturation of the same
lHBulk nuclei. It was shown that nuclear spin hyperpolarization was
transferred from hidden 'H spins (or hypershifted 'Hys spins in our
nomenclature) to the 'Hpy bath [see figure 3 of Stern et al. (16)]. To
verify their predictions, we repeated their experiments (Fig. 6A) but
observing 'Hys at —1.6 MHz directly instead of 'Hpu. An acceler-
ated loss of 'Hys polarization (Fig. 6B) was observed when the
"Hpui spins are saturated after DNP, confirming, once again, the ex-
istence of spin diffusion between "Hys and 'Hpyk. The time evolu-
tion of the difference spectrum (i.e., with and without saturation)
was fitted with a biexponential function, yielding two time constants
Tshort = 30.7 s and T'°"8 = 1023 s. We believe that the faster process
is dominated by Tj ps and spin diffusion, while the slower process is
governed by T, gy and thermal mixing via the ’H reservoir in the
perdeuterated DNP juice (32).

We have directly observed nuclear spins close to an unpaired
electron that were previously believed to be unobservable and hence
known as hidden spins. The observations were carried out on
nitroxide-doped samples using a homebuilt 6.7-T DNP NMR spec-
trometer operating at 1.4 K. The previously hidden nuclei, now re-
named hypershifted nuclei, are observed in a wide 'H spectrum
spanning no less than 10 MHz, which matches the size of the intra-
molecular hyperfine interactions between the 'H spins and the
unpaired electron of TEMPOL. Despite the large observed shifts,
the results of the SPIDEST- or CEST-like experiments show that the
spin diffusion rates between the hypershifted protons 'Hys and the
bulk protons "Hpulk are far from negligible. EXSY-like 2D exchange
experiments were carried out to quantify the spin diffusion rates
across the so-called spin diffusion barrier. Collectively, we refer to
our methodology and the set of experiments performed in this work
(including SPIDEST, EXSY, or 2D EXSY and direct observation of
wide lines) as hypershifted spin spectroscopy. Our methodology has
allowed us to quantify relaxation rates and spin diffusion rates of the
hypershifted spins, parameters that can contribute to a deeper un-
derstanding of DNP mechanisms. For example, one could improve
the rationalization of cross-talk phenomena between spin reservoirs
reported in a recent study (32). Additionally, a better characteriza-
tion of the nuclear spins surrounding the radicals could help de-
sign better polarizing agents for DNP (41-43). Besides fundamental
studies, our methodology could be applied in standard dissolution
DNP or electron paramagnetic resonance (EPR) spectrometers equipped
with NMR detection capabilities to study a wide variety of paramag-
netic systems (especially those containing lanthanide ions) includ-
ing catalysts, luminescent materials, semiconductors, and battery
materials (6, 44-46). Besides, we have shown that hypershifted
spin spectroscopy can provide complementary and sometimes
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Fig. 6. Depolarization of "Hus by saturation transfer to "Hguik. (A) Pulse sequences for observation on "Hys with saturation of "Hgyi (bottom) or without saturation (top).
The orange and gray pulses have rf frequencies centered on the ! Hguik and 1HHS signals, respectively, like in Fig. 5A. (B) Results for the experiments without (blue)/with (red)
saturation of 1H3u|k and their difference (yellow). The difference curve (yellow) was fitted with a bi-exponential function (purple). A surge of 1HHS was observed a few sec-
onds after the microwaves were switched off (inset). This could be due to a new equilibrium when microwave-dependent relaxation rates are altered, a phenomenon
reported recently in literature (67). The initial surges cancel each other in the difference between the two curves.

new information that is not easily accessible using conventional
pulsed EPR ENDOR experiments. The latter were performed on
single crystals instead of the doped glassy glycerol-water mixtures
used in modern DNP experiments. Moreover, our technique is per-
formed at higher magnetic fields than most conventional pulsed
EPR experiments (47-49), thus providing better resolution. In con-
clusion, we believe that the methodology developed here could pro-
vide information that is complementary to ENDOR experiments,
but without needing to detect any EPR signals.

MATERIALS AND METHODS

Sample preparation and NMR experiments

Both TEMPOL and d;;-TEMPOL (CAS: 100326-46-3,97% D, Sigma-
Aldrich) were dissolved in DNP juice (ds-glycerol/D,O/H,0 in a
6:3:1 ratio by volume), while the hydrophobic TEMPO was dis-
solved in a mixture of d¢-benzene (99.5% “H) and ds-toluene (99.5%
’H) with a 1:1 volume ratio. The concentrations of TEMPOL and
TEMPO in all samples were 60 mM. About 200 pl was pipetted into
a 5-mm NMR tube cut to a length of 1.5 cm.

In most DNP experiments, 64 pre-saturation blocks interleaved
with delays of 2 s were applied to fully saturate the polarizations of
both 'Hpui and 'Hyg before switching on the microwaves. Each
block consists of 128 pulses (10 ps with 30 W) separated by 1-ms
intervals (fig. S3A). Note that it is important to increase the number
of saturation block until the NMR signals reach equilibrium to ob-
tain a reliable SPIDEST profile. For the SPIDEST experiment, 48
SPIDEST blocks (similar to the pre-saturation block except that
only 10 W of rf power was used to minimize rf reflection and heat-
ing) using ~130-ms pulses alternating with 1-s delays were applied
before signal acquisition (Fig. 2A). The rf offset of the SPIDEST
pulses was increased from —5 to +6.9 MHz in 0.1-MHz steps. The
probe remained tuned and matched to the resonance frequency of
the 'Hpuic spins throughout the experiments. To measure the DNP
buildup curves of "Hpux (fig. S3B), the same pre-saturation blocks as
used for SPIDEST were applied before NMR acquisition. The nuta-
tion profiles of the "Hpux and 'Hys spins are distinctly different
from typical sinusoidal curves (fig. S2C). We believe that the strong
'H dipolar coupling network that competes with the weak B, field is
responsible for this behavior. Since it was challenging to accurately
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determine the B; field strength and 90° pulse length, we used the
pulse durations that yield the maximum signal, i.e., 10 ps at 30 W for
exciting "Hyui and 95 ps at 30 W for 'Hys, respectively. To observe
the hypershifted spins directly (Fig. 3B), microwave irradiation was
applied until the DNP polarization reached a plateau, and a 6-7-26-
t-echo sequence was applied with durations of 10 and 20 ps for the
6 and 20 pulses, respectively, with 30-W rf power and a delay © =
45 ps. Eight scans with inter-scan delays of 1 s were accumulated for
each frequency.

To measure spin diffusion between "Hyui and 'Hyg, we adopted
2D EXSY (Fig. 5A) (50), except that the rf frequency of the third
pulse differs from the first two pulses. The detection frequency was
set in the middle between the resonance frequencies of "Hpui and
"Hpys. Because of the implementation of multiple rf frequencies (or
rotating frames) in this adapted 2D experiment, it is important to
pre-calculate the phase of the second pulse according to the evolu-
tion time #; and the offset frequency so that the detection scheme in
the indirect dimension is properly used (51). A sequence of 384
dummy scans was applied to ensure that a steady state and a stable
temperature were reached before acquisition. The pulse sequence
(TopSpin 3.5 pl 7) and 2D data are available on Zenodo (https://zenodo.
org/records/12735275).

DNP spectrometer with cryogen-free magnet
All experiments were performed on a cryogen-free (also known as
“dry”) magnet (Cryogenic Ltd., reference J4112) (Fig. 7). The assem-
bly is similar to the older 9.4-T cryogen-free magnet in our labora-
tory (52), except that the new cryo-free magnet uses a 1.5-W pulse
tube (PT) cryocooler (SRP-182B2S) with an F100H (Sumitomo)
compressor, and an integrated variable temperature insert (iVTI)
with an inner diameter of 50 mm to accommodate an NMR probe.
The iVTI can reach a temperature of ~1.4 K when it is continuously
pumped at ~0.4 mbar during a closed-loop operation using an
ECODRY 40 plus Leybold pump. The manufacturer specified a By
field inhomogeneity of < 30 ppm over a cylindrical volume of 25 mm
diameter and 25 mm height. However, we measured a field homoge-
neity of ~4 ppm across a 5-mm NMR tube containing deuterated
water of ~1 cm height at room temperature.

In closed-loop operation, the helium gas is cycled through a 50-liter
external helium storage tank, an external charcoal trap immersed in
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liquid nitrogen at 77 K, an internal charcoal trap, a 200-ml helium pot,
and the iVTI. The last three are built-in features of the magnet system.
The helium flow rate and the pressure in the iVTI can be controlled by
an automated needle valve, which is composed of an ethanol-filled cell
that controls the valve position by thermal contraction/expansion via
a computer-controlled heater. Nevertheless, we manually controlled
the needle valve for most experiments. The iVTI temperature fluctu-
ates +0.01 K over 24 hours, which is sufficiently stable for our experi-
ments. Although the magnet can be ramped to 9.4 T, we chose to
operate at 6.7 T because our 188-GHz microwave source can provide
more power (~150 mW) than our 263-GHz source (~60 mW). The
magnet is interfaced with a Bruker AVANCE III console equipped
with a 100-W BLAH100 E amplifier.

DNP probe and microwave source

A custom-built probe was used for the experiments. It has a similar
design as other DNP systems in our laboratory, except for the home-
made rf coil and waveguide (52). This probe is equipped with a ru-
thenium oxide (RuO) temperature sensor (range: 30 mK to 305 K,
Lake Shore Cryotronics Inc.) and two coaxial cables with stainless
steel outer conductors (UT-085B-SS) to minimize heat transfer. To
improve the sensitivity and the B; homogeneity, a horizontal sole-
noidal coil perpendicular to the static By field was used instead of a
saddle coil. The five-turn solenoid was connected in series with a
0.6-pF capacitor (fig. S6B) and remotely tuned using an external
tuning and matching box. With broad-range variable capacitors (10
to 100 pE, Sprague-Goodman), the probe can be tuned over a range
of ~20 MHz (285 + 10 MHz). The copper cavity in the probe is
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sealed following the same procedure as described in a previous work
(52), i.e., red-colored silicone (CAF 1 from Bluestar Silicones) was
applied and then pumped to ~1 mbar while immersed in liquid ni-
trogen at 77 K. This is a crucial step as a bad seal will lead to con-
tamination of the helium gas, which leads to unstable temperatures
or ice blockages of the system. In the latter case, a complete warm-
up of the system may be necessary, a process that can take 2 to 3 days.
To stabilize the temperature and minimize rf arcing, we filled the
sample space in the probe with room-temperature helium gas after
it was inserted into the iVTIL The pressure of the helium gas in the
closed cavity is ~3 mbar at 1.4 K (53, 54).

The microwaves are generated by an IMPATT diode (model
VCOM-05, ELVA-1, Tallinn, Estonia) with an output power of 150 mW
over a 1-GHz tuning range (188 + 0.5 GHz). About ~1-mW micro-
wave power was measured at the sample position using a power meter
(Ophir Optronics, model 3A-P-THz) at room temperature. The sig-
nificant power loss between the source and sample is attributed to
the lossy stainless-steel waveguide and the homebuilt microwave
bend. Although the microwave source is equipped for both ampli-
tude and frequency modulation over a range of 100 MHz with a
repetition rate of 5 kHz, these functions were not yet used in our
experiments. The microwave source is interfaced with the NMR
console via a Raspberry Pi 4b (fig. S7).

DFT calculations

The input structures for DFT were generated using Avogadro v.2.0
(55-57), optimized using ORCA v5.0.4 and the functional r2SCAN-
3¢ method (58-62). For TEMPOL, a polarizable continuum model
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water (63) was used to mimic the dielectric properties of the glycerol/
water mixture. From the optimized structures, the hyperfine couplings
were calculated using PBEO and EPR-III basis sets (64, 65). The output
of the DFT calculations is shown in the Supplementary Materials.
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Supplementary Text

Figs.S1to S10

Tables S1to S3

Legend for data S1
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