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CHEMICAL PHYSICS

Direct observation of hyperpolarization breaking

through the spin diffusion barrier

Quentin Stern'*, Samuel Frangois Cousin', Frédéric Mentink-Vigier?, Arthur César Pinon®,

Stuart James Elliott*, Olivier Cala', Sami Jannin'

Dynamic nuclear polarization (DNP) is a widely used tool for overcoming the low intrinsic sensitivity of nuclear
magnetic resonance spectroscopy and imaging. Its practical applicability is typically bounded, however, by the
so-called “spin diffusion barrier,” which relates to the poor efficiency of polarization transfer from highly polarized
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nuclei close to paramagnetic centers to bulk nuclei. A quantitative assessment of this barrier has been hindered
so far by the lack of general methods for studying nuclear polarization flow in the vicinity of paramagnetic centers.
Here, we fill this gap and introduce a general set of experiments based on microwave gating that are readily im-
plemented. We demonstrate the versatility of our approach in experiments conducted between 1.2 and 4.2K in
static mode and at 100 K under magic angle spinning (MAS)—conditions typical for dissolution DNP and MAS-DNP—
and directly observe the marked dependence of polarization flow on temperature.

INTRODUCTION
Hyperpolarization techniques are a broad set of methods for increas-
ing the nuclear spin polarization substantially beyond the thermal
equilibrium value, thereby providing a route to overcoming the low
intrinsic sensitivity of nuclear magnetic resonance methods. Among
the methods established over the past few decades, dynamic nuclear
polarization (DNP) techniques have become a method of choice for
a broad range of applications, from materials sciences (1) and biology
(2) to preclinical research (3), to give a few outstanding examples.
In a DNP experiment, the high polarization of unpaired electron
spins is transferred to the surrounding nuclear spins by microwave
irradiation. Typically, stable organic radicals serve as the source of
electron spins, and DNP is performed in the solid state and at low
temperatures, where the electron polarization is highest. The two
most currently widespread variants of DNP are magic angle spin-
ning DNP (MAS-DNP) (4) and dissolution DNP (dDNP) (5-9). The
former is usually performed at temperatures around T = 100 K and
magnetic fields of By = 9.4 to 21.1 T (10), providing enhancements
on the order of hundreds over thermal equilibrium. By contrast,
dDNP is typically performed at around T= 1.0 to 1.6 Kand By = 3.35
to 10 T (11, 12) and is followed by sample dissolution and transfer
in the liquid state to a magnetic resonance imaging scanner (3) or
nuclear magnetic resonance (NMR) spectrometer. Typical signal en-
hancements in IDNP experiments are on the order of tens of thou-
sands over thermal equilibrium (5).

dDNP and MAS-DNP rely on four DNP mechanisms (13-15):
the solid effect (SE), the cross effect (CE), the thermal mixing, and
the Overhauser effect. In all cases, hyperfine interaction between
electron and nuclear spins is required for polarization transfer. As
the intensity of this interaction decays with the inverse cube of the
distance between the spins (for the dipolar part), polarization transfer
occurs with the highest probability at the shortest distance from the
electron. Nuclei that are too distant from the electron for efficient
direct interaction may polarize more rapidly indirectly by nuclear
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spin diffusion relayed DNP (16). However, the nuclear spins closest
to the electron spin, called “core” nuclei, are effectively decoupled
from the “bulk” spins. When the electron-nucleus interaction sur-
passes the internuclear interaction, nuclear flip-flops are not energy-
conservative anymore, and therefore, spin diffusion in the vicinity
of the electron spin is reduced, thus limiting the DNP performance.
This concept, known as the spin diffusion barrier, was first proposed
in the 1960s by Blumberg (17) to refine Bloembergen’s model of
relaxation by nuclear spin diffusion in paramagnetic crystals (16).
Khutsishvili (18) proposed an alternative definition of the same con-
cept and later applied it in the context of DNP (19). In the follow-
ing years, the models of Khutsishvili and Blumberg were extended
by others to more experimental cases (20-23). Typical radii of the
diffusion barrier were found to be on the order of 1 to 2 nm, de-
pending on sample formulation and experimental conditions.

Early on, several authors found that spin diffusion was still possible
among core spins, despite Blumberg and Khutsishlvili’s predictions,
either by theory (24-27) or experimentally (28). More recently, the
introduction of dDNP and MAS-DNP has revived the interest in the
question of the spin diffusion barrier (29-42). Most of these studies
address the question of the diffusion barrier by comparing DNP
build-up curves with models including DNP effects, diffusion, and
relaxation. The existence of the diffusion barrier (or the slowdown
of diffusion) is assessed indirectly based on the ability of the models
to reproduce experimental DNP build-up curves. Two recent studies
have approached the question experimentally using synthetic chem-
istry to precisely control the distance between the electron and the
closest nuclear spin (35, 37). They were able to determine the minimal
distance from the electron at which nuclei could contribute to the
DNP enhancement of the bulk spins, for their respective samples
and experimental conditions.

To the best of our knowledge, no experimental procedure has
been reported as of yet that enables a quantitative assessment of the
polarization flow in the vicinity of the electron. Here, we introduce
a general and simple method giving access to such information in a
wide range of experimental conditions. The key idea is to generate a
large polarization gradient between the core and bulk spins using
microwave gating (43) and to subsequently monitor the return of the
bulk spins to thermal equilibrium. Typical results are presented in
Fig. 1, which shows three experimental proton saturation recovery
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Fig. 1. Hyperpolarization resurgence. Saturation recovery recorded with small-
angle pulses at 7.05 T and 3.8 K in static mode for sample |, after performing DNP in
either positive or negative mode (i.e., yielding positive or negative nuclear polar-
ization). Polarization surges far above and below from thermal equilibrium, respec-
tively, before it finally relaxes toward it. The saturation recovery experiment recorded
without prior microwave irradiation is shown for comparison.

curves for a sample of 1:3:6 H,0:D,0:glycerol-dg (v/v/v) (commonly
known as “DNP juice”) doped with 50 mM 4-hydroxy-2,2,6,6-
tetramethylpiperidin-1-oxyl (TEMPOL) radical (sample I) at 3.8 K
and 7.05 T. We recorded saturation recovery after performing DNP
in either positive or negative mode (that is, setting the microwave
frequency so as to yield positive or negative nuclear polarization,
respectively) and without prior microwave irradiation. Saturation
recovery experiments start with a train of saturation radio-frequency
(rf) pulses, which should “erase” the memory of the system. Yet,
because the pulses have a limited bandwidth, they do not affect the
core spins whose resonance is strongly shifted by the nearby elec-
tron. During the saturation recovery recorded with prior microwave
irradiation, polarization spreads from core to bulk spins, causing
strong overshoots, which substantially exceed the intensity of ther-
mal equilibrium toward, which all three curves tend. The sign of the
overshoot reflects the sign of the DNP that was built before record-
ing the saturation recovery. This experiment gives direct access to
the dynamics of the polarization flow from core to bulk spins as
their equilibration is time-resolved.

We dub our method HypRes (for hyperpolarization resurgence).
In the following, we show the applicability of HypRes on sample I at
1.2 to 4.2 K and 7.05 T in static mode. We develop a simple model
that treats the spin system as two reservoirs, visible and hidden,
connected by a flow rate. We find that between 1.2 and 4.2 K, the
flow rate spans over two orders of magnitude and is faster than
relaxation toward thermal equilibrium. A second variant of the
HypRes experiment, including the manipulation of the spins nearest
to the electron with broadband adiabatic pulses, probes indirectly
spin diffusion occurring among the hidden spins. We show that spins
closer than 0.3 nm to the electron can still exchange polarization
with the bulk spins, in line with the recent literature (35, 37). These
measurements also provide experimental evidence for the theoretical
prediction that with decreasing distance between nuclear and elec-
tron spins, the polarization exchange by spin diffusion slows down.
Last, we show that the method is also compatible with MAS-DNP
by applying it to a sample of 2:3 H,O:glycerol (v/v) doped with
10 mM AsymPolPOK radical (44) (sample II) at 100 K and 14.1 T.

These new methods provide important insights into a very funda-
mental mechanism in DNP, namely, the flow of nuclear polarization
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away from paramagnetic agents to the bulk spins. While it was pos-
sible to study such processes indirectly using conventional satura-
tion recovery experiments or DNP build-up curves, the HypRes
approach offers the possibility of a more direct measurement in
which the respective contributions of DNP and diffusion are dis-
entangled. The model that we use here to extract quantitative informa-
tion from the HypRes results is a first simplistic approach. However,
these results could be used to test more profound models including
mechanistic description of the polarization transfers among nuclei.

Theory and definitions

The definition of the spin diffusion barrier changes according to
authors’ choices and throughout the years of theoretical and exper-
imental development. The size of the diffusion barrier may either be
predicted by theory or determined experimentally. In essence, theo-
retical definitions are all based on the comparison of the interaction
between nuclei and between an electron and nuclei. Blumberg’s orig-
inal definition sets the limit where the dipolar interaction between
nuclei is equal to the interaction between the nucleus and the electron
(17). Khutsishvili’s definition sets the barrier where the difference
in Larmor frequency of the nuclei caused by the electron is equal to
the interaction between the nucleus and the electron, resulting in a
shorter radius (18). These two definitions only take into account the
secular term of the dipolar interaction between the electron and the
nucleus. More recently, more sophisticated definitions of the diffu-
sion barrier were proposed (32, 33). Hovav et al.’s criterion includes
the pseudo-secular contribution. Furthermore, it includes an arbitrary
parameter { that determines to which extent diffusion is quenched
within the barrier.

Figure 2A shows the dipolar coupling of a proton spin with an
electron centered in a vertical plane, for both the exact form and
taking its root mean square over all orientations. Figure 2B shows a
visual representation of the diffusion barriers for sample I in red.
The calculation of the barrier radius requires the determination of
the distance between neighbor nuclei. Here, we have estimated the
distance between neighbors assuming a statistical distribution of
proton spins with the concentration of the solvent. Therefore, the
resulting radii of the diffusion barriers are representative of diffu-
sion among solvent protons and not among the protons of the radical
itself, where the local density of proton spins is higher. The mathe-
matical expressions and the details of how we calculated the different
radii using these definitions are given in the Supplementary Materials.
The radii of the diffusion barrier in Fig. 2B are compared with the
mean volume per electron, represented in blue, which can be seen as
the limits of the system. For all three definitions, the spin diffusion
barrier is larger than the mean volume per electron. In other words,
there should be no spin diffusion among the solvent protons of sam-
ple I. We ought to point out that these predictions are only rough esti-
mates, which assumes that spins are statistically distributed in space.

In addition to theoretical definitions of the diffusion barrier, Wolfe
(28) introduced an operational definition according to which spins
are within the diffusion barrier if they are “in stronger contact with
the lattice phonons that with the bulk spins,” that is, if they relax faster
than they can exchange polarization with the bulk spins. Wolfe
determined experimentally that proton spins at 0.3 nm to the para-
magnetic center were still in strong contact with the bulk spins and,
hence, outside of the barrier, according to his definition (for proton
spins separated by 0.16 nm in a paramagnetic crystal at 1.4 K and
1.6 T). This approach was used in other recent studies (35, 37).
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Fig. 2. Dipolar coupling and spin diffusion barrier. (A) Dipolar coupling of a proton
and an electron spin taking the angular dependence into account d(r,6) or as the
root mean square drms(r), where r and 6 are the distance between the electron and
the nucleus and the angle between the vector connecting the electron and the
nucleus and the main magnetic field, respectively. The black solid line represents
the radius of the mean volume per electron in the case of sample I. The blue and
red domains correspond to areas where proton spins are expected to contribute to the
NMR line or not, respectively. (B) Representation of the spin diffusion barrier r, for the
solvent protons of sample | according to Blumberg (77), Khutsishvili (19, 54), and
Hovav etal. (32, 33). (red spheres) compared with the mean volume per electron
spin ryv(e”) (blue sphere). The black sphere represents the electron.

It is common to call the spins that lie inside and outside of the
spin diffusion barrier core and bulk spins, respectively. Assuming
Wolfe’s definition of the barrier, diffusion from core to bulk spins is
impossible by the definition itself. Claims that diffusion is observed
through the diffusion barrier only make sense with respect to theo-
retical definitions. The HypRes experiment monitors polarization
flowing from spins that are inaccessible to NMR detection to those
that are accessible. We will refer to them as hidden and visible spins,
respectively, to avoid ambiguity. We note that the core spins—if
any—are a subset of the hidden spins.

RESULTS AND DISCUSSION

HypRes experiment

The experimental procedure of the HypRes experiment is shown in
Fig. 3. It consists of the following steps:

I) Full saturation. The polarization of the nuclear spins is wiped
out so that the experiment starts in known conditions by a series
of hard rf pulses (more details are available in the “Erasing the
memory of the system between experiments” section in the Supple-
mentary Materials).
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II) Prepolarization. Microwaves are turned on during a delay set to
be at least five times the proton DNP build-up time constant so that,
when the microwaves are gated, the sample is assumed to have reached
DNP equilibrium with a spatially homogeneous polarization Ppyp.

III) Visible spins saturation. The NMR signal is saturated using
a train of hard rf pulses. Because the saturation pulses have a limited
bandwidth, the spins that experience a strong dipolar shift due to a
nearby paramagnetic center are not affected. The saturation scheme
is optimized to be efficient for the visible nuclear spin with the
polarization of the visible spins P, ~ 0, while remaining as short
as possible to leave the hidden nuclear spins unaffected with Py, =
(1 - Nsar) Ppyp> Where Mgy is an attenuation factor ideally close to 0.
The saturation block is terminated by a delay to accommodate acous-
tic ringing and allow the remaining transverse magnetization to
dephase before detection. At this point, the proton spin system has
polarization values P, ~ 0 and Pp, = (1 - Ns) Pprp-

IV) Resurgence monitoring. The hyperpolarization resurgence is
monitored for the visible spin reservoir by NMR acquisition blocks
separated by time delays.

V) Decay monitoring. The return to thermal equilibrium is monitored.

Figure 4 shows a typical HypRes curve and its processing for
sample I at 7.05 T and 3.8 K. More details regarding the experimental
procedure and the processing of HypRes data are available in Mate-
rials and Methods and in the Supplementary Materials.

Two-reservoir model
A model is used to interpret the data assuming that the visible and
hidden spins behave as reservoirs exchanging polarization at flow
rate Ry and that each reservoir returns to thermal equilibrium with
respective intrinsic relaxation rates, R; y and Ry, which is reminis-
cent of typical spin temperature models (14). Figure 5 shows a sche-
matic representation of the model. The underlying assumption is
that diffusion within the reservoirs is fast with respect to the flow
between them, which allows the polarization to be considered as
“instantly” uniform inside each reservoir. This would be true if dif-
fusion was not hindered by the presence of the electron. We estimate
that diffusion connects the spins within a characteristic time of 100 ms
or ata frequency of 10 s~ in our conditions [this estimation is based
on values from the literature (45); more details are available in
the Supplementary Materials]. As will be revealed in Results, the
measured flow rate is small compared to this characteristic diffusion
rate. However, of course, diffusion is expected to be hindered by the
presence of the electron. This simplification is a trade-off to describe
the system with a simple model in first approximation. It is also
assumed that no other reservoirs substantially influence the proton
spin system. In particular, it is assumed, and later verified, that the
deuterium nuclei present within the sample are not responsible for
the observed effect.

Under the assumptions above, the evolution of the polarizations
in the visible and hidden reservoir, P,(f) and Py(t), is given by the

following differential equation
i(PV> B (-XhRf— Ry Xn Ry > <PV> .
dt\ P (I=%n)Rex —(1=xn)Re=Rin/ \Pn
Peq Rl,v
(x)) w

where yy, is the fraction of the nuclear spins in the hidden reservoir
and Pq is the nuclear polarization at Boltzmann equilibrium. The
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Fig. 3. HypRes experiment. Schematic representation of the HypRes experiment and its steps. During the preparation phase, polarization is built by microwave irradia-
tion of the electron resonance (represented by the “uw” block). The polarization of the visible spins is then annihilated by a train of hard pulses (represented by the “Sat”
block) during the detection phase. The polarization of the visible spins is monitored by small-angle pulses (represented by black rectangles) separated by variable delays
(VD). The curves show the evolution of the visible and hidden spins during the course of the experiment. The circles below represent the polarization of the visible and
hidden reservoirs (outer and inner circle, respectively), with darker shading indicating higher polarization.
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Fig. 4. Processing of HypRes results. The HypRes experiment is recorded with and
without microwave irradiation, resulting in the microwave-on and -off curves, respec-
tively. The microwave-off curve is subtracted to the microwave-on curve to yield a
curve of polarization excess with respect to thermal equilibrium. Note that the
microwave-off curve corresponds to a conventional saturation recovery experiment.

derivation of the model is given in the Supplementary Materials. The
solution to this differential equation is

(ﬁ;) = Peq-aV.eM - BV, et @)

with the eigenvalues A, and A_ and eigenvectors V, and V_ given by

»

_ —Ri—Riy—Rin+ \(Re+ Rin— R1y)* + 4 %0 Re(R1y — Rug)
2
(3)
1+ R1,h + 7\,1
Vi = Re(1 — %)
1

and the coefficients o and B, which depend on the initial conditions

o = (7\++Rl,h) (Peq_};?.) + (1 _Xh)Rf(Pg_Pg)

P
(- + Rip) (Peg— PY) + (1 — xi) Re(PY— PY)
3

(4)

B =

- +
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Visible spins

Hidden spins

Fig. 5. Two-reservoir model. Schematic representation of the model used to analyze
HypRes results. The relaxation rate constant of the visible spins Ry, is assumed to
be negligible. Polarization flows between the visible and hidden reservoirs at flow
rate Ry, while the hidden spins relax to thermal equilibrium at rate Ry p.

where P and P) are the polarizations of the visible and hidden res-
ervoirs at t = 0, respectively, which corresponds to the beginning of
NMR signal detection. Because the visible reservoir is saturated, we
have PY = 0. Because the polarization is assumed to be homogeneous
throughout each reservoir at t = 0, the polarization of the hidden
reservoir is equal to the polarization at the DNP equilibrium, that is,
Pg = PPy The eigenvalues A, and A_ determine the two relevant
time scales predicted by the model. —A_ corresponds to the rate at
which the two reservoirs equilibrate with each other, while —A, corre-
sponds to the rate at which their polarizations return toward Boltzmann
equilibrium, after equilibration. This rate thus corresponds to the
longitudinal relaxation rate constant R}, and so we write

Ri = —As (5)

In our conditions, we approximate that the intrinsic relaxation
rate constant of the bulk spins R,  is 0; that is, the visible spins only
reach Boltzmann equilibrium through spin diffusion toward the
hidden spins, which are efficiently relaxed by the nearby electrons
(17, 19). Because the curves obtained in the HypRes experiment are
expressed in terms of polarization excess, the thermal buildup must
be subtracted, yielding

40f13

1202 ‘2 KelN uo /Bio’Bewadusios saoueape//:dny wolj papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

(5%:) - <£;> — Peg(1 —eM)=—aV_e* - BV, — Peg) ™' (6)

where PE, and PEj, are the polarization excess in the visible and
hidden reservoirs, respectively.

Experimental quantification the polarization flow

as a function of temperature

The HypRes experiment was performed on sample I at 7.05 T in
static mode between 1.2 and 4.2 K. The polarization excess along
time is shown in Fig. 6A (gray crosses). During the preparation step,
the sample was polarized in positive mode, causing a positive polar-
ization overshoot. Because of the prohibitively slow relaxation at
the lowest temperatures, the curves were not recorded until they
had reached thermal equilibrium. In particular, at 1.2 K, the polar-
ization had reached its maximum but was only starting to decay
when the monitoring was stopped. The two-reservoir model de-
scribed above was applied to these HypRes curves (black curves in
Fig. 6A). As explained in the dedicated section, it was assumed that
the polarization of the visible and hidden reservoirs at the begin-
ning of detection was 0 and PRy, respectively, and that the intrinsic
relaxation rate of the visible reservoir was negligible, Ry = 0. The
three remaining free parameters are Ry j, R, and y. Their fitted val-
ues are shown in Fig. 6B. The flow rate R¢spreads over two orders of
magnitude from 4.4 x 10 s™! t0 0.29 s*. The relaxation rate of the
hidden reservoir Ry}, is not shown for 1.2 K because its fitted value is
unrealistically small and out of the trend (the fitted value is between
107"* and 107" 57! depending on the starting point of the fit algo-
rithm). However, neither the quality of the fit nor the fitted values
of Rrand yy, are significantly affected by the value of R j, (the fit was
repeated fixing R, 1, between 0 and 107> s™', which did not affect
R¢ and Yy, significantly). For the available range, Ry, spreads from
9.4x107*s7 0 6.9 x 1072 57", The fitted size of the hidden reservoir
Xh is between 5 and 7%. We show in fig. S2 that the HypRes effect
occurs also in a fully protonated sample, that is, in the absence of a
deuterium spin reservoir.

The model fits the data appropriately during the decay of the
curves, that is, once the strong polarization gradient between hidden
and visible spins has already disappeared. As expected, the quality
of fit is poorer at the beginning of the curve, during the equilibra-
tion. The simplicity of the model that assumes two homogeneous
reservoirs does not account for the complex dynamics of the spin
system, when gradients are equilibrating among the hidden spins.
Nonetheless, it allows for at least an order of magnitude estimate
of the flow between the reservoirs and shows its tremendous tem-
perature dependence.

The relaxation rate of the hidden reservoir R}, is found to be
slow compared with the flow between the reservoirs R¢ (the ratio
Ry n/Rg goes from ~1/4 to ~1/27 at 4.2 and 1.8 K, respectively). This
implies that the two domains of the HypRes curve (the equilibration
and the decay) can be interpreted separately; the rise of the polariza-
tion excess informs on the flow between the reservoirs Ry, while
the decay informs on the relaxation rate Ry . It also implies that
polarization is able to equilibrate throughout the spin system be-
fore relaxation becomes substantial. In this limit, the size of the
hidden reservoir is directly proportional to the intensity of the over-
shoot PrypRres

~ PrypRes _

P HypRes
= 7

(1 - nsat) Pgﬁlxp

Xh

where 1 and PR} are the attenuation of the polarization in the

hidden reservoir caused by the saturation block at the end of prepa-
ration and the polarization measured at DNP equilibrium, respec-
tively. The size of the hidden reservoir can be obtained with this
method (%) or with the two-reservoir model (y,). While the latter
is biased by the poor match of the two-reservoir model, the former
gives a more direct estimate of the size of the hidden reservoir by the
HypRes experiment. Figure 6B shows that the size of the hidden
reservoir, evaluated with Eq. 7, seems to decrease when temperature
increases. Two effects can explain this apparent dependence. First,
because of the increase of flow rate R; with temperature, more

A B
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Fig. 6. Diffusion versus temperature. (A) Results of the HypRes experiment at 7.05 T in static mode between 1.2 and 4.2 K for sample |, monitored with small-angle
pulses expressed in terms of polarization excess with respect to thermal equilibrium. The gray crosses and the black lines represent the experimental data and the fit of
the two-reservoir model, respectively. (B) Fitted parameters of the two-reservoir model plotted against temperature. The size of the hidden reservoir is given according
to the two-reservoir model (x,) and according to Eq. 7 (¥1). The error bars correspond to the error of the fit with 95% confidence.
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polarization is able to leak out of the hidden reservoir during satu-
ration at higher temperature. As the saturation scheme was identi-
cal for all six HypRes curves, an increased saturation of the hidden
reservoir T, with temperature can be expected and thus a smaller
“apparent” size. Second, the condition that the polarization flow is
much faster than relaxation is better satisfied at the lowest experi-
mental temperature.

The size of the hidden reservoir

The size of the hidden reservoir was quantified in a separate exper-
iment for comparison with the values obtained above. The thermal
equilibrium signal buildup of DNP juice was recorded as a function
of TEMPOL concentration at 3.8 K and 7.05 T and fitted with a
monoexponential model (see fig S3). Figure 7A shows how the ther-
mal equilibrium signal decreases with increasing TEMPOL concen-
tration. The signal was not recorded without TEMPOL because of
the very slow relaxation of proton spins in the absence of para-
magnetic relaxation. Assuming that the signal loss is linear with the
TEMPOL concentration in the low range, we extrapolate the inten-
sity at a concentration of 0 (here, we simply used the slope between
the first two points) to normalize the curve with a y intercept of

A
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< 25 >
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0 25 50 75 100
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A15 15
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Fig. 7. Quantification of the hidden spins. (A) Relative proton signal as a function
of TEMPOL radical concentration in DNP juice recorded at 7.05 T and 3.8 K in static
mode (open circles) showing that the presence of the radical quenches ~30% of
the NMR signal for sample I. The dashed line represents linear interpolation of the
first two points. (B) Simulated fraction of the spins that are hidden because they
are unaffected by rf pulses as a function of the pulse bandwidth. Ao and w; are the
paramagnetic shift and nutation frequency of the pulses, respectively, used to dis-
criminate between visible and hidden spins. (C) Simulated fraction of the spins that
are hidden because their transverse relaxation time constant is below the dead
time of the spectrometer as a function of the correlation time of the electron spin
state. Tpara and 14 are the transverse paramagnetic relaxation time constant and
the spectrometer dead time, respectively, used to discriminate between visible
and hidden spins. The light blue and pink areas represent the visible and hidden
fraction of the proton spins, respectively. See the Supplementary Materials for details
of the simulations.
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100%. From this curve, we find that the presence of 50 mM TEMPOL
in sample I removes ~30% of the proton signal.

Two effects may account for the signal loss in the presence of a
paramagnetic species. First, the dipolar interaction with electrons
shifts the Larmor frequency of the close nuclei outside the detection
limits. Second, the interaction with electrons shortens the transverse
relaxation time of the nuclei, an effect known as paramagnetic relax-
ation enhancement (PRE), which increases the signal loss during the
dead time between the pulse and the acquisition (46, 47). Figure 7
(B and C) shows simulations of the two contributions, which were
performed assuming a random distribution of 1926 electrons in a
cube of 40 nm (corresponding to the concentration of 50 mM). The
proton paramagnetic shift was calculated taking into account the
angular dependence of the dipolar interaction. Protons are consid-
ered undetectable when their paramagnetic shift is larger than the
excitation bandwidth of the pulse, which we estimate to be equal
to the nutation frequency (42 kHz). We find that ~5% of the spins
are hidden according to this criterion [see Fig. 7B]. The transverse
paramagnetic relaxation rate of the protons is calculated using the
equation of PRE (46, 47), which does not account for any angular
dependence. Protons are considered to relax too rapidly to be
detected when their transverse relaxation time constant is on the
order of the dead time between the pulse and the signal acquisition
(t4). Paramagnetic relaxation depends on the correlation time of the
electron spin state t.(e”), which we can only estimate to be on the
order of 0.5 us (see the Supplementary Materials). Figure 7C
shows the fraction of spins that are hidden by PRE as a function of
t.(e”). We find that, for 1.(e”) = 0.5 ps, the hidden fraction is 6%.
Details on the simulations are available in the Supplementary Mate-
rials. The contributions of the two effects simulated here may have
different angular dependencies, but they do not add up together in
such a way that could explain the experimentally determined signal
loss of ~30% shown in Fig. 7A. This experimental result remains
difficult to rationalize.

It should be noted that even if the PRE may contribute to the
signal losses shown in Fig. 7A, it is not the effect that enables HypRes.
In contrast, the frequency shift causes the protons near the electron
spins to be immune to saturation pulses, which is the essential in-
gredient allowing the creation of a polarization gradient near the
electron and, thus, for the HypRes effect. Our simulation shows
that ~5% of the protons in sample I are beyond the bandwidth of
the pulses, in reasonable agreement with the result of the HypRes
experiment shown in Fig. 6 (hidden reservoir size between 5 and 7%).
The HypRes experiment was repeated at 3.8 K and 7.05 T for sample I
with various saturation pulse nutation frequencies (see fig. S5A).
We found that the dependence of the hidden fraction on the nuta-
tion frequency of the saturation pulses follows the same trend for
experiment and simulation (see fig. S5B).

HypRes using broadband inversion pulses

To gain further insight into the spin diffusion processes near the
electron, we repeated the HypRes experiment at 3.8 K and 7.05 for
sample I in static mode adding a broadband inversion pulse centered
at the middle of the NMR line before saturating the visible spins
(see pulse sequence in Fig. 8A). We used chirp pulses with widths of
0.5, 1, 2, 3, and 4 MHz, intended to invert proton spins over +0.25,
+0.5, £1, £1.5, and +2 MHz, respectively. These pulses thus invert
proton spins far off resonance (from the detectable NMR range).
After inversion, the spins are saturated by a train of pulses that act
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Fig. 8. HypRes experiment with inversion pulses. (A) Pulse sequence of the HypRes experiment including a broadband adiabatic pulse at the end of the preparation
step (represented by the shape labeled “Inv”). (B) Results of the HypRes experiment with inversion pulses at 7.05 T and 3.8 K in static mode recorded with small-angle
pulses for sample | with inversion widths from 0.5 to 4 MHz, in logarithmic and linear scale. (C) Estimated relative polarization profiles of the proton spins at the end of the
preparation as a function of Larmor frequency shift taking into account the imperfection of the pulses (see the Supplementary Materials for more information on the pulse
imperfections). The dip near zero is due to the narrow band saturation at the end of the preparation phase. (D) Estimated relative polarization profiles of the proton spins
at the end of the preparation as a function of the distance to the electron spin, converted from (C) using Eq. 8. The numbers by the curves in (B) to (D) indicate the theo-

retical widths of inversion chirp pulses in megahertz.

only on a narrow bandwidth (see above), as in the pulse sequence
presented in Fig. 3.

At the end of the preparation, the proton spins can be separated
into three parts:

1) Those far from the electron have a polarization of 0 due to the
narrow saturation pulses.

2) Those closer to the electron that have been inverted by the
broadband pulse have polarization with opposite sign compared to
what they acquired under DNP (but reduced by the inversion pulse
imperfection).

3) Last, those that are close enough to the electron with Larmor
frequencies outside of the range of inversion of the pulse have kept
the sign of polarization that they acquired under DNP.

Following preparation, the signal resurgence is recorded by small-
angle pulses, varying the delay between the detection blocks to cap-
ture processes occurring on all time scales. Figure 8B shows the
resulting HypRes curves. On a fast time scale of hundreds of milli-
seconds to seconds (depending on the inversion width), the inverted
hidden spins equilibrate their polarization with the visible spins,
causing a negative overshoot. Then, on a longer time scale of hundreds
of seconds, the polarization of the spins that had not been inverted
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and had, therefore, kept their positive polarization reaches the visible
spins causing a positive polarization overshoot.

The width of the inversion pulses influences the curves in several
regards. First, the wider the inversion, the stronger the negative
overshoot and the weaker the positive overshoot, which is consist-
ent with the assumption that more spins are inverted with a larger
pulse bandwidth and that they do exchange polarization with the
visible spins. Second, the wider the range of inversion, the later the
negative extremum is reached (after 0.4 and 1.4 s for the 0.5- and
4-MHz inversion pulses, respectively), and the same is true for the
positive extremum (after 150 and 300 s for the 0.5- and 4-MHz
inversion pulses, respectively). A larger pulse inversion bandwidth
implies that the noninverted spins are more coupled to the electron.
Therefore, the fact that the overshoot occurs later demonstrates that
the stronger the protons are coupled with the electron, the more
spin diffusion is hindered. Last, the slopes of the curves going from
the negative to the positive extrema are also affected by the inver-
sion width that supports this argument. These measurements thus
provide experimental evidence that the Larmor frequency gradient
caused by the electron spin is responsible for a gradient of the nu-
clear spin diffusion coefficient. We note that the shift of the nuclear
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Larmor frequency caused by the hyperfine interaction goes with the
inverse cube of the distance to the electron and is expected to affect
nuclear spin diffusion (as detailed in Introduction). Yet, the depen-
dence of the spin diffusion coefficient with respect to the distance to
the electron is not known. The results presented here pave the way
toward a detailed study of this dependence.

The quality of the inversion pulses was assessed in a separate
experiment presented in the Supplementary Materials (see fig. S6),
showing that the inversion has a maximum efficiency over ~3/5 of
the theoretical width. Those measurements are used to estimate the
polarization of the proton spins at the beginning of detection as a
function of their dipolar coupling constant to the electron [see
Fig. 8C]. The polarization dip at the center corresponds to the satu-
rated visible spins. Assuming that the offset frequency of the nuclei
is governed by the paramagnetic shift, we can translate the offset
into a distance (see the Supplementary Materials for the expression
of the paramagnetic shift). For a given shift Aw, the distance between
the electron and the nucleus can take any value between 0 and 2y,
depending on the angle between main magnetic field and the vector
connecting the electron and the nucleus 6. The maximal possible

distance rgo corresponds to 8 = 0,  and is given by

A 1/3
o - (Y e ) ®

in rad s™', where g, %, Ye, Yo, and r are the vacuum permeability, re-
duced Planck’s constant, the gyromagnetic ratios of the electron, and
the nucleus and the distance between them, respectively. The profiles
in Fig. 8C are expressed as a function of the maximum electron-nucleus
distance ri using the above equation and are shown in Fig. 8D.

The nuclei closest to the electron

The HypRes experiment with inversion shows that spins as close as
0.3 nm to the electron can exchange polarization with the visible
spins, faster than they relax toward thermal equilibrium. The HypRes
experiment with a 4-MHz inversion width causes a stronger nega-
tive overshoot than with a 3-MHz inversion width. Therefore, there
are spins that are not inverted by the 3-MHz inversion pulse but are
inverted by the 4-MHz inversion pulse and yet can still share their
polarization with the visible spins. According to Fig. 8D, such spins
are at a maximum distance of 0.3 nm to the electron. Ooi Tan et al.
have shown in 2019 that proton spins within a radius of <0.6 nm
to a trityl radical were in contact with the bulk at 100 K and 0.3 T
(37). Our results confirm this observation at 3.8 K and 7.05 T.

This interpretation relies on the assumption that the inversion
pulses are efficient even far away from the center of the NMR line.
However, the efficiency of the inversion pulses is diminished at its
edges due to the finite width of the resonance of the NMR probe.
Furthermore, paramagnetic relaxation in the transverse plane is ex-
pected to be intense for far off-resonance nuclei as they are nearer
to the electron spin, causing them to relax during the inversion pulse.
Yet, because we observe a stronger effect of the inversion as we in-
crease the chirp width, we conclude that the broadest pulse must still
be reasonably efficient at its edges. If the 3-MHz inversion pulse was
inefficient at its edges, the 4-MHz inversion pulse would not be more
efficient over the same range, and the same results would be observed
for the two experiments.

It is interesting to remark that a sphere with a radius of 0.3 nm in
a solution with 11 M protons contains less than a single proton spin
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on average. Yet, the TEMPOL molecule itself contains 12 protons
on the four methyl groups that surround the radical and a further
four protons on the next positions of the ring. As a consequence, the
proton spin concentration is stronger in the vicinity of the electron
than in the bulk of the sample. This local heterogeneity could be
part of the reason why the nuclear polarization appears to escape so
easily, a feature that could be used for the rational design of new
polarizing agents.

HypRes experiment in MAS-DNP conditions at 100 K

We further apply the HypRes method in the context of MAS-DNP
at 100 K on sample II. We chose to use a fully protonated medium
to avoid cross-relaxation from deuterium to proton spins and, thus,
ensure that any overshoot is strictly due to the contribution of the
hidden proton spins (48). The high proton concentration results in
a strong dipolar broadening of the NMR line, ~70 kHz [see Fig. 9A].
The sample was polarized during 4 s before saturation. Figure 9B
shows the microwave-on and -off curves together with the excess.
Contrary to the experiments shown in Figs. 6 and 8, each point of
the curve was acquired separately using a /2 rf pulse and repeating
the acquisition with another delay. Although not as strong as at lower
temperature, a HypRes overshoot is observed.

Because of the low number of data points at short delays (be-
tween 0 and 50 ms), the two-reservoir model cannot be fitted to the
data. However, visual inspection of the HypRes curve shows that
the maximum of the excess is reached ~30 ms after saturation. The
flow rate can thus be estimated to be on the order of R~ 30 s™". As
a comparison, for sample I at 4.2 K in static mode, the maximum of
the excess is reached ~3 s after saturation, with a flow rate of R¢ =
0.29 s, indicating that the flow is two orders of magnitude slower.
This may be due to the combined effects of increased spin concen-
tration, MAS, and higher temperature. The low-temperature mea-
surements were performed on sample I, with 11 M protons, while
the MAS measurements were performed on sample II, with 110 M.
Increasing the proton concentration decreases the average distance
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Fig. 9. HypRes under MAS. (A) Proton spectrum of sample Il at 14.0 T and 100K
under MAS at 8 kHz obtained by DNP. (B) Corresponding HypRes curves. Contrary
to experiments in static mode at low temperatures, these measurements were ob-
tained with nt/2 pulses, each point being an individual measurement.
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between neighbors and, therefore, increases the dipolar couplings and
the diffusion coefficient. MAS is known to influence the spin diffu-
sion coefficient and, in some cases, it may enhance spin diffusion
(45). We note that studying the dependence of the flow rate on the
MAS rate would be of great interest but is beyond the scope of the
current study.

The CE-DNP mechanism under MAS leads to a depolarized nu-
clear state with lower polarization compared to Boltzmann equilib-
rium (36, 49). During the HypRes experiment, after microwaves are
turned off, the electrons rapidly return to Boltzmann equilibrium
(within 5T ~ 1.5 ms) (36, 49) and start depolarizing the nuclei.
The observation of the overshoot indicates that hidden spins exchange
polarization with the visible spins faster than they are depolarized.

The reason why the overshoot is so weak as compared to thermal
equilibrium is likely to be explained by the saturation scheme. The
visible spins were saturated with a train of 100 pulses separated with
5 ms, which yields a total of 500 ms. As the exchange between the
reservoir is on the order of 30 ms, a substantial portion of polariza-
tion is able to escape from the hidden reservoir in between pulses
resulting in a non-ideal saturation factor of the hidden reservoir ne,t.
Furthermore, the radical concentration in sample II is five times lower
than in sample I, which hides a smaller fraction of the spins and,
hence, causes a smaller overshoot.

The favored polarization pathway

Our results show that the flow rate of polarization from hidden to
visible spins is highly sensitive to temperature (see Fig. 6). It is as
fast as 0.28 s~ at 4.2 K but markedly decreases with temperature
reaching a value as low as 4.3 x 107 s™* at 1.2 K. This could contrib-
ute to the explanation of why DNP becomes slower as temperature
decreases. Figure 10A shows DNP build-up curves for sample I be-
tween 1.2 and 4.2 K. The proton polarization at DNP equilibrium
PPxp and the build-up rates, Rpnp,, and Rpnp,b, were extracted from
the experimental data by fitting a biexponential function

P(t) = PpNp,max(1 — a exp{—Rpnp,at}—(1 — a) exp{—Rpnpp1}) (9)

where a is the weight of the fast rate component Rpnp, and is
between 0 and 1. The fit parameters are shown in Fig. 10B. See the
Supplementary Materials for more details on the fit and on the
choice of the fit function. As the temperature is decreased from 4.2
to 1.2 K, the build-up rate constants drop by more than a factor of

2, from Rpyp, = 0.037 s and Rpnpp = 0.018 s to Rpnpa = 0.018 57"
and Rpxpp = 0.004 s

The fact that diffusion is slower at lower temperature gives a hint
as to how the favored polarization pathway is affected by tempera-
ture. At 4.2 K, the polarization that builds up in the hidden reservoir
can flow out to the visible spins on a time scale, which is fast com-
pared with the DNP build-up time constants. Therefore, the polar-
ization of the hidden reservoir is expected to contribute to the
observed signal under DNP. In contrast, at 1.2 K, the flow of polar-
ization from the hidden to visible reservoir that we measured with
the HypRes experiment becomes slower than the DNP build-up rates.
Therefore, the polarization of the hidden reservoir is not expected
to contribute efficiently to the observed signal under DNP.

Possible mechanisms enabling polarization flow
As we pointed out in Introduction, diffusion is expected to be effec-
tively suppressed among the solvent protons of sample I. Yet, our
results show that diffusion can occur but strongly depends on tem-
perature. A possible explanation for this breakdown in flow rate at
lower temperatures is that nuclear spin diffusion among core nuclei
is assisted by electron spin flip-flops. This idea was suggested back
in 1971 by Horvitz (24-27), who showed that the field fluctuations
induced by the electronic flip-flops compensate for the energy mis-
match between the neighboring core nuclear spins, thus enabling
nuclear spin polarization flow. At low temperature, where the
polarization of the electron approaches unity, the electron spin flip-
flop rate diminishes (43), which, in turn, would slow down the
polarization flow from hidden to visible nuclear spins. At 1.2 K and
7.05 T, the electron spin polarization exceeds 99.9%, and the elec-
tron spin flip-flop probability vanishes, an effect that has been suc-
cessfully exploited in the past in microwave-gated DNP experiments
(43). Microwave irradiation diminishes the electron polarization. Ex-
periments in (43) were performed in very similar conditions to that
of sample I (between 1.2 and 4.2 K) and found that microwave irra-
diation reduces the electron polarization from ~100 to <40%. The
HypRes experiment gives access to the measurement of polarization
flow rates in the absence of microwave irradiation. It is hence possible
that the flow rate under microwave irradiation, that is, when DNP
occurs, is actually higher. Assessing this contribution will be the sub-
ject of future work.

One study investigates how phonons can contribute to nuclear
spectral spin diffusion, that is, spin diffusion between nuclei whose
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Fig. 10. DNP performance vs. temperature. (A) DNP build-up curves for sample | at 7.05 T in static mode between 1.2 and 4.2 K, monitored with small-angle pulses. The colored
circles and the black lines represent the experimental data and the biexponential model, respectively. (B) Fit parameters of the biexponential model (see Eq. 9), DNP build-up
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rates Rpnp,a and Rpnp b, and polarization at the DNP steady state Py, plotted against temperature. The error bars correspond to the error of the fit with 95% confidence.
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energy is not perfectly matched (43). It shows how phonons may
introduce temperature dependence into spin diffusion. The authors
conclude that “the temperature-dependent spin diffusion [...] seems
to be a rather general phenomenon, occurring more as a rule than
as an exception at temperatures not close to the absolute zero.” Such
mechanisms could contribute to the temperature dependence of the
polarization flow rate measured in our study.

In the context of MAS-DNP, Mentink-Vigier et al. (40) and
Perras et al. (36, 38) have both shown that the modulation of the
hyperfine interaction by MAS allows polarization transfer from core
to bulk proton spins (34, 36). Wittmann et al. have reported similar
findings on "’C hyperpolarization by endohedral fullerene N@Cg as
the polarizing agent (39). This mechanism could, hence, contribute
to the flow of polarization under MAS observed in this study.

The question of the spin diffusion barrier is also raised outside of
dDNP and MAS-DNP. We note the recent work of Pagliero et al.
(50) in the field of color centers in diamonds used for °C hyper-
polarization. Although they are concerned with a different physical
system, they draw conclusions that are similar to ours. They show
that nuclear spin diffusion is possible for '*C spins with coupling
constants to paramagnetic centers of no less than 100 MHz. Fur-
thermore, they propose a mechanism to account for this peculiar
diffusion process.

New perspectives for the study of the diffusion barrier

Over the past two decades, a number of studies have brought insights
into diffusion processes in the vicinity of the electron. Modern com-
putational tools enabled quantum mechanical descriptions of
multiple-spin systems, replacing continuous models based on diffu-
sion laws. Full quantum mechanical approaches were used to simulate
DNP buildups in static conditions (31-33, 41, 42). In these studies,
the slowdown of nuclear polarization transfer in the vicinity of the
electron is a direct consequence of how the interactions of the system
are modeled—the spin barrier does not enter the model as a hypothesis,
as in Blumberg or Khustishvili’s early works (17, 19). Full quantum
mechanical descriptions were also used in a number of studies of
MAS-DNP (30, 36, 38, 40). In an alternative approach, two studies used
rate equations to describe transfer and relaxation within a large num-
ber of individual spins, in both static and MAS-DNP (39, 51). One
of them used this approach to understand the polarization pathways
in static SE-DNP of proton spins at 80 Kand 5 T and concluded that
polarization transport from the electron directly to bulk nuclei is
more efficient than through the intermediate core nuclei (51). The
other used the same approach to simulate *C MAS-DNP build-up
curves and gave a mechanistic account of how in this context polar-
ization could efficiently be transferred from core to bulk spins (39).
Last, a recent study used a model based on diffusion laws reminiscent
of earlier works but in the context of MAS-DNP (29). This approach
gave a phenomenological picture of the dependence of polarization
transfer in the vicinity of the electron on the concentration of
nuclear spins.

The simulations used in these studies—whether based on full
quantum mechanical descriptions, rate equations, or temperature-
like models—were meant to reproduce DNP build-up curves, which
are influenced by the efficiency of both the electron-nucleus polar-
ization transfer (DNP mechanism) and the nucleus-nucleus polar-
ization transfer (spin diffusion). The HypRes experiment allows a
study of the second of these contributions separated from the first.
Repeating such simulations to model the dynamics of HypRes
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curves is warranted to bring greater insights into nuclear spin
dynamics in the vicinity of the electron.

Conclusion and Outlook

We have shown that the HypRes method allows for the time-resolved
monitoring of polarization flow from nuclei in the vicinity of the
electron to the visible spins. This process is essential for the efficiency
of DNP, which was up to now studied mainly by measuring build-up
rates and polarization levels at DNP equilibrium. Our method helps
to disentangle the contributions of diffusion from the efficiency of
the DNP process itself. The use of broadband inversion pulses fur-
ther increases the potential of HypRes and permits the observa-
tion of diffusion in the nearest environment of the electron among
nuclei that cannot be directly detected. The HypRes experiment
makes use of microwave gating, which is straightforward to imple-
ment in dDNP conditions using solid-state microwave sources. We
note that the implementation of microwave gating is not as straight-
forward in the context of MAS-DNP, using gyrotrons. To the best
of our knowledge, the capability of performing MAS-DNP experi-
ments with microwave gating within milliseconds is unique to our
equipment (52).

We applied our method between 1.2 and 4.2 K at 7.05 T in static
mode and at 100 K and 14.1 T under MAS. We found that the
polarization flow from hidden to visible spins is highly sensitive to
temperature and faster than longitudinal relaxation in all studied
conditions. We proposed a two-reservoir model to describe the dy-
namics of the HypRes experiment (without inversion pulses). This
approach has the advantage of being simple and able to extract easy-
to-interpret parameters from the HypRes curves, namely, the relax-
ation rate constant of the hidden spins, the flow rate constant between
the hidden and visible spins, and the fraction of hidden spins. In the
context of DNP at 3.8 K, the HypRes experiment with inversion
pulses demonstrated that spins as close as 0.3 nm to the electron can
still exchange polarization with the visible spins. We do not find any
evidence of a rigid “diffusion barrier” in our conditions, or using
Wolfe’s terminology, we find that the barrier cannot be larger
than 0.3 nm.

Here, we used the HypRes experiment and the two-reservoir model
to study the effect of temperature on the flow rate constant. We
foresee that this approach can be used to assess the influence of spin
diffusion on other experimental parameters, such as dopant con-
centration and structure, nuclear spin concentration, or the presence
of methyl groups, to name only a few. Such insights into spin
dynamics could be used to rationally design more elaborate sample
architectures that would maximize the polarization transfer from
nuclei in the close vicinity of the electron. We also anticipate the use
of HypRes as a tool for theoretical studies of spin diffusion. These
new measurements can be used to test the validity of models de-
scribing the mechanisms allowing for spin diffusion in the vicinity
of the electron. We therefore advocate the use of HypRes as a tool to
study and potentially improve DNP performance.

MATERIALS AND METHODS

Sample preparation

Samplel

All chemicals were purchased from Sigma-Aldrich. Standard DNP
juice with a 50 mM TEMPOL concentration in H,O:D,0O:glycerol-dg
(1:3:6, v/v/v) was prepared according to the procedure detailed in

100f 13

1202 ‘2 KelN uo /Bio’Bewadusios saoueape//:dny wolj papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

the Supplementary Materials. For each experiment, 100 pl of sam-
ple I was placed in a Kel-F sample cup, which is then immersed in
the liquid helium bath of our DNP polarizer’s cryostat. The rapid
insertion of the sample into the cryostat ensures the formation of a
glass. To verify that the sample has the expected properties, a 'H
DNP build-up curve is recorded at 3.8 K, leading to P(*H) > 30%
with a build-up time constant 40 < tpnp < 50 s. In the case of the
HypRes experiment with inversion pulses, the batch of sample did
not initially form a good glass. To overcome this issue, the sample
was frozen by dropping 10 l of sample in liquid nitrogen. Ten beads
were then transferred to the sample cup.

Samplell

The AsymPolPOK was obtained from Sigurdsson’s group (44), and
the glycerol was obtained from Sigma-Aldrich. A 30 mM solution of
AsymPolPOK in deionized water was first prepared and then 20 pl
was added to a 40-pl solution of glycerol/water (9:1, v/v). This led to
a 10 mM AsymPolPOK concentration in glycerol/water (6:4, v/v)
solution that was later packed into a 3.2-mm sapphire rotor.

Low-temperature DNP experiments
All low-temperature DNP measurements were performed with a
prototype DNP polarizer, “Alpha polarizer,” developed by Bruker
Biospin based on a helium bath cryostat operating at variable tem-
peratures 1.2 < T' < 4.2 K and in a magnetic field By = 7.05 T. All
experiments were performed using microwave frequency irradiation
with a Virginia Diode Inc. (VDI) source [8- to 20-GHz synthesizer
with a 198-GHz amplifier/multiplier chain (AMC)] VDI 198-GHz
AMC) at fy = 197.569 GHz with an optimized triangular frequency
modulation over Af,,, = 160 at a rate fmoq = 500 Hz, giving optimum
positive proton spin polarization for a standard 50 mM TEMPOL
reference sample at 3.8 K when using positive mode DNP. These
parameters were used for other temperatures without further opti-
mization. For negative mode DNP, a frequency of f,,, = 197.648 GHz
modulated over f0,q4 = 80 MHz at 500 Hz was used. The microwave
AMC outputs a power P = 125 mW. Some of the power is lost along
the waveguide straight sections, miter bends, and connectors. The
microwave power deposited at the sample location was estimated to
be P = 30 mW by comparing the liquid helium evaporation at
T = 1.2 K under microwave irradiation with that under the effect of
a resistive heater placed in the sample space. The helium evapora-
tion was measured using a flow meter (Bronkhorst gas flow meter
EL-FLOW Select F-111AC) at the output of the cryostat pump.
The experiments presented in Fig. 8 use chirp pulses that are broad-
band up to 4 MHz with a sweep rate of 2 MHz/s and a resolution
of 10 kpoint/s. To perform these experiments in a satisfactory
manner, the Q factor of the probe was diminished by adding a
50-ohm resistance (Barry Industries 50-W BeO flanged resistor) in
the NMR circuit.

NMR systems

Dissolution DNP

The NMR probe used to measure proton signals during the 1.2 to
4.2 K DNP experiments is based on locally (in the helium bath)
tuned and inductively coupled coils, with remote (outside of the
cryostat) tuning and matching with two variable capacitors. All
NMR data were acquired at 300.13 MHz with a Bruker Avance III
NMR spectrometer operating with TopSpin 3.5.7. Microwave gating
was achieved by applying transistor-transistor logic (TTL) pulses
on a dedicated port of the VDI AMC that were generated by the
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Bruker NMR spectrometer with a command directly implemented
in the Topspin pulse program (43).

Magic angle spinning DNP

All MAS-DNP experiments were performed with a Bruker 600-MHz/
395.145-GHz MAS-DNP system, equipped with a 3.2-mm triple-
resonance MAS-DNP probe and Bruker Avance III console, con-
trolled by Topspin 3.6.2. The temperatures of the bearing/drive/
variable temperature unit were (100/98/92 K) leading to a sample
temperature of ~99 K under microwave irradiation and ~93 K without.
The microwave setup differs from the standard Bruker MAS-DNP
setup as the microwaves are brought and controlled via a quasi-optic
system (52). This quasi-optic bench is completed with a Martin-Puplett
interferometer that improves sample irradiation (53). Here, the micro-
wave gating (52), controlled through Topspin via TTL pulses, was
essential to carry out these experiments.

HypRes experiments

Saturation

The saturation train of pulses used trains of hard pulses between
5 and 15 us. More details of the saturation procedures are avail-
able in the Supplementary Materials.

Monitoring

Because the equilibration of the polarizations of the hidden and
visible nuclear spin reservoirs and the observed relaxation can
happen on very different time scales, the acquisition blocks are
set at variable and optimized delays to better capture the whole
polarization resurgence and relaxation trajectory. Alternatively,
the detection (steps IV and V, see Fig. 3) can be performed using
n/2 pulses, each point of the curve being acquired in a separated
experiment.

Processing

The raw HypRes signal may contain a contribution from the back-
ground (coil support and sample holder) and from the signal origi-
nating from the return to Boltzmann equilibrium that would be
observed if the sample had not been subject to microwave irradia-
tion in the preparation step. These two contributions are suppressed
by the following procedure. Each HypRes experiment is repeated
twice, without and then with prior microwave irradiation. The
microwave-off experiment corresponds to a conventional saturation
recovery experiment, acquired with the exact same parameters and
delays as the microwave-on experiment (here, we should stress that,
even for the microwave-on experiment, the microwaves are only
on during the preparation step and not during detection). The
microwave-off curve is subtracted from the microwave-on curve to
yield a curve expressed as the excess of polarization along time with
respect to the thermal equilibrium buildup. In this unit, the horizontal
line at 0% polarization corresponds to the saturation recovery line.
The processing is illustrated by Fig. 4. Both the microwave-on and -off
curves tend toward a polarization of 0.19%, that is, the proton po-
larization at Boltzmann equilibrium at 3.8 K and 7.05 T. Similarly,
the excess of polarization, which is the difference between the two
curves, ultimately tends toward 0. All HypRes experiments presented
in this study are processed according to this procedure. The y axis
on the right of the graph expresses the same quantity in units of
thermal equilibrium magnetization. Expressed in this unit, the
microwave-on and -off curves tend toward 1.

Data analysis
The data were analyzed using MATLAB R2020b (MathWorks).
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/18/eabf5735/DC1
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