¥ ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

Published on 09 October 2026

Licensed under CC-BY-NC 4.0

Expanding the polarizing agent toolbox for liquid-
state dynamic nuclear polarization: stability and
performance at 14.1 T

’ '.) Check for updates ‘

Cite this: DOI: 10.1039/d6cp03024f

Kiera Powers, (2 +2 Daphne Broerman, (2 12 John Cerritelli, (' ° Sanyog Kumari, (2 ¢

Snorri Th. Sigurdsson, 2 € Linda H. Doerrer 2 ° and Tomas Orlando () *®

Dynamic nuclear polarization (DNP) in liquids is emerging as a potential technique to increase the NMR
signal of routine NMR spectroscopy at high magnetic fields. Monoradicals are utilized as polarizing
agents and microwave irradiation is used to transfer the high electron spin polarization to nuclei on
nearby molecules. Recently, narrow-line radicals have gained significant interest as polarizing agents
because they can efficiently polarize a broad set of nuclei (*H, **C, *°F, 3!P) in various systems, such as
neat liquids, viscous liquids, and heterogeneous media. However, these radicals can be unstable in
solutions, which can make data reproducibility difficult. Here, we studied the persistence of narrow-line
radicals in organic solvents typically used as matrices in liquid DNP. We observed that the persistence of
monoradicals varies significantly depending on the monoradical, the solvent, and the storage condition
of the sample. Our results aim to serve as a guideline for sample preparation and data reproducibility.
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Furthermore, we expand the viable class of polarizing agents by introducing two radicals that are new in
the context of DNP in liquids driven by the Overhauser effect at high magnetic fields; verdazyl and
DOI: 10.1039/d6cp03024f tris(pentafluorophenylimethyl (PF-trityl). Our *°F-DNP experiments at 14.1 T show that PF-trityl can
polarize aromatic and aliphatic fluorinated molecules equally well, a feature that has not yet been

rsc.li/pccp reported and that may be ascribed to the fluorination of the radical itself.

concentrations in the range 10-40 mM, and in some cases up

Introduction
to 100-200 mM.%2° While often the solvent has been used as a

Dynamic nuclear polarization (DNP) in liquids has recently
attracted renewed attention due to its potential for use as an
effective method to increase NMR signal for routine spectroscopy
experiments at high magnetic fields (>9.4 T)."” The method
relies on intermolecular electron-nuclear relaxation mechanisms
enabled by microwave irradiation.>” Recent results have shown
how DNP is effective on enhancing NMR signals of a variety of
NMR active nuclei ("H, *C, "N, '°F, *'P).>**'> DNP can be
applied to small molecules in liquids,>™>">
systems,"*'* such as lipid membranes,
media to investigate liquid-solid interfaces.

In a standard DNP experiment in liquid, an organic radical
is dissolved in an organic solvent—usually non-polar due to
their propagation properties'*—at
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primary target for the spin polarization transfer, additional
solutes can be added to the mixture, typically with concentra-
tions of ~0.5-1.0 M, to serve as targets. Those are often small
molecules,*" drugs,"> metabolites,”'" or catalysts."” In these
cases, the intermolecular spin polarization transfer between
the unpaired electron spins and the nuclear spins is driven by
microwave irradiation and enabled by electron-nuclear cross
relaxation, a mechanism known as Overhauser effect (OE).”>?*
In conditions of high magnetic field (>9.4 T) and high micro-
wave power, the solid effect (SE) may also be active in liquids,
which allows for the hyperpolarization of larger molecules such
as lipid bilayers, peptides, and ATP in viscous media.*** Both
OE-DNP and SE-DNP involve transitions between one electron
spin ensemble and one nuclear spin ensemble, and therefore
are active when using monoradicals instead of biradicals.
Among the monoradicals that have been used in the context
of DNP in liquids, BDPA, galvinoxyl and trityl have recently lead
to large enhancements at high magnetic fields on some classes
of molecules, like aromatic fluorinated compounds,>**>*
lent phosphorous compounds via OE-DNP'”*%?* and 'H nuclei
in viscous matrices through SE-DNP."*® These radicals can be
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categorized as narrow-line radicals, meaning that their EPR line
at magnetic fields and radical concentrations typical for DNP
(=9.4 T and 10-40 mM) does not show resolved hyperfine
splittings. The resulting single EPR line should favor the
saturation of the electronic transitions when irradiating with
microwaves at a fixed frequency, therefore leading to higher
NMR enhancements.>**”

It is well-established that organic radicals degrade over time,
especially when dissolved in liquid. This has been recognized
also in the context of DNP, where the persistence of radicals in
solutions has been reported in water and polar solvents.”®?
However, the precise extent of this depletion remains largely
unquantified in non-polar organic solvents that are commonly
used in OE-DNP. Furthermore, different laboratories adopt
different practices for sample preparation, storage of the sam-
ples, and storage of the radicals themselves, which might affect
the persistence of the radical in solution. Consequently, DNP
parameters, which are important for disentangling the mechan-
isms of DNP, might be subject to large variability, obscuring
accurate interpretation of the underlying DNP mechanisms.

When considering the factors contributing to the NMR
signal enhancements in OE-DNP, the concentration C of the
organic radical directly affects all the factors in the Overhauser
equation:***® ¢ =1 — s-f-¢-(y./yn), where ¢ is the enhancement, y.
and 7, are the electron and nuclear gyromagnetic ratios,
respectively. The leakage factor f depends on the paramagnetic
relaxation rate Ry para Which is directly proportional to the
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concentration of paramagnetic species in solution.’>*' The
saturation factor s depends on the electronic 7,, which scales
with C;** for radicals with more than one EPR line, an addi-
tional term contributes to s, namely C-K,, where K, is the
Heisenberg exchange rate constant, and C is the radical
concentration.’®** Finally, the coupling factor ¢ contains a
direct dependency on the concentration of the organic radical
in the terms that account for the intermolecular electron-
nuclear dipolar interaction.***> An experimental correlation
between the enhancement ¢ and the radical concentration C
has been reported,”"* and shows an increase of enhancements
with C up to 100 mM, although it largely depends on the
sample and the chemical group that is polarized. As a down-
side, the NMR linewidth deteriorates with increasing radical
concentrations, and typical OE-DNP experiments are now con-
ducted with C = 10-40 mM to preserve NMR resolution. Despite
these experimental observations, the complex interplay among
the parameters in the Overhauser equation prevents a straight-
forward functional relationship between ¢ and C.

In this manuscript, we assess, via electron paramagnetic
resonance (EPR), the persistence of narrow-line organic mono-
radicals used as polarizing agents (PAs) for DNP in liquids.
Our results provide a benchmark on sample preparation
protocols and storage that can be useful in the context of
quantitative DNP in liquids and may help the community in
optimizing the experimental conditions in order to maximize
NMR enhancements.
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Fig. 1

(a) Structures of the organic radicals used in this work. (b) CW-EPR spectra of powder samples recorded at 9 GHz as a function of time. (c)

Persistence of organic radicals in powders measured as the double integral of the CW-EPR spectra. All samples were stored at —80 °C in between

measurements.
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Furthermore, we expand the class of PAs for high field OE-
DNP in liquids by introducing two monoradicals that are new
in this context (Fig. 1), namely (i) fluorinated-trityl (PF-trityl);
and (ii) verdazyl. Our "°F-OE-DNP results at 14.1 T show that PF-
trityl, unlike other carbon-based radicals, is uniquely capable of
effectively polarizing both aromatic and aliphatic fluorinated
molecules. We hypothesize that the fluorination of the radical
itself may affect the polarization transfer mechanisms.

Materials and methods
Radicals and solvents

The radicals utilized in this study are shown in Fig. 1. BDPA
radical (a,y-bisdiphenylene-B-phenylallyl), TEMPO radical, and
galvinoxyl radical were purchased from Sigma Aldrich and used
as received. BDPA radical is sold in a 1:1 complex with
benzene. Compounds were stored as indicated by the manu-
facturer, unless stated otherwise.

PF-trityl was synthesized using an improved procedure from
the existing method,*® similarly starting with alcohol HOC(CgFs),.
Complete details of synthesis will be reported in a forthcoming
publication. PF-trityl powder was stored in an air-tight flask under
vacuum and inside a —80 °C freezer. Similar polyfluorinated trityl
radicals with varying degrees of chloro- and bromo-substituents
have been investigated for their luminescent properties.’” The
perfluorotrityl cation, {C(C¢F5)s}', has been studied for its super-
electrophilicity and ability to abstract a hydride from alkanes.****

Verdazyl (1,3,5-triphenyl-6-oxoverdazyl) was prepared
according to Milcent’s procedure®® with some modifications
(SI). Verdazyl powder was stored in a —80 °C freezer.

Organic solvents CCl,, CHCl;, p-xylene and benzene, and the
compound triphenylphosphine (PPh;) were used as received.

Sample preparation

To study the persistence of the radicals in powder, a small
amount of sample (~1 mg) was inserted in a glass capillary and
sealed with sealing paste.

Solutions were prepared by mixing the radicals and the
solvents. Radical concentrations were chosen as 10-40 mM,
compatible with concentrations typically used in DNP experi-
ments. Solutions were sonicated for 2-4 minutes to solubilize
the radical as needed. For testing the persistence of the radical
over time, 10-30 uL of the same stock solution was transferred
into fluorinated ethylene propylene (FEP) tubes (3 mm OD,
1 mm ID). Sample degassing either via freeze-pump-thaw
cycles, freeze-thaw cycles, or aided by the use of glovebox is a
standard practice utilized in DNP for both solids and liquids to
remove the O, molecules dissolved in the sample. In fact,
dissolved O, broadens the EPR line, contributes to the para-
magnetic relaxation, and ultimately reduces the DNP enhance-
ment. To comply with the standard DNP practices, all samples,
unless otherwise specified, were degassed with freeze-pump-
thaw cycles (6 to 10 cycles). The vacuum during the pumping
phase was provided by a rotary pump reaching 10~>-10"% mbar
at the pump inlet. Once degassed, the samples with the
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degassing manifold were transferred in a glovebox where the
tubes were sealed with a hot blade and checked for leaks.

For DNP experiments, samples were 70 puL in volume in FEP
tubes, 3 mm OD.° All DNP samples were degassed with 6-10
freeze-pump-thaw cycles.

Although FEP tubes are partially porous to O, over an extended
period of time (>3 weeks),” they are a cost effective alternative to
quartz tubes, and are easier to handle and seal. More importantly,
they offer advantages in terms of microwave propagation when
performing DNP at high frequency due to the low refractive index
of FEP (n = 1.46, compared to n = 2.04 for quartz).”

Sample storage

Within this work, we explored the effect of different storage
methods on the radical persistence. Samples were stored under
three different conditions, which are labeled as follows: (i)
bench: sample stored on a laboratory bench at ambient condi-
tions of temperature and light; (ii) freezer: sample stored in a
—80 °C freezer; (iii) glovebox: sample stored in a N, glovebox at
room temperature.

CW-EPR measurements

Continuous-wave EPR was utilized as a spin counting tool to
quantify the radical content in each sample. Measurements
were performed with benchtop Bruker EMX nano or with a
Bruker Elexys E580, both operating at ~9.5 GHz/0.34 T. Spectra
were recorded with a modulation amplitude of 0.5 G for
solutions and 0.032 G for powders, while the modulation
frequency was kept at 100 kHz. The measurement parameters
were kept consistent for each sample. User error in sample
positioning as well as fluctuations in the room temperature
account for an error of ~10%. Spectra were baseline corrected
and double integrated with Matlab or Origin.

To estimate the isotropic g-value of verdazyl and PF-trityl, we
recorded CW-EPR spectra on solution samples at 240 GHz with
a heterodyne spectrometer.** BDPA was dispersed in the same
solution and used as reference (Fig. S3, SI).

Dynamic nuclear polarization

Dynamic nuclear polarization measurements were performed
at 14.1 T using a 2-channel probe head equipped with a central
waveguide and specifically built to maximize the sample
volume (~70 pL). It allows for decent NMR resolution in the
liquid state, down 0.1 ppm in the optimal cases, which corre-
sponds to ~60 Hz for *°F lines.> The 'H channel was tuned
to 565 MHz to detect '°F resonances. A gyrotron operating at
395 GHz delivers <3 W of microwave power at the sample
position.*** The spectra were recorded with a Tecmag Redstone
spectrometer (Tecmag Inc., Texas, USA). The NMR magnet is set
to be in resonance with the BDPA EPR transition when irradiat-
ing at 395 GHz with the gyrotron source. Additional field sweep
capabilities are provided by home-build sweep coils mounted on
the probe. At maximum current (2 A at 3 V), they allow for a 17
mT sweep range. As a downside, when activated, the sweep coils
distort the NMR line, broadening the lines inhomogeneously
and reducing the sensitivity (Fig. S7, SI).

Phys. Chem. Chem. Phys.



Paper

Enhancements were estimated by taking the ratio of inte-
grals of the NMR signal under microwave (MW) irradiation
(MW ON, Iyw.on) and at thermal equilibrium (MW OFF,
Iyw-orr), 6. € ~ Iyw.on/Imw-ore- TO control the temperature
rise due to the MW irradiation, the sample is under a constant
flow (25 L min~") of cold nitrogen gas (Tgs ~ —5 to —30 °C,
depending on the freezing point of the sample).>*? To further
limit the heating effect, the MW irradiation was limited to 4 s
prior to the NMR detection, and the recycle delay between
consecutive scans was set at 12 s to allow for a cooling phase.
To exclude that temperature effects influence the estimation of
the enhancements, we checked that the enhancement when
irradiating off-resonance of the EPR transition (i.e. when no
enhancement is expected) is eorres ~ (Imw-oN/IMW-OFF)oft-Res ~
1. When this condition was not met, we considered the ratio of
the peak integrals recorded on-resonance with the EPR transi-
tion and off-resonance of the EPR transition, both recorded

with MW ON, ie. & ~ (IMW-ON)on-Res/ UMW—ON]off—Res-

Results and discussion
Radical persistence

The persistence of the radicals in powder form was monitored
over a period of ~30 days by measuring EPR spectra under the
same experimental conditions (Fig. 1b). For each spectrum, we
calculated the double integral, which is proportional to the
number of spins in the sample and therefore to the radical
content. Powder samples were stored in a —80 °C freezer in
between measurements. BDPA (in a 1: 1 complex with benzene,
see Materials and methods), verdazyl, and galvinoxyl in powder
form show a modest decay over a 30 day period, losing ~10%
of their initial radical content. For BDPA, we conducted addi-
tional experiments by storing the samples at ambient condi-
tions (bench) or in a glovebox (Fig. S1, SI). Our data show that
the modest decay rate of BDPA in powder is unaffected by the
storage conditions.

In contrast with the other radicals tested, PF-trityl exhibits a
higher depletion rate in powder when stored in a —80 °C freezer
(Fig. 1), and the spin count decreases by ~40% in 20 days. The
decay is driven by oxygen and photodecomposition; storing PF-
trityl at low temperatures in an inert environment in the dark
(e.g. a freezer inside a glovebox or in a flask under vacuum
stored in a freezer) may improve the persistence of the
radical.*®"

The persistence of organic radicals in solution was mea-
sured by performing CW-EPR over >20 days in solutions of
p-xylene and CCly, with radical concentrations in the range 10-
40 mM (Fig. 2). Among the tested radicals, we included TEMPO
because it has been extensively and effectively used as PA for
3C-DNP.**® To assess the reproducibility of the these experi-
ments, we repeated measurements on a few samples to rule out
any outside effects that could alter our assessment of the
persistence of radical in solution, e.g. sample leaking (Fig. S4,
SI). The error on the EPR data presented in this section is
estimated at 15%.

Phys. Chem. Chem. Phys.
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Fig. 2 Persistence of (a) BDPA, (b) PF-trityl, (c) verdazyl, (d) galvinoxyl, and
(e) TEMPO radicals in solutions of CCl, and p-xylene evaluated with CW-
EPR. Storage conditions in between measurements are: freezer (filled
squares), glovebox (half-filled squares), bench (empty squares). All samples
were degassed. Note: Line segments are connecting experimental data
points. Error bars (15%) are omitted for clarity. For clarity, decays are
displayed up to day 20, while the full data sets are shown in Fig. S6 in
the SI.

Nitrogen-based radicals like verdazyl and TEMPO have the
highest persistence over time among the tested radicals in all
storage conditions and in both tested solvents, with a radical
decay of <20% over ~20 days (Fig. 2c and e).

The persistence of carbon-based radicals (BDPA, PF-trityl,
and galvinoxyl) varies significantly depending on the type of
monoradical, the solvent, and the storage condition. The
persistence of BDPA is low for bench storage, with the radical
content decaying down to 10% in only 4 days (Fig. 2a). A similar
behavior is observed in benzene and CHCIl; (Fig. S5, SI), and
has also been previously reported for BDPA derivatives in H,O
and glycerol.>® This can be ascribed to the storage environment

This journal is © the Owner Societies 2026
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and the oxygen content, which can increase over time when
samples are stored on the bench, given the partial porosity of
FEP to O,.>** This is further confirmed by the fact that the
persistence of BDPA is higher when the sample is stored in a
glovebox (Fig. 2a). Storing the sample in the freezer offers the
highest persistence in terms of radical content in p-xylene and
CCl,, as well as in benzene and CHCI; (Fig. S5, SI). While
deoxygenation increases DNP performance because narrows
the EPR lines and extends the electronic relaxation times,
degassing the sample prior to its storage seems to slightly
deteriorate the persistence of BDPA (Fig. S7, SI), though this
effect requires further investigation to be confirmed and addi-
tional experiments are ongoing.

Galvinoxyl and PF-trityl are the least stable among the tested
radicals (Fig. 2b and d). Galvinoxyl is sensitive to O,, and previous
results showed that the persistence in solution goes from tens of
minutes to a few hours, depending on the solvent.” Here, the
persistence of galvinoxyl is improved to a few days thanks to sample
degassing (Fig. 2d). Galvinoxyl in CCl, showed a remarkable stability
only when stored in the freezer, losing ~10% of its initial radical
content (Fig. 2d). The radical decays in a few days when stored
either on the bench or in the glovebox, with the latter performing
only slightly better. When dispersed in p-xylene, galvinoxyl lost
~100% of their initial radical content regardless of the storage
method (Fig. 2d). This aligns with a previous report showing that
the persistence of galvinoxyl in solution under ambient conditions
ranges from a few hours to approximately one day.*

PF-trityl showed low persistence of radical in solution
regardless of the solvent used, with p-xylene showing a more
drastic decay than CCl,. Over a 20 day period in solution with p-
xylene, the concentration of PF-trityl in solution lost about 95%
of the initial content, while the persistence is only slightly
higher when in solution with CCl, (Fig. 2b). Although efforts
were made to screen the samples from ambient lighting during
sample transport and handling, a potential contributor to PF-
trityl’s large decay in both p-xylene and CCl, is its photosensi-
tivity. Fig. S2 in the SI shows that the decay of PF-trityl in
solution of dichloromethane can be as fast as a few hours when
exposed to ambient conditions (lighting and oxygen). In the
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context of DNP, variants of trityl radicals soluble in water, like
0X063 or Finland, have been utilized.""* The persistence of these
variants can vary significantly from minutes to days depending on
conditions such as pH, presence of reducing agents, or oxygen
reactive species.’>' Some of those trityl variants can be stable for
a few days in water in neutral conditions.>® Those radicals are also
prone to aggregation,”" although we did not observe any sign of
aggregation in PF-trityl in the tested conditions.

In the context of DNP in the liquid state, triphenylphosphine
(PPh;) is often used as a target molecule in combination with
BDPA radical due to the large *'P enhancements that are readily
attainable at both low and high magnetic fields.>****** More
recently, hyperpolarized PPh; has been used as a polarization
reservoir to effectively polarize solid surfaces, as shown in
pioneering works by Emsley and coworkers,'”'® further solidi-
fying PPh; as an important molecule in DNP.

Additionally, PPh; has been used as an oxygen scavenger in
liquids since it efficiently removes oxygen dissolved in solution
through an autoxidation process.’® This autoxidation process
involves a radical initiator and proceeds through a free-radical
chain mechanism. Once this process is initiated, oxygen is
continuously incorporated into radical intermediates and con-
verted into triphenylphosphine oxide.>®

Motivated by the lack of reproducibility we experienced when
dealing with *'P-DNP on PPh;, we monitored the persistence of
BDPA, PF-trityl and TEMPO in benzene upon the addition of PPh;
(Fig. 3). The curves show that the persistence of BDPA in benzene
is impacted significantly, which depletes by ~50% in the first
24 h (Fig. 3a). The radical PF-trityl decays upon the addition of
PPh;, and the EPR signal is barely detectable after the sample
preparation (Fig. 3b). TEMPO does not show this trend, main-
taining similar stability over a period of 20 days regardless of PPh;
content in solution (Fig. 3b). The reason for this accelerated BDPA
depletion has not been investigated further.

Radical persistence in DNP

To elucidate the effect of the radical depletion in DNP in
liquids, we monitored the '°F enhancement as a function of
time on a sample of hexafluorobenzene (HFB) (~540 mM)
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Fig. 3 Persistence monitored via CW-EPR of (a) BDPA, (b) PF-trityl, and (c) TEMPO radicals in solution of benzene with and without the addition of PPhs.
Samples were degassed and stored in a —80 °C freezer in between measurements. The inset in panel (b) shows the EPR spectra of PF-trityl without (dark
blue) and with (light blue) PPhs at day O, right after sample preparation. Decays are displayed up to day 20, while the full data sets are shown in Fig. S8 in

the SI.
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doped with BDPA (~10 mM) dissolved in p-xylene. Fig. 4 shows
the correlation between the radical content and the *°F enhance-
ments at 14.1 T. While stored in a glovebox at room temperature
in between measurements, the radical content decayed by ~20%
in 17 days (Fig. 4a); over the same time period, the enhancement
shows a steep decrease from egayo ~ 10 t0 £4ay17 ~ 5. The radical
depletion is exacerbated when the sample is stored at room
temperature and ambient conditions (bench): from day 18 to 20,
the radical concentration is reduced to ~2 mM, about 20% of the
original one, as evident by the sudden large drop in EPR signal
intensity (Fig. 4a). Consequently, the enhancement at day 20 is
not observable (Fig. 4c). A similar behaviour was observed for PF-
trityl (Fig. 4d-f), although on a faster timescale. Starting at 30 mM,
the radical decays by 20% in 5 days, although stored in the freezer
and under inert conditions; after this, PF-trityl was exposed to
ambient condition for 12 hours, the radical concentration went
down to 10 mM, and no enhancement is observed.

Finally, we note that the microwave irradiation and conse-
quent temperature increase on the sample seems not to affect
the BDPA persistence in solution. In fact, the EPR spectra of
BDPA recorded before and after about 1 hour of continuous
DNP experiments (50 scans with 20 s of MW irradiation, 60 s
recycle delay) show no significant difference (Fig. S9, SI).

New polarizing agents for DNP at 14.1 T

While BDPA, TEMPO, and galvinoxyl have been previously utilized
as PAs at both low and high magnetic fields, PF-trityl and verdazyl
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are new in the context of high-field DNP in the liquid state. In
Fig. 5, we show the OE-DNP enhancements obtained at 14.1 T
with PF-trityl (Fig. 5a) and verdazyl (Fig. 5b). As target molecules,
we utilized HFB and perfluorinated hexene (PF-hexene), here used
as model systems to showcase the DNP performance on both
aromatic and aliphatic fluorinated compounds. Previous studies
showed that carbon-based radicals such as galvinoxyl and BDPA
exhibit a more efficient polarization transfer to aromatic com-
pounds, potentially favoured by radical-target compound plane-to-
plane interactions that resemble n-stacking.”*>>’

Since the electron spin of different radicals resonates at
different field positions, we measured the CW-EPR spectra of PF-
trityl and verdazyl in solution at 240 GHz (SI Fig. S3). The g-values
are giso ~ 2.0030 for PF-trityl and g, ~ 2.0035 for verdazyl in
reference to BDPA (gis, = 2.0025). At 14.1 T and 395 GHz, PF-trityl
resonates at about —3.5 mT with respect to the BDPA, while
verdazyl resonantes at about —7 mT. Both resonances are reach-
able using the additional sweep coils mounted on the DNP probe.
Although the probe can achieve a resolution of 0.1 ppm for '°F
lines, field inhomogeneities introduced by activating the sweep
coils broaden these lines by a factor of 3—4 (Fig. S10, SI), ultimately
reducing sensitivity. This limitation does not affect the overall
DNP performance because it has a minor impact on the EPR line,
which spans >100 ppm in units of '°F chemical shift (Fig. $10,
SI). This issue could be avoided by directly shifting the main static
magnetic field rather than utilizing probe sweep coils, which is a
more time-consuming process. Alternative probe designs can
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(a) Persistence of BDPA radical (10 mM) in a solution of HFB (540 mM) and p-xylene. The sample was degassed and sealed as described in the

Materials and methods section. (b) Corresponding °F enhancements obtained on HFB obtained at day 0, day 17, and day 20 as counted from the day of
sample preparation. The storage condition was changed after day 17, as indicated in the figure. (c) F-NMR spectra of HFB obtained under MW
irradiation. (d) Persistence of PF-triyl radical (30 mM) in a solution of fluorobenzene (1.5 M) and p-xylene. The sample was degassed and sealed as
described in the Materials and methods section. (e) Corresponding °F enhancements obtained on fluorobenzene obtained at day 0, day 5, and day 6 as
counted from the day of sample preparation. The storage condition was changed after day 5, as indicated in the figure. (f) *>F-NMR spectra of
fluorobenzene obtained under MW irradiation. *The sample was stored frozen and under an inert atmosphere in between measurements.
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Fig. 5 °F-DNP enhancements on HFB and PF-hexene obtained with (a) and (b) PF-trityl and (c) and (d) verdazyl as polarizing agents. All samples are
diluted in p-xylene, except for HFB + PF-trityl which is diluted in CCl,. All samples are degassed and sealed in FEP tubes. The radical concentration is 15—
25 mM, and HFB or PF-hexene concentrations are 540 mM. For comparison, under the same experimental conditions, BDPA radical leads to ¢ ~
10 (Fig. 4), which is lower than the value of ¢ ~ 37 reported previously;> we attribute this discrepancy to the different concentration of BDPA (40 mM
instead of the 10 mM used here) and a different degassing procedure relies on long deoxygenation of the solvents (~3 weeks) in the glovebox.
Acquisition parameters: all spectra were recorded with a Hahn echo detection with 4-step phase cycling, preceded by a 4 s microwave irradiation and a
presaturation block. The repetition time was set at 12 s. The number of scans was set at 4 for HFB (plus 2 dummy scans), while 100 scans and 200 scans
were necessary for PF-hexene doped with PF-trityl and verdazyl, respectively. Receiver gain was kept at 50, unchanged throughout measurements.

reach linewidths of 0.03 ppm for °F (~10 Hz at 9.4 T), albeit
without integrated sweep coils.**?

Fig. 5a and b shows that PF-trityl leads to similar enhance-
ments for aromatic and aliphatic fluorinated compounds, i.e.
& ~ 13 on HFB and up to ¢ ~ 17 on PF-hexene. In contrast to
PF-trityl, verdazyl leads to ¢ ~ 13 for HFB, while the enhance-
ment on the aliphatic PF-hexene is significantly lower, and does
not go beyond ¢ ~ 4 (Fig. 5¢ and d).

Compared to verdazyl and the previously reported BDPA and
galvinoxyl,>"? our findings suggest that PF-trityl is uniquely cap-
able of effectively polarizing aliphatic fluorinated compounds as
well as aromatic ones. While the underlying mechanism remains
under investigation, we hypothesize that the '°F atoms on the PF-
trityl may function as polarization mediators in the intermolecu-
lar electron—nuclear spin polarization transfer.

Conclusions

In this manuscript, we studied the persistence of narrow-line
radicals commonly used in DNP in liquids. Our results show
that nitrogen-based radicals (TEMPO and verdazyl) have the
highest persistence in both powders and solutions, with decays

This journal is © the Owner Societies 2026

limited to <20% over 20 days. This is independent of storage
conditions, solvent, and deoxygenation.

The persistence of carbon-based radicals (BDPA, PF-trityl,
and galvinoxyl) is largely dependent on solvent and storage
conditions. Among those, BDPA showed an increased persis-
tence in solution when stored in the freezer but showed notable
instability when stored in the glovebox and on the bench. In
comparison, PF-trityl and galvinoxyl show a persistence of only
a few days in solution, limited by photodecomposition and
oxygen sensitivity, respectively. In general, we found that stor-
ing samples for DNP in liquids in a freezer and possibly in inert
conditions may prolong the persistence of radical content.

Finally, we evaluated the OE-DNP performance at 14.1 T of
PF-trityl and verdazyl, which are new as polarizing agents for
high field OE-DNP in liquids. Most notably, we found that PF-
trityl is a very efficient polarizing agent capable of transferring
spin polarization to both aromatic and aliphatic fluorinated
molecules, a feature not observed with other radicals. Although
the mechanism was not investigated here, we hypothesise that
the presence of "°F nuclei both on the radical and on the target
molecule may favor the spin polarization transfer to fluorinated
target molecules.

Phys. Chem. Chem. Phys.
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