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1. Introduction
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Hyperpolarization by dissolution dynamic nuclear polarization (dDNP) provides the opportunity to
dramatically increase the weak nuclear magnetic resonance (NMR) signal of liquid molecular targets
using the high polarization of electron radicals. Unfortunately, the solution-state hyperpolarization
can only be accessed once since freezing and melting of the hyperpolarized sample happen in an
irreversible fashion. A way to expand the application horizon of dDNP can therefore be to find a
recyclable DNP alternative. To pursue this ambitious goal, we recently introduced the concept
of recyclable hyperpolarized flow (HypFlow) DNP where hyperpolarization happens
hyperpolarizing solids placed in a compact benchtop DNP polarizer at a magnetic field of 1 T and a

in porous

temperature of 77 K. Here we aim to optimize the radical concentrations immobilized in hyperpolarizing
solids with the objective of generating as much polarization as possible in a timeframe (<1 s)
compatible with future recyclable DNP applications. To do so, the solid-state DNP enhancement factors,
build-up rates and DNP spectra of different hyperpolarizing solids containing various nitroxide radical
loadings (20-74 pmol cm™) are compared against the DNP performance of varying nitroxide concen-
trations (10-100 mM) solvated in a glassy frozen solution. We demonstrate that in <1 s, polarization
enhancement goes up to 56 and 102 with surface-bound and solvated radicals, respectively, under the
optimized conditions. For the range of nitroxide concentrations used cross effect DNP seems to be the
dominant mechanism under benchtop conditions. This was deduced from the electron paramagnetic
resonance (EPR) lineshape of TEMPOL investigated using Q-band EPR measurements.

the non-destructive properties of the technology. Moreover, the
sensitivity constraints that are traditionally limiting NMR

Nuclear magnetic resonance (NMR) is an indispensable spec-
troscopic tool for the analysis of complex analyte mixtures.'™
Liquid-state NMR excels in providing structurally rich spectro-
scopic output that is robust, reliable, and reproducible due to
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applications can be circumvented by recent advancements in
hyperpolarization strategies temporarily bringing molecular
targets into a transient hyperpolarized - or signal-enhanced -
state.*™®

Dissolution dynamic nuclear polarization (dDNP) is
uniquely fitted for providing the higher sensitivity required
for advancing mixture analysis applications via liquid-state
NMR.”® Using dDNP, any analyte brought in close contact
(1-5 nm) with a neighbouring paramagnetic radical with highly
spin-polarized electrons in a frozen (1-4 K), glassy state can
become transiently fuelled with nuclear spin hyperpolarization
through microwave (uw) assisted polarization transfer inside
a magnetic field."® Then, spin diffusion, that thrives on
energy-conservative dipolar flip-flops, allows for spontaneous
redistribution of nuclear polarization to any analyte target
(Fig. 1a)."* Afterwards, rapid dissolution with hot pressurized

Phys. Chem. Chem. Phys., 2024, 26, 22049-22061 | 22049


https://orcid.org/0000-0003-2681-6246
https://orcid.org/0009-0000-3833-5031
https://orcid.org/0000-0001-8847-1939
https://orcid.org/0000-0002-4805-8418
https://orcid.org/0000-0002-2719-0743
https://orcid.org/0000-0002-5436-2467
https://orcid.org/0000-0003-2352-7457
https://orcid.org/0000-0002-8490-030X
https://orcid.org/0000-0002-8877-4929
http://crossmark.crossref.org/dialog/?doi=10.1039/d4cp02022g&domain=pdf&date_stamp=2024-08-07
https://doi.org/10.5281/zenodo.11120018
https://doi.org/10.5281/zenodo.11120018
https://doi.org/10.1039/d4cp02022g
https://doi.org/10.1039/d4cp02022g
https://rsc.li/pccp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp02022g
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP026033

Open Access Article. Published on 11 July 2024. Downloaded on 10/16/2025 5:40:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
a) Solid-state DNP with solvated radicals
I Glassing agent (*H) Radicals ()
OH
i
D D
DA S /D
e o i o HiC—A A CHs
]|) ]I) H3C é CH3
Solvent (*H) Analytes ('"H)
D/O\D H/O\D
1))

® Deuterated matrix (*H)
@ Protons ('H)
o Solvated radicals (¢)

1I0)
Microwave
'H-'H dipolar

¢”-'H hyperfine

Spectral diffusion

D
e’- ¢ dipolar

Amorphous frozen solution

View Article Online

PCCP
b) Solid-state DNP with immobilized radicals

D Immobilized radicals (e-)

N

Si—O
/si N
(04 Solvent (*H) ~ Analytes (‘H)
O O
X=EtorH D D HT D

1)

Mesoporous
silica matrix (*’Si)

Impregnated
solution (‘H and 2H)

Immobilized
radicals (")

11I) # /%
Microwave

'H-'H dipolar

¢”-'H hyperfine

-
e~ ¢ dipolar

Pore

Silica surface

Fig. 1 Overview of solid-state dynamic nuclear polarization (DNP) principles to hyperpolarize analytes using paramagnetic radicals (a) randomly
distributed in an amorphous frozen solution or (b) immobilized on the surface of a porous material when placed inside a magnetic field and cryogenic
temperatures. In (I) the Lewis structure of the chemical components required for DNP with solvated radicals or hyperpolarizing solids are highlighted.
In (I1) a graphical representation of the radical and analyte distribution is provided in both cases. In (Ill) the principle of transferring spin hyperpolarization
from spin polarized electrons (orange) to neighbouring nuclear spins (blue) embedded in most commonly a deuterated matrix (grey) is presented.

water melts and transfers the sample for hyperpolarized liquid-
state NMR detection where fine structural features (Hz) of the
analytes are revealed, previously obscured by strong dipolar
interactions (kHz) in the frozen state.'”> The general applic-
ability of bringing analytes in close contact with a polarizing
agent explains why sensitivity enhancement by dDNP is excep-
tionally promising towards hyperpolarization of multi-
component chemical mixtures.'*"*

However, the presence of the paramagnetic polarizing
agents for fuelling hyperpolarization in the frozen state, also
induces detrimental hyperpolarization losses both during and

22050 | Phys. Chem. Chem. Phys., 2024, 26, 22049-22061

after the phase transition when in intricate contact with the
analytes."® As hyperpolarized analytes are forced into an out-of-
equilibrium magnetic state, paramagnetic relaxation caused by
the close presence of unpaired electrons drastically reduces the
longitudinal relaxation time of the nuclear spins. This is caused
by stochastic fluctuations of the electron spin state that are
similar in frequency to the nuclear Larmor frequency. In solids,
the main source of these fluctuations are spontaneous electron-
pair flip-flops or electron longitudinal relaxation processes,
while in liquids, the main source is considered molecular
translational diffusion.’®™® Yet in all cases, the presence of

This journal is © the Owner Societies 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp02022g

Open Access Article. Published on 11 July 2024. Downloaded on 10/16/2025 5:40:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

electrons acts as a strong hyperpolarization sink. Consequen-
tially, within milliseconds in solids and seconds in liquids,
hyperpolarization after the phase transition is mostly lost.
Therefore, after transferring the paramagnetic hyperpolarized
mixture into a dedicated liquid-state NMR detection unit, only
a limited one-shot window exists in which structural analysis of
complex mixtures can be performed. This is considered an
important bottleneck in applying dDNP for hyperpolarized
NMR.IQ’ZO

Hyperpolarizing solids offer an elegant way to circumvent
this roadblock. They are composed of porous materials (e.g.
silica- or polymer-based) containing covalently immobilized
radicals in which the analytes of interest can be impregnated
(Fig. 1b).>'>* There is additional control over the physical
distance between the unpaired electrons, distributed along
the silica pore channels or even embedded in the solid frame-
work, and the impregnated analytes residing in the pores.>*
Since the rate of direct paramagnetic induced relaxation is
dependent on the inverse sixth power of the distance between
the electron and nuclear spins,'®'*® optimization of pore
geometry and radical immobilization can reduce the relaxation
sink.>®*” On top, the ability to physically extrude the hyper-
polarized analytes after melting has even more opportunities:
the production of pure analyte solutions not contaminated and
affected by any paramagnetic species becomes suddenly
feasible.>®*°

We aim to reach a new horizon of DNP applications by
establishing methods, equipment and chemical systems that
enable a repeated sequence of DNP hyperpolarization and
solution-state NMR observation. This approach takes advantage
of hyperpolarizing solids which will be key to developing a
recyclable DNP alternative without dilution nor radical con-
tamination. To pursue this ambitious goal, we recently intro-
duced the concept of recyclable hyperpolarized flow (HypFlow)
DNP in Bocquelet et al.*° The HypFlow DNP approach aims at
operating with a closed loop cycle where hyperpolarization is
generated in a heterogenous stationary phase of silica-based
polarizing matrices (HYPSO) positioned in a compact and
helium-free benchtop DNP polarizer which is schematically
summarized in Fig. 2a and b. By utilizing a benchtop DNP
polarizer at a magnetic field of 1 T and a temperature of 77 K,
we gain a more modest sensitivity boost compared to tradi-
tional dDNP, but the higher temperature and accessible con-
ditions also create the opportunity when hyperpolarizing
matrices are used, to enable rapid melt and pure sample
extraction in the future.*"*> A single sample could therefore
be hyperpolarized several times if a dilution-free melting step is
envisioned.**** When the sample is then pumped through a
closed loop coupled to a benchtop NMR spectrometer for
liquid-state detection, this could allow for compatibility with
hyperpolarized two-dimensional NMR structural characteriza-
tion advancing in-depth chemical mixture analysis.*’

In this context, we present a general systematic DNP study
for a series of different nitroxide radical concentrations sol-
vated in a glassy frozen solution (Fig. 1a) and immobilized
in hyperpolarizing solids (Fig. 1b) using the benchtop DNP

This journal is © the Owner Societies 2024
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Fig. 2 Overview of the hardware and experimental design of the bench-
top DNP polarizer. (a) Frontal cut of the prototype benchtop 1 T DNP
polarizer co-developed by Bruker Biospin that was used for all of the DNP
experiments. The polarizer is equipped with a 1 T permanent magnet
(1) that is temperature stabilized at 301 K by 6 PID controlled heating mats
(2) and a liquid nitrogen cryostat insert (3) that operates at 77 K. The
cryostat itself is suited to fit a 4 mm EPR tube. (b) Transverse cut of the
DNP NMR probe. A quartz tube (4) is used to hold the *C solenoid
radiofrequency (rf) coil (5) and the *H saddle rf coil (6) which can be tuned
externally to 10.7 MHz and 42.57 MHz respectively. A Ka-band microwave
source is used to amplify microwave frequencies from 26.6 to 28.8 GHz up
to 5 watts. A rectangular antenna horn (7) is placed as close as possible to
the NMR coils and directs the microwaves onto the sample location after
the coaxial to waveguide transition (8). (c) The pseudo-3d pulse sequence
is shown that enabled us to extract the hyperpolarization build-up rates
using small angle rf pulses (1), the DNP enhancement factors (2) together
with the DNP spectra (3). More information is provided in the materials and
methods section.

polarizer (Fig. 2a and b). Our goal is to optimize the nitroxide
radical concentration immobilized in hyperpolarizing solids
with the objective of generating as much polarization as
possible in a timeframe (<1 s) compatible with future recycl-
able DNP applications. Moreover, we want to probe the under-
lying DNP mechanism at play when working at these optimal
radical concentrations in HypFlow DNP conditions. This way,
future design of the hyperpolarizing solids might be distinc-
tively optimized to allow for larger enhancement factors, sui-
table polarization build-up rates, and finally longer relaxation
times for more efficient dilution-free melting to be performed.

More specifically, signal enhancements and corresponding
build-up rates together with their characteristic relaxation

Phys. Chem. Chem. Phys., 2024, 26, 22049-22061 | 22051
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times were measured for silica-immobilized nitroxide radical
concentrations ranging from 20-74 umol cm™® and compared
to solvated TEMPOL from 10-100 mM in a glassy state. At each
set of radical concentrations, DNP spectra were also obtained
by stepping the microwave frequency (f,,,) between 27.7 and
28.3 GHz and plotting it against the proton enhancement
factor. A fully automated experimental and processing approach
was used on the benchtop DNP polarizer (Fig. 2a and b) to reach
this goal. In Fig. 2c, the methodology to do so is summarized and
is based on a single pseudo-3d pulse sequence that was able to
extract (i) the DNP build-up rates, (ii) the thermal and DNP
hyperpolarized NMR spectra and (iii) the DNP spectra via MATLAB
(MathWorks, Massachusetts, USA) using a processing pipeline that
is available via the Zenodo repository.

Finally, initial investigation into the main hyperpolarization
transfer mechanisms responsible for DNP at 1 T and 77 K using
nitroxide radicals was assisted by performing Q-band (1.2 T)
continuous-wave (CW) EPR experiments. The EPR lineshape of
50 mM TEMPOL radical in frozen solution at 1.2 T was used to
rationalize the shape of the DNP spectra. From this, conclusive
remarks on the optimization and rationalization of performing
DNP at 1 T and 77 K using nitroxide radicals in amorphous
frozen solutions and immobilized states are contextualized
with the prospect of advancing DNP into a recyclable hyper-
polarization technique.

2. Results and discussion

To compare the DNP performances of nitroxide radicals at 1 T
and under cryogenic measurement conditions of 77 K in
amorphous and immobilized conditions, a series of TEMPOL
concentrations ranging from 10-100 mM were dissolved using
a partially protonated 2:2:6 H,0:D,0:DMSO-dg (v:v:V)
solution (1) to allow for good glassing capabilities when flash-
frozen. TEMPOL was chosen as the reference DNP radical due
to its chemical stability, proven DNP performance, and high
compatibility towards immobilization onto porous materials as
immobilization is essential for the envisioned recyclable DNP
application.>?>427

For immobilizing the nitroxide radicals, commercially avail-
able silica beads with an average pore diameter of 5 nm (Fig. S1,
ESIf) were used to generate a set of silica-based hyperpolarizing
solids with varying nitroxide radical concentrations ranging
from 20-74 pmol cm > referred to as HYPSO-5. The material
properties of the used hyperpolarizing solids are summarized
in Table 1.>' The exact pore volume of the HYPSO-5 samples
was finally impregnated with a partially protonated 2:8 H,O:
D,0 (v:v) solution (2).

The main output of the systematic hyperpolarization study
using the pseudo-3d pulse sequence shown in Fig. 2c is
reported in Fig. 3a for the different nitroxide radical concentra-
tions under amorphous frozen conditions and in Fig. 3b for the
different immobilized nitroxide radicals concentrations. Based
on the pulse sequence highlighted in Fig. 2c, DNP build-up
rates (rdnp’l) were measured at each f,,, which was then
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Table 1 HYPSO-5 material properties including the porous volume (cm®
g™Y and measured pore diameter (nm) are reported. Their DNP perfor-
mances are summarized based on the polarization enhancement factor
and build-up rate (s as a function of immobilized TEMPO loading
expressed in pmol cm™>

Porous Pore
[Nitroxide] volume diameter Build-up rate
(umolem™) (em®g™) (nm) Enhancement (s™%)
20 0.65 4 8 —
25 0.69 5 28 1.14 £ 0.19
43 0.63 4 42 0.94 + 0.03
58 0.57 5 24 2.08 £ 0.18
74 0.55 4 19 2.08 + 0.37

stepped automatically to obtain the overall DNP spectra. After-
wards, the MATLAB-based processing pipeline provided the
enhancement factors (Fig. 3-I and II) together with the corres-
ponding build-up rates at both the positive and negative
extrema (Fig. 3-III and IV) of the DNP spectra (Fig. 3-V). The
automated and systematic approach minimized any external
factors that potentially could hinder comparison of the DNP
performances between radical concentrations. More detailed
information on the sample preparation, NMR acquisition, DNP
enhancement factor calculation, DNP build-up rate extraction
and processing workflow can be found in the Materials and
methods section and in the ESI.:

2.1. DNP enhancement factors

As shown in Fig. 3a-I and II, a maximal proton enhancement
factor of 102 was obtained with solvated TEMPOL at a concen-
tration of 50 mM using solution (1) after f,,,, optimization of
28.2 GHz and correction for the probe background (Fig. S2,
ESIt). With respect to the radical concentration, the enhancement
shows a steep increase in amplitude from 10 mM up until 30 mM
followed by a plateau until 50 mM with a fall-off in efficiency from
60 mM TEMPOL onward (the calculated enhancement at 70 mM is
recognized as an outlier). For each concentration of TEMPOL, the
maximal enhancement occurred systematically at the negative lobe
of the DNP spectra (circles, red) and shows 25% higher polariza-
tion compared to optimal f,,, inducing positive hyperpolarization
(squares, blue). Overall, the dependency on concentration is
analogues to what is observed under traditional dDNP conditions
at 6.7 T and 1-4 K, yet in our case already at lower radical
concentrations (>20 mM) enhancement starts reaching
optimal values. The optimal DNP enhancement when using
HYPSO-5 powders reaches a factor of 42 at a concentration of
43 pmol em™* using solution (2) as shown in Fig. 3b-I and II and
reported in Table 1. The hyperpolarization dependency on the
radical loading shows a narrower window of optimal concentra-
tions when the nitroxide radicals are immobilized onto the silica
matrix than when dissolved in solution before freezing. At a higher
nitroxide concentration of 74 pmol cm ™3, the enhancement factor
therefore drops below 20.

2.2. DNP build-up rates

The overall DNP build-up rates (tqnp ') in the benchtop DNP
polarizer for different solvated and immobilized nitroxide

This journal is © the Owner Societies 2024
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Fig. 3 Solid-state *H-DNP performances at 1 T and 77 K with varying concentrations of TEMPOL radicals (a) randomly distributed in an amorphous
frozen solution (10-100 MM ina2:2:6 H,O:D,O :DMSO-dg (v:v:V) solution) and (b) under chemically immobilized conditions in the HYPSO-5 silica
mesoporous matrix (20—74 pmol cm ™ impregnated with a partially protonated 2 : 8 H,O : DO (v : v) solution). A single pulse sequence (Fig. 2c) with the
corresponding MATLAB processing pipeline (available in Zenodot) enabled us to capture the thermal and DNP hyperpolarized NMR spectra (at the
optimal f,,,,) (1), the enhancement factors (Il), the hyperpolarization build-up profiles (Il), the corresponding rates rdnp’1 (IV) and the DNP spectra (V) in a
single NMR experiment. The enhancement factors were calculated according to egn (2) in the experimental section, while rdnp’l were fitted using
the monoexponential function shown in egn (3) with typically 15 build-up points. The error boundaries correspond to a 95% confidence interval.
More information about the processing and experimental parameters can be found in the Materials and methods section.

radical concentrations are plotted against each other in Fig. 3-IV.
Specifically, the DNP rates that were measured at the optimal
Jfuw for obtaining positive (circles, blue) and negative (circles,
red) DNP optima are shown. The individual build-up curve of
the optimal radical concentrations and microwave conditions
are represented in Fig. 3-IIL. In general, the position of the f,.,
for optimal (—) DNP and (+) DNP did not seem to impact the
bulk polarization transfer rate much. Both for the positive and
negative maxima of the DNP spectra show in Fig. 3-IV, Tanp '
was found to be equal within the error boundaries of
the exponential fit for most radical concentrations (besides

This journal is © the Owner Societies 2024

25 umol cm®). This statement can be generalized to any
microwave frequency and to any nitroxide concentration either
in a frozen solution or in HYPSO-5. In Fig. 4a this is illustrated
by plotting 7qnp, ' at each corresponding f,., for the 50 mM
TEMPOL. Note that outside the f,,, range where DNP is ineffi-
cient, rdnp’l could not be fitted properly anymore as observed
in Fig. 4b. The remaining concentrations for the solvated and
immobilized nitroxide radicals are provided in Fig. S6 and S7
that are found in the ESL.i

For solvated TEMPOL, a non-linear correlation of rdnpfl
with an increasing nitroxide concentration is also noticeable

Phys. Chem. Chem. Phys., 2024, 26, 22049-22061 | 22053
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Fig. 4 (a) "H-DNP spectrum measured for the optimal TEMPOL concen-
tration of 50 mM at 1 T and 77 K. (b) *H-DNP build-up rates (z4n, ) at each
corresponding f,,, of the DNP spectrum. rdnp’l values were extracted
using the MATLAB processing pipeline after correction for the background
build-up (see Fig. S4 and S5 (ESI%)). The same methodology was used for
each nitroxide concentration in frozen solution or in the hyperpolarizing
solids. The results are presented in Fig. S6 and S7 of the ESLi

in Fig. 3a-IV. In the benchtop DNP polarizer, rdnp’l ranges from
0.2 s~' for 10 mM TEMPOL towards 4.5 s~' for 100 mM
TEMPOL. By increasing the number of electrons (e) in the
amorphous frozen solution, the dipolar interaction strength
between electrons is influenced in particular. Assuming a
random statistical distribution of electrons, the e-e dipolar
interaction will increase proportionally with concentration as
1.>%%7 This gives us the ability to gain insight into the
dependency of t4n, ' on the e-e dipolar interaction strength.
In Fig. S3 (ESIL), the relationship between the build-up time
and the radical concentration was fitted with a simple non-
linear model according to:

wel

Tanp | = o2C} with Dee oc Ce (1)

where C. represents the concentration of the radical, D, is the
e-e dipolar interaction strength, o is the proportionality con-
stant and /4 is the exponent that empirically describes the
relationship between rdnpfl and C.. The fitted value for the A
exponent was found to be 1.58 £ 0.03 as detailed in Fig. S3 of
the ESI.} This relationship therefore gives a first indication that
electron-electron interactions cannot be overlooked when dis-
cussing the polarization transfer mechanism for broad line
radicals under these conditions later on.>®

In the pores of HYPSO-5, the impact of varying the immo-
bilized nitroxide concentration on rdnp’l of the impregnated
partially protonated solution (2) is less predictable than in the
case of nitroxides in a glassy state. This can be noticed when
comparing Fig. 3a-IV with Fig. 3b-IV. Instead of the monotoni-
cally increasing tqn, ' for solvated nitroxides, the build-up
rates for immobilized nitroxides feature a plateau when reaching
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higher concentrations. This is not entirely unexpected since
during immobilization of the nitroxide precursor in the pores of
HYPSO-5, effects such as clustering of the radicals are thought to
be significant especially at higher radical loading. The conse-
quences that the clustering has on DNP in hyperpolarizing solids
are however not yet fully understood.>

At the optimal concentration of 43 pmol cm ™, the polariza-
tion rate during f,., equals 0.94 £ 0.03 s~ . When comparing
this with typical "H build-up rates for HYPSO-5 under dissolu-
tion DNP conditions,”" the gain in speed approximates two
orders of magnitude, which is beneficial for limiting the total
recycle time and therefore using it in the context of the future
HypFlow DNP approach.

2.3. DNP spectra

The DNP spectra plotted for each of the nitroxide concentra-
tions are overlayed in Fig. 3a-V. For the lowest concentration
of 10 mM, a quasi-symmetrical positive and negative lobe of
the DNP spectra is apparent separated by slightly more than
2 times the Larmor frequency (w; of 42.57 MHz) of the hyper-
polarized proton nuclei under observation. A separate repre-
sentation of the DNP spectra for each concentration is provided
in Fig. S8 (ESIf). Increasing to higher nitroxide concentrations
gradually results in more asymmetry. In particular, for the
positive lobe, a broader polarization enhancement profile
becomes apparent at high nitroxide concentrations. One of
the possible explanations could be that the high concentration
of electrons is affecting the overall line shape of the EPR profile.
This will in principle also be reflected in the DNP spectra.
A general methodology for rationalizing the shape of the DNP
spectra in these low-field conditions is given later (Fig. 6 and 7).
However, deeper investigation to explain the change in "H-DNP
spectra with radical concentration is planned for the future.
This could include radical clustering effects or the influence
of the increased e-e dipolar interactions at higher radical
concentrations.

For HYPSO-5, an overlay of the measured DNP spectra after
immobilizing different amounts of nitroxide radical on the
mesoporous silica is shown in Fig. 3b-V and Fig. S9 (ESIi) for
a separate representation. The DNP spectra have a similar
appearance as observed for solvated TEMPOL in frozen
solution, again showing maximal and minimal hyperpolariza-
tion at respectively around +w; and —w;. However, an overall
lower proton enhancement factor is observed when comparing
it with Fig. 3a-V where the performance of TEMPOL in an
amorphous glassy state is shown. A completely random dis-
tribution of radicals which is believed to benefit DNP efficiency,
cannot be guaranteed when immobilizing the TEMPOL deriva-
tive in the pores of HYPSO-5. However, as previously reported,”*
the pore geometry of HYPSO-5 has been tailored to imitate
the random distribution of radicals compared to previous
generations of structured silica-based hyperpolarizing solids
with highly ordered porosity.**?”

Finally, the influence of f,,, modulation on the DNP perfor-
mance in the HYPSO-5 powders was also investigated. The
beneficial effect of using f., modulation was much more
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Fig. 5 (a) The influence of varying the microwave frequency modulation

bandwidth Af,,, (0-185 MHz) on the *H-DNP spectrum (from 27.9 GHz to
28.4 GHz) measured on the best performing HYPSO-5 powder with a
nitroxide concentration of 43 umol cm™—>. In each experiment a microwave
modulation frequency (fmod) of 60 kHz with a triangle shape was used at
the maximum output power of 5 watts. (b) A plot of the maximum negative
enhancement factor deduced from the *H-DNP spectrum plotted against
different Af,,,. An optimum enhancement of 56 is reached at Af,,, of
40 MHz.

pronounced in HYPSO-5 powders (>25% increase) than for the
glassy solution where it did not improve DNP substantially.
Inhomogeneities in radical distribution in HYPSO-5 can lead to
inefficient spectral diffusion compared to radicals in a glassy
frozen solution. Frequency modulation thus could potentially
compensate for a lack of spectral diffusion in some regions of
the HYPSO-5 powder. Fig. 5a shows the effect of varying the
frequency modulation bandwidth Af,,, on the DNP spectrum of
the best performing HYPSO-5 powder with 43 pmol cm ™ of
nitroxide radical loading. In Fig. 5b, the polarization enhance-
ment at optimal DNP is plotted. A maximum enhancement of
56 is reached at Af,,, of 40 MHz using a modulation frequency
(finoa) of 60 kHz with a triangular shape. With further increas-
ing Af.w, the enhancement factor drops. The DNP spectra
become broader and less resolved as seen in Fig. 5a. The reason
is the simultaneous generation of both positive and negative
nuclear spin hyperpolarization due to the large f,,, irradiation
bandwidth. Note that the overall comparison made in Fig. 3a-V
was done without the use of any f,,, modulation to ensure
reliable comparison of the DNP characteristics of nitroxide
radicals under solvated and immobilized conditions.

2.4. DNP mechanism for polarization transfer

Insights into the polarization transfer mechanism which is
dominant when performing DNP can be crucial for tailoring
the radicals used for hyperpolarization. In high-field MAS-DNP,
large research efforts have been made in this regard where the

This journal is © the Owner Societies 2024

View Article Online

Paper

cross effect mechanism has been determined to be the domi-
nant DNP mechanism for broad nitroxide-based radicals at
optimal concentrations.**™*> We found a first set of indications
that when performing static solid-state DNP using optimized
TEMPOL concentrations at 1 T and 77 K, the cross effect
polarization transfer mechanism should also be taken into
account.

The indications are based on rationalizing the shape of the
"H DNP spectra in Fig. 3(V) for either solid effect or cross effect.
The line shape is based on the expected EPR profile of 50 mM
solvated TEMPOL in frozen solution at 1 T and 77 K. For this,
first a continuous-wave (CW) EPR measurement shown in
Fig. 6a was performed on an identical 50 mM TEMPOL frozen
solution under similar conditions of 1.2 T (Q-band, 34 GHz)
and 77 K. The resulting EPR spectrum is shown in Fig. 6b. After
fitting the CW-EPR spectrum using the Easyspin MATLAB
package,”’ the anisotropic g-tensor and hyperfine A-tensor
values were extracted together with the homogeneous broad-
ening parameters for 50 mM TEMPOL (Table 2).

Afterwards, the extracted parameters were used to predict
the f,w-swept EPR profile for 50 mM TEMPOL under HypFlow
DNP conditions shown in Fig. 6¢. The exact conditions in which
the benchtop DNP polarizer was operating were derived from
the chemical shift of the solid-state proton peak (w; = 42.669
MHz which corresponds to a field of 1.0022 T). A detailed
description on the EPR experiment and fitting procedure can be
found in the Materials and methods section. The large aniso-
tropy of the g-tensor and hyperfine tensor due to the spin-1 "N
nucleus results in the large inhomogeneous broadening span-
ning over 350 MHz as can be seen in Fig. 6c. Especially at low
temperatures (1-4 K) and moderate magnetic fields (up to 7 T)
these EPR properties have been recognized to enable effective
hyperpolarization of high-gamma nuclei such as protons by
means of thermal mixing induced polarization transfer.**™*’
However, in a magnetic field of 1 T and at an operating
temperature of 77 K, field- and temperature-dependent electro-
nic and nuclear interactions including their relaxation rates
change, reducing the thermal mixing efficiency, making room
for the solid effect or cross effect polarization transfer to
become dominant.*®°

While for narrow line radicals the resulting DNP spectra and
optimal f,;,, positions can be discriminated for either the solid
effect or cross effect case, for broad line radicals this becomes
less straightforward.”® We therefore attempted to rationalize
the corresponding DNP spectra inspired by the electron bin
model in the case of TEMPOL described in Kundu et al.’*> For
now, we chose to disregard any effect of hole burning or
spectral diffusion to remain in scope of the paper.*®> By
discretizing the EPR profile in 1024 points, an estimation of
the shape of the DNP spectrum assuming the solid effect and
cross effect could be calculated using respectively eqn (4) and
(5) available in the Materials and methods section. After
implementing the correct matching condition, the experi-
mental DNP spectrum acquired for 50 mM TEMPOL in a glassy
frozen solution was compared to the resulting DNP spectra
simulations. The results of this analysis are shown in Fig. 7.
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Fig. 6 (a) Phase-sensitive continuous wave (CW)-EPR experiment mea-

sured via sweeping the magnetic field with a field modulation amplitude
(ma) of 0.5 G and a modulation frequency (mf) of 50 kHz. (b) Q-band CW-
EPR spectrum of the optimal 50 mM TEMPOL radical DNP solution
(1) measured at 1.2 T and 77 K. The Easyspin MATLAB package was used
to extract the anisotropic g-tensor and hyperfine A-tensor values at 1.2 T.
(c) A simulated frequency-swept EPR spectrum of 50 mM TEMPOL to
rationalize the EPR profile used for performing DNP at a benchtop
polarizer with a specific field of 1.0022 T (w, = 42.669 MHz). The
contribution of the N hyperfine transitions to the overall simulated EPR
spectrum is also visualized in dotted, striped, and dotted-striped lines. See
the Materials and methods section for more detailed information on the
EPR measurements.

Table 2 Fitted g-tensor and hyperfine A-tensor values for 50 mM TEM-
POL extracted from the experimental CW-EPR spectrum shown in Fig. 6b

Inhomogeneous broadening (4)  Homogeneous broadening (¢)

g-tensor (unitless) A-tensor (MHz) Lorentzian (MHz) Gaussian (MHz)

Zrx 2.008 Ay 2423 17.65 15.63
Sy 2.005 4,  16.96
Zoz 2.001 A, 103.33
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Fig. 7 Simulated *H DNP spectra assuming (a) cross effect and (b) solid
effect type of polarization transfer using 50 mM TEMPOL in a partially
protonated frozen glassy solution at 77 K and 1 T. The calculated line
shapes assuming the cross effect and solid effect are overlayed with the
experimental *H DNP spectrum as a comparison. Solid-state EPR simula-
tions of TEMPOL at 1.0022 T were performed using the Easyspin MATLAB
package and based on experimental CW-EPR measured at 1.2 T as can be
seen in Fig. 6. The 'H-DNP spectrum simulations are based on a straight-
forward analytical electron bin model assuming monochromatic micro-
wave hole burning without spectral diffusion. Detailed information on the
acquisition and simulation of the DNP spectra can be found in the
Materials and methods section.

Despite the simplicity of the model, the calculated DNP
spectrum assuming the cross effect shown in Fig. 7a seems to
reflect the characteristics of the experimental "H DNP spec-
trum. In particular, the position and shape of the negative lobe
of the calculated DNP spectrum are in better agreement. In
contrast, assuming the solid effect, the calculated DNP spec-
trum illustrated in Fig. 7b shows a broader DNP profile with
polarization being generated up to 28.25 GHz. The DNP simu-
lations presented in Fig. 7 together with the non-linear depen-
dency of the DNP build-up rate on the radical concentration
shown in Fig. 3a-IV are therefore a first set of indications that
the cross effect seems an important contributor to enhancing
nuclear spins at 1 T and 77 K using solvated nitroxide radicals.
Surprisingly, the cross effect seems dominant over the entire
range of nitroxide concentration from 10-100 mM, while one
would expect solid effect contributions to become more signi-
ficant at lower concentrations.*® However, in Fig. 2a-V, the
position of the DNP optima and the overall shape of the DNP
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profiles are only slightly influenced by the radical concen-
tration. Which minimum nitroxide concentration is required
for the cross effect to be dominant over the solid effect could
therefore be an interesting question to solve in the future.
Finally, the experimental solid-state DNP spectra measured for
solvated 50 mM TEMPOL and for 43 pmol cm™® HYPSO-5 are
overlayed and showcased in Fig. S10 (ESIf). The overlapping
line shape could be an indication that, also when using
hyperpolarizing solids at benchtop conditions, cross effect
polarization transfer from the dipolar coupled electrons on
the surface of the pores needs to be considered. Yet, more
definite insights can only be realized when considering all
other processes impacting DNP such as spectral diffusion, spin
diffusion and paramagnetic induced relaxation. This is aimed
for future investigation.

3. Conclusions

Optimization of the radical concentration used in a benchtop
DNP polarizer operating at 1 T and 77 K has indicated that for
HYPSO-5 an optimal loading of 43 pmol cm > nitroxide radical
gives proton polarization enhancement inside the pores up to
56 in under a second. Solvated nitroxide radicals in the form of
TEMPOL embedded in frozen solution, even allows for proton
enhancement factors up to 100 for the optimal concentration of
50 mM. This is particularly promising in view of future Hyp-
Flow DNP applications. Two-dimensional experiments can
benefit from a fast recycle time giving an approximate acquisi-
tion time of 10 minutes for 2D liquid-state hyperpolarized
experiments with 512 transients. Moreover, we found the first
indications that DNP using broad line nitroxide radicals at a
low-magnetic field and high temperatures is dominated by
cross effect polarization transfer. This indication includes
analytical cross effect DNP spectrum simulations derived from
the Q-band EPR profile of TEMPOL that agree well with the
experimentally obtained '"H DNP spectrum. Future optimiza-
tion of hyperpolarizing solids towards cross effect DNP will
therefore benefit our goal to achieve recyclable hyperpolariza-
tion that is produced under accessible conditions.

4. Materials and methods

4.1. 'H-DNP experiments at 1 T and 77 K

4.1.1. Sample formulation for solvated radicals. A glass-
forming solution with the following volumetric ratio 2:2:6
H,0:D,0: DMSO-dg (v:v:v) (1) was doped with varying quan-
tities of a stock polarizing agent solution containing TEMPOL
radicals to finally generate 10 samples with a varying nitroxide
concentration of 10 mM to 100 mM in steps of 10 mM. All
chemicals were purchased from Sigma-Aldrich and the deutera-
tion purity for D,O and DMSO-ds were respectively 99.5%
and 99.96%. This sample formulation with the corresponding
preparation procedure ensured good amorphous glass-forming
capabilities to end up with a random distribution of radicals.
The final amount of proton spins eligible for DNP hyperpolarization
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amounts to a concentration of 22 M. Finally, by filling a 4 mm
(0.d.) Wilmad quartz EPR sample holder with 200 pL of the
'H DNP test solution, the solid-state DNP performances at 1 T
and 77 K could be benchmarked according to the experimental
design described later.

4.1.2. Sample formulation for hyperpolarizing solids.
In hyperpolarizing solids (HYPSOs), the radical polarizing
agents are immobilized on the surface of a mesoporous mate-
rial instead of being randomly distributed in an amorphous
frozen solution. A selection of HYPSO-5 silica-based matrices
derived from commercially available mesoporous silica beads
(SiliaSphere™) with a varying concentration of immobilized
nitroxide radicals from 20-74 pmol cm ™, all with an average
pore diameter of around 5 nm, was chosen to benchmark the
DNP performance at 1 T and 77 K. The reason for this choice of
particular family of hyperpolarization solids is their excellent
DNP performance at 6.7 T and 1-4 K. A summary of the HYPSO-
5 material properties including porous volume and the final
concentration of immobilized nitroxide radicals can be found
in Table 1. For a full and detailed description of the preparation
procedure of the HYPSO-5 materials, the reader is referred to
Cavaillés et al.>" and the ESLi} Finally, a partially protonated
2:8 H,0:D,0 (v:v) solution (2) amounting to the total pore
volume (determined via N, physisorption) of each of the
HYPSO-5 samples (Table 1) was impregnated in approximately
40 mg of the corresponding powder using an incipient wetness
impregnation technique with continuous stirring, until the
sample appeared dry again. No DMSO-ds was required since
the amorphous distribution of radicals which is beneficial for
DNP is already achieved by immobilization via silica coating.
The 2: 8 ratio between H,0O and D,O gave rise to 0.88 mmol of
proton spins available for DNP hyperpolarization under immo-
bilized conditions of radicals.

4.1.3. Benchtop DNP polarizer. The DNP measurements
shown in Fig. 3 were performed using a prototype solid-state
DNP polarizer co-developed with Bruker as shown in Fig. 2 and 8.
The DNP polarizer is equipped with (i) a temperature-controlled
permanent 1 T magnet, (i) a liquid nitrogen cryostat insert
operating at 77 K, (iii) a home-build "H/**C NMR probe composed
of a saddle and solenoid coil with orthogonal B; field resonating
at the frequencies of 42.57 MHz and 10.7 MHz respectively, and
(iv) a solid-state Ko-band microwave synthesizer that amplifies
microwave frequencies from 26.6 to 28.8 GHz up to 5 watts.
Frequency modulation with a maximal bandwidth amplitude
(Af.w) and frequency (finoa) of 200 MHz and 100 kHz respectively
could be modified manually. A triangular shape modulation was
used in case frequency modulation was activated during DNP.
More information on the design and specifications of the setup
can be found in Bocquelet et al.*

4.1.4. Experimental design. One of the main objectives of
this work was benchmarking the DNP performances of varying
concentrations of TEMPOL radicals at 1 T and 77 K either
under amorphous conditions in a frozen glassy state or under
chemically immobilized conditions in a silica mesoporous
matrix. Therefore, a single DNP benchmarking pulse sequence
visualized in Fig. 2c of the manuscript was constructed to
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capture the (i) thermal and DNP hyperpolarized NMR spectra,
(if) the hyperpolarization build-up profiles and (iii) the DNP
spectra in a single NMR experiment for each of the radical
concentrations used.

Specifically, the benchmarking protocol started with a
saturation block using hard w/2 rf-pulses with alternating
phases that are separated by a short delay and repeated
50 times. After destroying the residual magnetization on the
proton rf-channel, the hyperpolarization build-up was moni-
tored via a small 7/36 flip angle rf-pulse that allowed us to trace
the "H-NMR signal. A total of 15 small angle rf-pulses were
typically used to monitor the build-up with a delay that was
depending on the DNP rate. Note that during the entire dura-
tion of the pulse sequence the microwave was switched on at
maximum power (5 W) since no TTL gating was available. After
the build-up sequences, a hard n/2 rf-pulse was used to max-
imize the detected hyperpolarized signal for finally construct-
ing the DNP spectra and calculating the enhancement factor
(vide infra). Finally, a TTL pulse generated by the NMR console
positioned after the final acquisition was read by an Arduino
board to trigger the microwave source to change frequency by
10 MHz during a given delay of 5 s, after which the pulse
sequence reinitialized its saturation and detection cycle. The
Jfuw was swept from 27.8 to 28.44 GHz and generated 65 separate
DNP build-ups (15 FID’s) and a single "H-NMR spectrum
(1 FID) in series, thus resulting in 1040 transients in the pseudo
F1 dimension. Since the DNP build-up rates are considerably
fast at optimal nitroxide concentrations (around 2 s ' for 50
mM), the total acquisition time for fully benchmarking the DNP
samples was on average 12 minutes. For the lower radical
concentration samples, the total acquisition time was pro-
longed up to 72 minutes.
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A MATLAB-based processing pipeline, available in the ESI,
automatically rearranged the F1 dimension into the small
and large flip-angle 1D NMR spectra which after integration
generates the DNP build-up plots and the DNP spectra shown
in Fig. 3. The signal enhancement factors were calculated
according to the following formula:

Idnp _ Ithermal

éDNP = Jthermal _ rbackground ’ (2)
where I"P is the integration value of the hyperpolarized signal
and 1'"*™a! is the first integral of the DNP spectrum equal to the
thermal equilibrium solid-state signal due to the off-resonant
microwave irradiation. Due to considerable probe background
in the 'H-channel for the thermal signal, a correction was
required considering the background contribution. In Fig. S2
of the ESI,} an overlay of the probe background with the total
NMR signal in both the solvated and immobilized nitroxide
radical case is given. The percentages of the background varied
from 50% to 60% percent of the thermal equilibrium signal.

Next, the extraction of the build-up rates was performed by
fitting the integrated small flip-angle signals (I¢"P) according to
the exponential build-up:

n t
I8P = 9 (1 —exp( — , (3)
Tdnp

where 14y, is the characteristic DNP build-up time. The error
margins in Fig. 3-IV correspond to a 95% certainty interval.
To account for the background contribution obscuring the
hyperpolarization build-ups, the first fit at off-resonant micro-
wave frequency was subtracted from the other build-ups.
Despite the background contribution, the final rates thus
reflect the hyperpolarization build-up with the most precision
as can be noticed in the ESI,i where the individual build-ups
for each microwave frequency in the case of 50 mM TEMPOL
are plotted without and with background subtraction respec-
tively in Fig. S4 and S5 (ESL¥).

Finally, the DNP spectra were constructed based on the
enhancement factor calculation of eqn (2). Additionally, to
counteract a drift of the magnetic field due to potential
temperature instabilities in the magnet, the microwave fre-
quency values used for constructing the DNP spectra were
corrected according to the Larmor frequency of the 'H signal.
Also, to make sure the absolute integration values (I°"P) were
consistent over the different concentrations, all processing was
performed using 8k datapoints in the F2 dimension and the
same exponential line broadening of 1 kHz. Since the MATLAB
processing pipeline only imported frequency domain NMR
data, the fast Fourier transform, and line broadening were
performed using Topspin.

4.2. Q-band EPR experiments at 1.2 T and 77 K

4.2.1. Sample formulation and preparation. The CW EPR
experiments were carried out with TEMPOL in frozen DNP
solution, identical to the solution used in DNP benchmarking
experiments capable of glass formation. TEMPOL (4-hydroxy-
2,2,6,6-tetramethylpiperidin-1-oxyl), >97% total nitrogen (N)
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basis, and DMSO-ds (hexadeuterodimethyl sulfoxide), 99%
were purchased from Sigma-Aldrich, Merck KGaA, Darmstadt,
Germany. A stock solution of 100 mM TEMPOL was first
prepared by dissolving 3.516 mg of TEMPOL into 204.1 pL into
the glass-forming solute with a volumetric ratio of 2:2:6
H,0:D,0:DMSO-dg (v:v:v). After dilution to the desired
radical concentration (50 mM), 1 uL of the DNP solution was
taken in a 1.6 mm (o0.d.) quartz tube to perform the EPR
experiments.

4.2.2. Instrumentation. EPR experiments were performed
at 77 K and 34 GHz/1.2 T/51 MHz on a Bruker Elexsys E580
spectrometer with Q-band extension (SuperQ-FT-u bridge). The
EN 5107D2 EPR/ENDOR probe with a dielectric resonator
capable of performing both CW and pulse EPR experiments
was used. The sample temperature was kept at 77 K using a CF
935 flow cryostat (Oxford Instruments) and liquid helium as a
cryogen.

4.2.3. Experimental design

4.2.3.1. CW EPR. Field-swept CW EPR experiments were
conducted with a field modulation amplitude of 0.5 G at a
modulation frequency of 50 kHz for phase-sensitive detection
of the reflected microwave signal. The microwave power was set
to 60 LW (25 dB attenuation), and the microwave frequency was
34.1842 GHz.

4.3. DNP simulations

First, the anisotropic g- and A-tensor and homogeneous broad-
ening parameters for the 50 mM TEMPOL sample were derived
by fitting the experimental CW Q-band EPR measure-
ment (1.2 T, 34 GHz) on an identical sample. Afterwards, an
Easyspin®® simulated frequency-swept EPR profile was simu-
lated at the exact magnetic field of 1.0022 T (deduced from )
in which the DNP spectrum was acquired. The resulting
electron density profile was discretized into N = 1024 points,
for which the following equations®*”* were used to calculate
the shape of the DNP spectrum assuming solid effect and cross
effect respectively:

Psjinj — Ps Psi A — Ps;
PSE w.) = |:h A J T4 S A S ./:|7 4
75 (s) T P Psyear YT Py, Ps,a (4)
and
Pgjinj—Ps; Psj nj— Ps,;
Py (o) = {h/‘hHAj#*hﬂHj# . (5)
1 1= Ps;Psjiaj 1= Ps;Ps; a

where Py; is the relative average polarization of nuclear spins
enhanced by the number of electrons #; in point N =j and A, ;
in point N = + Aj derived from the normalized EPR spectrum at
1 T. Aj represents the shift in number of points that is required
to match the frequency difference of the electron pair to the
Larmor frequency w; of the nuclear spin under observation.
Py is the polarization of electrons during microwave irradia-
tion which is assumed to be equal to 0 at ws and equal to the
thermal polarization at all other frequencies (monochromatic
irradiation). The scripts for performing the simulations are
available in the Zenodo repository.t
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