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the non-ionic model surfactant 1-octanol as analyte. A relative method for the comparison of the proportion of
the direct and indirect polarization transfer pathways is established, allowing a direct comparison of the po-
larization efficacy for different radicals and different parts of the 1-octanol molecule despite differences in radical
concentration or sample amount. With this approach, it could be demonstrated that the hydrophilicity is a key
factor in the way polarization is transferred from the polarizing agent to the analyte. These findings are
confirmed by the determination of buildup times T, illustrating that the choice of polarizing agent plays an
essential role in ensuring an optimal polarization transfer and therefore the maximum amount of enhancement
possible for DNP enhanced NMR measurements.

1. Introduction

The observation of processes that take place in living cells has been
an objective of generations of molecular biologists and biochemists.
Cells are complex structural units and cellular processes might not
proceed the same way as when the corresponding compounds are
studied in isolated form. So far, noninvasive procedures such as fluo-
rescence based approaches [1-3], infrared (IR) spectroscopy [4], Raman
spectroscopy [5] and nuclear magnetic resonance (NMR) spectroscopy
are the most efficient techniques for observing dynamics and chemistry
in cells. In-cell NMR spectroscopy has the advantage of being the only
technique which allows studying the behavior of cellular components at
atomic resolution [6] and therefore continues to be the preferred
approach for finding experimental answers to a plethora of different
scientific questions [6,7]. However, NMR spectroscopy suffers from its
inherently low sensitivity, which is further amplified by the usually low
concentrations of the biological compounds of interest as well as the
observed heteronuclei, which exhibit a low gyromagnetic ratio [8-10].
Part of this issue is typically overcome with isotopic labelling [6-8],
which allows to filter the desired signals against the usually suboptimal
signal-to-noise-ratio caused by the biological matrix the probed mole-
cule is located in. However, labelling a molecule with a NMR-active
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nucleus like 3C or 1°N often requires elaborate synthetical efforts
[11] which, depending on the location of the label, can be a tedious
process. Additionally, at the low concentrations of physiologically
relevant molecules, isotopic labelling alone often does not suffice to
achieve adequate signal intensity.

Therefore, other specific NMR techniques that enable a sensitivity
boost are of interest. Here, dynamic nuclear polarization (DNP)
enhanced NMR spectroscopy has proven to be a powerful technique to
enhance signals in biological systems [8,9,12,13], allowing for the
observation of analytes at low concentration. In this context, dissolution
DNP is typically used for investigations of biological samples since it
facilitates DNP enhanced NMR experiments at room temperature and
thus close to physiological conditions [8,12,14,15]. However, since the
process of dissolution DNP is to a great extent irreversible due to the
rapid sample dissolution in warm solvents and the polarization slowly
decaying without any possibility for a de novo hyperpolarization, many
biological samples continue to be investigated by DNP enhanced solid
state NMR (ssNMR) at low temperatures (about 100 K). DNP enhanced
ssNMR is especially the method of choice for analytes too large for fast
molecular tumbling in solution, which also lack a long-range order and
therefore cannot reasonably be investigated by X-ray methods [16],
such as proteins [13,17-20] or structures that result of a supramolecular
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assembly of smaller molecules [21-23].

A polarization agent possessing unpaired electrons, such as mono or
bi-radical organic compounds or high spin metal ions, need to be present
in the sample for DNP enhanced NMR experiment to induce polarization
transfer through cross-relaxation processes to the analyte molecules
during DNP enhanced NMR experiments [14].

In recent years, the discovery of the indirect polarization transfer
[24,25], which is mediated by spontaneous TH-13C cross-relaxation
within molecular groups displaying sufficient dynamics for the nuclear
Overhauser effect (NOE) type effect to operate [26], has made it feasible
to investigate dynamics of biological relevant systems such as amino
acids [27], aptamers [28], peptides [29] and proteins [29]. Through the
application of a specialized pulse sequence, the contribution of the
direct and the indirect polarization transfer can be deconvoluted to yield
a set of two spectra, showing only the signals caused by the direct or the
indirect polarization transfer pathway, respectively [24,25,30]. This
allows for the selective enhancement of the signals of mobile groups like
methyl [27] and amino groups [30], or for the investigation of molec-
ular dynamics in solids [31,32].

The location of the polarizing agent relative to the analyte molecule
and the resulting intermolecular interactions with the analyte play a key
role in the way the polarization is transferred to the analyte [33]. Oc-
casionally, the polarizing agent is attached to a certain part of the an-
alyte [34] or its environment [35], although this is not the case in most
works [13]. Hence, it is fundamentally important to choose a polariza-
tion agent that is able to reach the analyte, ensuring proper interaction
between the two to obtain an optimal signal enhancement [36].

In this work, four different commonly employed polarizing agents,
namely AMUPol, TOTAPOL, bTbK and AsymPol (see Fig. 1), are inves-
tigated via DNP enhanced ssNMR towards their behavior in 1-octanol. 1-
octanol was chosen because it serves as a membrane mimetic and pro-
vides the ideal amphiphilic properties to elucidate the polarizing agents’
affinity towards different chemical environments [37,38]. Iy - B¢ cp
MAS ssNMR spectra are recorded to estimate the enhancement factors
for each sample. To probe the polarizing agent’s location, 13C MAS DNP
enhanced ssNMR measurements are performed and the direct and in-
direct polarization transfer pathways [25] are analyzed for the methy-
lene carbon in proximity to the hydroxyl group, C;, and the methyl
carbon, Cg. Since the ratio of direct vs. indirect pathway polarization is
directly influenced by the proximity of the radical to the analyte, the
location of the radical in relation to the amphiphilic 1-octanol molecule

(CH,CH,0)CH,
AMUPol

]
>\ /o
0] @)

bTbK

Solid State Nuclear Magnetic Resonance 122 (2022) 101829

can be derived, therefore allowing the prediction of the respective
polarizing agent’s affinity towards certain sites of analytes in future
samples. The findings of this analysis are then compared to the buildup
times (Tp) of the observed carbons for each sample.

The rest of the work is organized as follows: First, the experimental
section summarizes the DNP sample preparation and the applied mea-
surement parameters utilized to record *3C CP MAS DNP NMR spectra as
well as the aforementioned saturation recovery sequences at different
builtup times. Subsequently, the findings of the direct vs. indirect po-
larization transfer pathway analysis as well as the results of the deter-
mination of the relevant buildup times T}, times are presented and
discussed. The conclusions section provides a summary of the key
findings and a discussion of their applicability.

2. Materials and methods
2.1. General

All chemicals were used as received. The anhydrous 1-octanol was
purchased from Acros Organics and stored in a glove box under argon to
prevent absorption of atmospheric water. AMUPol was purchased from
CortecNet, AsymPol was donated to us by the Senker group from
Bayreuth University, TOTAPOL was purchased from Dynupol and bTbK
was donated to us by Ouari and coworkers from Aix-Marseille Univer-
sity. All radicals were stored in the freezer to prevent degradation.

2.2. Sample preparation for DNP NMR experiments

Apart from bTbK, all utilized polarizing agents were dissolved into
the 1-octanol in small glass vials by manual agitation of the closed vial
until all solids had dissolved and a clear solution had formed. This
process usually took 10-15 min. For bTbK, the obtained suspension was
shaken until no further changes in the amount of solid radical was
observed. Then, the suspension was filtered through a syringe filter to
remove any residual solids, obtaining a clear solution. It is estimated
that about half of the solid radical was dissolved in the 1-octanol. No
ultrasonication was used to prevent degradation of the polarizing agents
[43]. Table 1 summarizes the utilized polarizing agents and the obtained
concentrations.

The solutions were then transferred into 3.2 mm sapphire rotors
using an Eppendorf pipet. The rotors were sealed with either silicon or
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Fig. 1. Structures of the utilized polarizing agents AMUPol [39], TOTAPOL [40], bTbK [41] and AsymPol [42].
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Table 1

Polarization agents used in this work, corresponding concentrations and ob-
tained enhancement factors, determined from the 'H —!3C CP MAS DNP
experiments.

Polarizing agent AMUPol TOTAPOL bTbK AsymPol
Concentration/mM 15, 40 15 7.5% 15
Average'>C enhancement 5.8,7.5 2.4 411 6.4

*estimated concentration of the saturated solution.

homemade rubber plugs and closed with ZrO driving caps.

2.3. DNP enhanced >C solid state NMR spectroscopy

All ssNMR measurements were carried out on a Bruker Avance III
400 DNP NMR spectrometer operating at 9.4 T (401.63 MHz for 1H,
100.99 MHz for 13C), using a 9.7 T Bruker gyrotron system to generate
microwaves (uW) at 263 GHz frequency. The spectrometer was equip-
ped with a 3.2 mm low temperature H/X/Y triple resonance probe which
was used in H/C/Y triple mode throughout all measurements. Sample
temperatures were nominally 112 K and 120 K for data obtained with
and without pW irradiation of the sample, respectively. A MAS rate of 8
kHz was used. Heteronuclear decoupling was performed during data
acquisition using the SPINAL-64 decoupling sequence [44].

Enhancement factors for 3C were calculated based on 'H — '3C
cross-polarization (CP) MAS experiments. The contact time in these
experiments was set to 2 ms; a ramped pulse was applied on the 'H-
channel. Each spectrum was recorded with 16 scans. Average nominal
values of the enhancement factors were obtained by scaling the peak
maxima of the pW-off spectra to those of the pW-on spectra. These
values are given in Table 1.

To determine the buildup times Ty, saturation recovery experiments
were employed. 13C magnetization was initially quenched by applying a
pulse train consisting of 20 n/2-pulses with a respective pulse length of
3.5 ps and a delay of 5 ms between the pulses. Spectral data was acquired
after buildups 1y of 2, 4, 7.5, 16, 32, 75, 128 and 256 s, recording 128
scans for the shortest T, and 64 scans for all other 1y,

To be able to record the direct polarization transfer path only, the
pulse sequence introduced by some of us in earlier work was applied
[25]. In this sequence, the standard saturation recovery experiment was
modified by the addition of a train of rotor-synchronized n-pulses with a
pulse length of 6 ps on the 'H channel. The pulses were spaced 50 ms
apart for all buildup times shorter than 32 s, and 500 ms apart for
buildup times of 32 s and above.

The obtained spectra for the direct polarization pathway and the
superposition of direct and indirect pathways were normalized to an
equal number of scans and deconvoluted using Origin Pro 2021 using a
Lorentzian line shape to for all signals. In this way, the intensities of the
C;- and Cg-signal of the 1-octanol molecule were determined and further
examined, as these peaks are of interest for this work. The amount of
indirect polarization was determined by subtracting the direct-pathway-
only spectra from the ones obtained from the superposition of both
pathways. The obtained signal intensities were plotted against the cor-
responding Ty, used in the experiment to determine Ty, times of the car-
bons of interest.

3. Results and discussion
3.1. 'H - 3¢ CP MAS DNP of 1-octanol

First, 'H — '3C CP MAS DNP experiments were performed to
determine whether signal enhancement is feasible for the four investi-
gated radicals in 1-octanol solution and to estimate the enhancement
factors. Exemplary g - 3¢ cp MAS spectra of AMUPol (15 mM) dis-
solved in 1-octanol recorded with and without pW irradiation are shown
in Fig. 2.
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Fig. 2. 'H — '3C CP MAS spectra recorded with uW on and pW off of AMUPol
(15 mM) dissolved in 1-octanol. Also shown is the structure of 1-octanol and the
corresponding peak assignments.

In the obtained spectra, the signals are assigned to the 1-octanol
carbons according to their chemical surroundings. The signal at 67
ppm is attributed to C;, which is located closest to the hydroxyl group.
The signal at 20 ppm corresponds to the methyl group of the aliphatic
moiety of the 1-octanol molecule, Cg [45]. All other signals between the
C; and Cg signals correspond to the methylene groups of the 1-octanol.

For comparison, the signal enhancements obtained for the various

direct
indirect
direct & indirect

80 70 60 50 40 30 20 10 O
13C chemical shift / ppm

Fig. 3. '3C MAS DNP spectrum of AMUPol dissolved in 1-octanol (15 mM). The
direct and the indirect channel as well as their superposition are displayed.
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radicals in 1-octanol solution are summarized in Table 1. The largest
signal enhancement (¢ = 7.5) is observed for AMUPol in 1-octanol (40
mM). Since the signal enhancement usually increases with the radical
concentration until the radical concentration is high enough for the
paramagnetic quenching of the polarization to prevail [46], this effect is
expected. TOTAPOL shows the smallest enhancement factor (e = 2.4).
Due to its aliphatic linker connecting the two nitroxide radical moieties,
the TOTAPOL molecule displays a relatively large degree of flexibility
[46]. This hinders a more efficient polarization transfer via the Cross
Effect (CE) [39], the dominant polarization transfer effect for nitroxide
biradicals [33]. The more rigid radicals AMUPol, bTbK and AsymPol
allow for a more efficient polarization transfer via the CE, therefore
showing larger enhancement factors. The comparatively small
enhancement factors documented in this work (see Table 1) are most
probably caused by 1-octanol being a poor glass former, restricting
efficient DNP hyperpolarization [47,48].

For all radicals, a largely homogeneous enhancement is observed for
all signals. This is explained by the way in which polarization is
distributed through the sample in CP experiments. The unpaired elec-
trons of the polarizing agents are polarized by the applied pW radiation.
This polarization is transferred to the surrounding nuclei via the CE.
Subsequently, the thereby created 'H polarization spreads throughout
the sample via homonuclear 'H-'H spin diffusion [49]. This polarization
is then transferred to the '°C nuclei via a spinlock pulse [33,50,51].

The efficacy of the homonuclear 'H-'H spin diffusion strongly de-
pends on the proximity of the nuclei to each other, since this process
relies on dipole-dipole interactions [49]. Considering the uniform
enhancement observed for all signals of 1-octanol, it is assumed that
homogeneous H-'H spin diffusion takes place in the sample, indicating
a statistically uniform distribution of 'H-'H distances in the sample.
Contrary cases have been observed for analytes dissolved in either hy-
drophilic or hydrophobic solvent matrixes [52]. Investigations with an
additional analyte and 1-octanol as solvent matrix are beyond the scope
of this paper.

In the investigated case, the uniform DNP enhancement renders 'H
— 13C CP MAS DNP experiments unsuitable to elucidate the way the
radical interacts with the analyte and its position relative to the analyte
molecules.

3.2. 13C MAS DNP of 1-octanol - direct vs. indirect polarization transfer

DNP enhanced 13C MAS direct polarization experiments are applied
to determine the amount of polarization that is transferred directly to
the 13C nuclei vs. indirectly through the proton reservoir, allowing for a
determination of the spatial proximity of the polarizing agent to certain
parts of the analyte. An exemplary >C MAS DNP spectrum of AMUPol
dissolved in 1-octanol (15 mM) is shown in Fig. 3. The direct and the
indirect channel as well as the superposition of both are illustrated.

For the methyl group observed at 20 ppm, the indirect polarization
transfer pathway is consistently dominant throughout this work. The
indirect polarization transfer pathway is aided by molecular motion
[25], therefore the indirect polarization transfer for the rotating methyl
group is significant [47]. The signal corresponding to C; also displays
indirect polarization transfer but with less efficiency, showing that this
group retains dynamics at low temperatures. All other groups only show
negligible indirect polarization transfer pathway. This suggests that the
1-octanol molecules form rather rigid, supramolecular structures when
frozen [47].

To allow for an elucidation of the spatial proximity of the polarizing
agents to the different chemical groups of the 1-octanol molecule, the
ratio of direct vs. indirect polarization transfer pathways for the carbon
nuclei of interest needs to be determined. Since different samples with
varying radical concentrations were investigated in this study, a com-
parison of the absolute signal intensities obtained by deconvoluting the
spectra is not expected to yield reasonable results. Therefore, to ensure
comparability between samples, a relative method to evaluate the
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amount of indirect pathway polarization Xingirect is established in this
work.

Here, the overall signal intensity is calculated as the sum of the
magnitude of signal intensities Loty of the direct and indirect pathway
signal (Igirect and Lpgirect respectively). Subsequently, ingirect is divided
by that sum, according to eq. (1). Xindirect therefore represents the per-
centage of the signal intensity achieved by indirect polarization transfer
compared to the total signal intensity.

|1indirccl‘ _ |1indirccl| (1)

Xindirect = =
Idirecl + |Iindirecl| Imla]

Since the value Xjpdirect Only depends on the ratio of two signal in-
tensities obtained from the same sample, parameters such as the sample
amount or the amount of radical used are removed by the division.
Therefore, this approach can be used to compare the dependency of the
ratio of the direct vs. the indirect polarization pathway for different
radicals.

3.3. Analysis of the ratios of direct vs. indirect polarization for different
radicals

The analysis of the ratios of direct vs. indirect polarization transfer
pathways for each radical, buildup time 7, and carbon of interest is
illustrated in Fig. 4. This is done by plotting Xindirect as a function of <, of
the experiment for each radical and for both C; and Cg of the 1-octanol
molecule.

Fig. 4a shows Xindirect for the methyl carbon of the 1-octanol molecule
for the hydrophilic radicals AMUPol and TOTAPOL as a function of tp.
The polarization builds up very quickly for both radicals, showing that
the indirect polarization transfer pathway is highly efficient throughout
the entire span of t,. Comparing the polarization transfer patterns for
different concentrations of AMUPol, an overall slight decrease of the
efficiency of indirect polarization transfer is observed with increased
concentration. This confirms that the addition of more polarizing agent
and therefore the statistic increase of spatial proximity lowers the
amount of indirect pathway polarization. This effect is in accordance
with what was observed by some of the authors earlier [25]. The
AMUPol samples show the most efficient polarization transfer via the
indirect pathway for the methyl group, illustrating a less efficient po-
larization transfer via the direct pathway in return. This suggests a large
distance between the aliphatic moiety of the 1-octanol molecule and the
polarizing agent, inhibiting an efficient direct transfer of polarization
from the radical to the Cg. It also demonstrates the high amount of dy-
namics the methyl group retains at low temperatures [27].

In Fig. 4b, the analysis is shown for the methylene carbon neigh-
boring the hydroxyl group of the 1-octanol molecule. For both AMUPol
and TOTAPOL, the indirect polarization builds up very quickly, reaching
a maximum after 4 s and decaying afterwards as the direct polarization
transfer pathway becomes the dominant one. Apparently, the indirect
polarization transfer pathway through the proton reservoir proceeds
faster than the direct polarization transfer from the radical to the C; via
the CE. This effect is observable despite the suggested closer proximity
of the hydrophilic radical to the C;. In this work, protonated 1-octanol as
well as a constant pW-source have been used. The relatively uniform
enhancement throughout the 1-octanol molecule observed for the 'H —
13C CP MAS DNP experiments show that hyperpolarization spreads
through the proton reservoir evenly. This means that it’s highly likely
that the proton reservoir surrounding the carbon atoms has been
hyperpolarized long before the actual measurements take place.
Considering the relatively small concentrations of the utilized polarizing
agents, it is statistically more likely for any carbon to be polarized via the
hyperpolarized proton reservoir. Therefore, the indirect pathway po-
larization is quicker to hyperpolarize the observed carbon atoms not
directly neighboring the polarization agent before dissipating
throughout the 1-octanol in the case of longer ty,.

For both AMUPol concentrations, a much smaller percentage of
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Fig. 4. Ratios of indirect polarization compared to the total signal intensity for the methyl group (panel a and c) and the methylene group neighboring the hydroxyl
group of the 1-octanol molecule (panel b and d) as a function of 7. The hydrophilic and hydrophobic radicals are displayed separately to facilitate interpretation.

indirect polarization transfer is observed at long T, compared to the
methyl carbon, pointing to a close spatial proximity of the AMUPol
radical to the C;. Considering that AMUPol is a highly hydrophilic
polarizing agent [39], it is to be expected to be found close to the hy-
droxyl group of the 1-octanol molecule, which explains the presented
findings. Additionally, the methylene group is less mobile than the
methyl group at the present temperatures [53], generally lowering its
affinity towards the indirect polarization transfer pathway.

TOTAPOL shows a generally low affinity for the indirect polarization
pathway for both investigated carbons (Fig. 4a and b). TOTAPOL is the
most flexible of the investigated polarizing agents (see Fig. 1 for struc-
tures of utilized polarizing agents) [40,41,46], which would usually lead
to the analyte molecules not being able to approach the radical as closely
as possible for more rigid radicals. This would lead to an increase of the
observed indirect channel polarization transfer [31]. A possible reason
for this behavior might be due to the inherent dynamics of the polarizing
agent disturbing the local supramolecular structure formed by the
1-octanol molecules, preventing the analyte molecule from forming the
usually observed micelles or ribbons [54-56]. Hence, a more glass-like
phase of 1-octanol might form around the TOTAPOL molecules, facili-
tating the direct polarization transfer and leading to the polarizing agent
being distributed more evenly in the relevant part of the solution.

Fig. 4c shows the ratios of the indirect polarization pathway for the
methyl group and the hydrophobic radicals, AsymPol and bTbK. Both
polarizing agents show comparable ratios of the direct vs. the indirect
polarization transfer pathway and a slow increase of the amount of the
indirect pathway polarization until a maximum is reached and the in-
direct polarization transfer pathway becomes less pronounced for long
buildup times (t, > 128 s). bTbK shows less indirect polarization
transfer than AsymPol initially. This finding suggests a proximity of the
bTbK molecules to the Cg, aiding a direct polarization transfer, which is
in agreement to bTbK being the most hydrophobic and therefore most
lipophilic polarizing agent investigated in this work [41].

The methylene group neighboring the hydroxyl group generally
shows a slow buildup when the hydrophobic radicals are utilized
(Fig. 4d). This points to an ineffective polarization transfer to the C; and
therefore a large distance between the radicals and the methylene group.

It is assumed that the methylene group takes part in the formation of
supramolecular structures and therefore is generally less accessible for
surrounding molecules [53,57], therefore impeding polarization trans-
fer of any kind. When a hydrophilic polarizing agent is employed, it is
probably able to insert itself somewhere close to the C; in this supra-
molecular structure, aiding the polarization transfer. In contrast to that,
the investigated hydrophobic polarizing agents are not able to disturb
the formation of supramolecular structures at the hydrophilic moiety of
the 1-octanol molecule.

After a buildup time of 16 s, the first signal of the C; can be observed,
which then displays a large amount of indirect polarization transfer.
Interestingly, the amount of indirect polarization transfer reduces for
bTbK with longer 7y, again suggesting that the direct polarization
transfer pathway becomes more dominant the longer the experimental
Tp is. As the buildup of the indirect polarization seems to be quicker than
the one of the direct polarization, it is possible that the decay is caused
by the indirect polarization reaching the C; and potentially dissipating
throughout the 1-octanol molecule before the actual spectrum is
measured.

Interestingly, AsymPol does not show the same decay of the indirect
polarization as it remains at a relatively constant level after the initial
buildup. As AsymPol was computationally devised to have a large
electron dipolar coupling between its two radical moieties, its defining
feature is a very short polarization buildup time [42]. This short buildup
time might lead to a constant repolarization of the proton reservoir,
which then repolarizes the investigated C; throughout the applied T,
therefore leading to a constant amount of indirect polarization reaching
the Ci.

3.4. Investigation of C; and Cg buildup times

To confirm the findings of the previous analysis, the direct buildup
times of the investigated carbons were determined under the influence
of the different radicals. Direct polarization transfer can only proceed
when the observed carbon is in the vicinity of the radical since natural
abundance homonuclear 1*C spin diffusion is inefficient [25]. Hence, the
length of the direct T}, time of a certain carbon atom in the 1-octanol



S.C. Doller et al.

molecule can be used to estimate its proximity to the polarizing agents.

Fig. 5 shows the determined direct T}, times for both the methylene
carbon C; and the methyl carbon Cg. The corresponding buildup curves
can be found in Fig. S1 in the Supporting Informations.

The methyl group shows a much quicker buildup than the methylene
group for all utilized polarizing agents, a phenomenon which is well-
documented and understood to be due to the rotor motions of methyl
end groups that remain active even at very low temperatures [14,19,27,
31].

AMUPol in 1-octanol (15 mM), the most hydrophilic radical used in
this work [39], shows the longest T}, time at the Cg and the shortest T},
time at the C;, indicating a spatial proximity of the AMUPol to the hy-
drophilic end of the molecule. Increasing the concentration of the
AMUPol to 40 mM and therefore increasing the average proximity of the
polarizing agent to the 1-octanol leads to a slight decrease of the T}, times
for the methylene carbon. Since an increased concentration of the
radical aids in the polarization transfer, this observation is expected
[33]. However, an increased concentration of AMUPol does not lead to a
significant decrease of the Ty, time for the methyl carbon. It is therefore
assumed that the AMUPol molecules strongly favor an orientation to-
wards the hydroxyl group of the 1-octanol, despite the heightened
concentration.

BTbK and AsymPol, the hydrophobic polarizing agents investigated
in this study [41,42], show significantly shorter T}, times for the Cg
compared to the much longer Ty, times for the C;, demonstrating that the
radicals are preferably located towards the aliphatic moiety of the
1-octanol molecule.

TOTAPOL, which is expected to behave similarly to AMUPol since it
also falls in the range of hydrophilic polarizing agents, shows T}, times
which lie closer to those of the hydrophobic radicals. Due to its dynamics
within the linker connecting the two radical moieties and therefore less
efficient overall polarization transfer [41], longer Ty times were ex-
pected for TOTAPOL at all positions of the 1-octanol molecule. For Cy,
this expectation has been confirmed as a long T}, time is observed for this
carbon despite the assumption that the hydrophilic TOTAPOL might
have an affinity for the position close to the hydrophilic moiety of the
1-octanol. However, for Cg, a shorter T}, time is observed compared to
the other hydrophilic radicals. Considering that the observed Ty, times
for TOTAPOL are not matching the ones observed for AMUPol, a rigid
hydrophilic biradical, the hypothesis of TOTAPOL’s dynamic disturbing
the local structure of the analyte 1-octanol and therefore leading to a
more glass-like 1-octanol phase with statistically distributed TOTAPOL
molecules might explain the unexpected behavior of the T times
observed for TOTAPOL.

4. Conclusion

DNP enhanced ssNMR of different radicals dissolved in the amphi-
philic 1-octanol was utilized to illustrate the influence of the choice of
polarizing agent and its properties on the observed polarization transfer
pathways. The polarizing agents AMUPol, bTbK, AsymPol and TOTA-
POL were investigated in this work. To achieve comparable results
across all samples, independent of radical concentration and amount of
sample used, a relative method was established to quantify the pro-
portion of indirectly transferred polarization expressed as a percentage
of the total signal intensity. Using this method, it could be shown that
the hydrophilicity of the polarizing agents plays a key role in which part
of the 1-octanol molecule is polarized via which polarization pathway.
AMUPol, a hydrophilic polarizing agent, preferably polarizes the hy-
drophilic moiety of the 1-octanol directly, while bTbk, a hydrophobic
polarizing agent, shows a stronger affinity towards directly polarizing
the aliphatic part of the 1-octanol. Interestingly, TOTAPOL does not
seem to favor the indirect polarization pathway for either of the inves-
tigated carbons. This observation is explained with the relatively low
rigidity of the TOTAPOL-molecule which allows a high degree of dy-
namics, therefore disturbing the otherwise rigid supramolecular
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organization of the amphiphilic 1-octanol molecules and facilitating the
direct polarization transfer in a glass-like 1-octanol phase around the
TOTAPOL molecules.

To confirm these findings, T}, times of the carbons of interests were
determined via the recorded saturation recovery experiments. For the
hydrophobic polarizing agents and the methyl carbon of the 1-octanol
molecule, short T, times were observed, indicating a very quick
buildup of polarization, suggesting a close proximity of these carbon
atoms to the radical. For the methylene group neighboring the hydroxyl
group, long T}, times are observed for the hydrophobic polarizing agents.
The hydrophilic polarizing agents are shown to lead to shorter Ty, times
for the methylene group of interest, lowering the time constant by their
affinity to the hydroxyl group. For the methyl carbon, longer Ty, times
are observed compared to the lipophilic polarization agents. Again,
TOTAPOL does not follow any trend that might be assumed from its
hydrophilic nature, constituting an exception to the trends observed in
this study.

The findings presented in this work lay the foundation of enabling
informed radical choices for specific samples. Especially in biological
samples like cellular components, which consist of large molecules or
molecules that are part of supramolecular structures, the presented
findings enable researchers to make informed choices of polarizing
agent targeting optimum polarization of the nuclei of interest.
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