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Dynamic nuclear polarization as well as NMR relaxation
dispersion measurements have been performed on liquid
solutions of TEMPOL radical in solvents with different
viscosity at a high magnetic field of 9.2 T. This allowed to
support the finding that local high frequency dynamics of
the radical-solvent complex substantially contribute to the
DNP enhancements at high magnetic fields in liquids.
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Abstract

Here we show how fast dynamics between radicals and solvent molecules in liquid solutions can be detected by comparison of
coupling factors determined by nuclear magnetic relaxation dispersion (NMRD) measurements and dynamic nuclear polarization
(DNP) enhancement measurements at high magnetic field (9.2 T). This is important for a theoretical understanding of the
Overhauser DNP mechanism at high magnetic fields and thus for optimization of the DNP agent / target system for high
resolution liquid state NMR applications. Mixtures of TEMPOL radical in solution with water, toluene, acetone and DMSO have
been investigated. The results are compared to the classical hard-sphere model and molecular dynamic simulations. Our results
clearly indicate that fast sub-ps dynamics, which are not related to classical rotational or translational motion of the molecules,
significantly contribute to the Overhauser DNP mechanism at high magnetic fields.

Introduction
It has been shown that Dynamic Nuclear Polarization (DNP) can significantly enhance NMR signals in solids even at high
magnetic fields'. The responsible mechanism for this polarization transfer in solids are the solid effect in the case of a spin S=1/2
1=1/2 system and the cross effect, if two radicals couple simultaneously to the nuclear spin. Fast dissolution of the solid after the
DNP polarization transfer allows to use this hyperpolarization for *C MRI and MRS applications in liquids”. Subsequently also
surprising large DNP enhancements have been observed in liquids at magnetic fields of 9.2 T (corresponding to 400 MHz proton
NMR frequency)**. In this case the DNP enhancement is based on the unbalance of the cross-relaxation rates (zero-quantum and
double quantum) between nuclear and electron spin and the mechanism is called Overhauser effect’. The Overhauser
enhancement can be written as: B < Iz> _ Io .
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where 7, and y, are the gyromagnetic ratios of the electron and the nucleus, respectively; i.e. y,/y, = -660 for a proton spin, f=1-
Tys/ Ty is the leakage factor, which can be determined from the nuclear 7 relaxation time in presence (7';;5) or absence (77;) of
radicals in the solution. It denotes how much of the relaxation of the nuclear spin is caused by the radicals (f=1 for 100%, f=0 for
0%). The saturation factor s describes how well the electron spin system is saturated by the resonant microwave (MW) irradiation,
ranging again from 0 (no saturation) to 1 (full saturation). The last parameter £is called the coupling factor. While f can be
optimized by varying the concentration of the radical and s by applying enough microwave power, the coupling factor & depends
on the strength and dynamics of the coupling between electron and nuclear spin and cannot be easily controlled. For magnetic
dipole-dipole coupling, which is usually the dominant coupling for radicals and proton nuclear spins of solvent molecules, the
maximum coupling factor is £=0.5. This yields a maximal theoretical enhancement of -330 for proton nuclear spins. Whereas the
leakage factor f'can be easily determined by NMR experiments, the saturation factor s is more difficult to access at high magnetic
fields in solutions. We found recently that for high radical concentrations the quenching of the paramagnetic shift can be used to
determine this value®. The coupling factor & can be calculated from the spectral density function J(w) of the dipolar interaction
by:
5-J(w,)
£= s

3-J(w)+7-J(o,) 2
where o, and @y are the electron and nuclear spin Larmor frequencies, respectively. Within the force-free hard sphere model’ the
spectral density function for translational diffusion can be expressed by:

~ 1+52/8+2%/8
J(w,7)= 3
(@.7) l+z+2°/2+2° /16+4z*/81+2°/81+2°/648 )
with z=2 rD)I/ 2 and the diffusion correlation time 7, given by:
dZ
= “)

with D being the sum of the diffusion coefficients of the radical and the solvent molecule and d the distance of closest approach
between electron and nuclear spin. More sophisticated models also include an inner-sphere contribution from the rotation of the
transient radical-solvent complex with a rotational correlation time z;°. The respective correlations times can be determined from
the field dependence of the solvent proton relaxation dispersion (NMRD) profiles®’.

Recently we could show that the DNP enhancement at a magnetic field of 9.2 T of a solution of TEMPOL in water could be
quantitatively modelled by the translational motion of the nitroxide and water molecules and an additional contribution arising
from a fast motion, which could be modelled within the classical force-free hard-sphere model by a fast inner-sphere rotation of
the complex’. Molecular dynamic simulations of TEMPOL in water also suggested contributions from fast local dynamics of the
TEMPOL-water complex'®. Here we extended this study to the solvents acetone, toluene and DMSO. Despite the fact that these
solvents have rather different viscosity and diffusion rates, substantial DNP enhancements have been observed for all solvents.
Comparison of the high field DNP enhancements with the NMRD measurements allow us to conclude that additional fast
dynamics of the radical-solvent complex contribute substantial to the coupling factor at high magnetic fields.

Results and discussion

Solutions of TEMPOL (4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl) radical with the solvents shown in Scheme 1 were
prepared with different radical concentrations (5 mM-1 M). Samples were filled in the respective capillaries for NMR, EPR or
DNP experiments without degassing.

CH3
ﬁ 0
/S\ )k
CHj CH3 CHjz CHj
DMSO Acetone Toluene
0.73:10° m’s™! 4.57-10° m’s™! 2.27-10° m’s’!
189 °C 57°C 111°C

Scheme 1 Solvent molecules used in this study together with their diffusion coefficients at 25 °C and their boiling points in °C.
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Because of the rather different diffusion coefficients of the solvents, different EPR spectra and DNP enhancements are expected at
high magnetic fields. Figure 1 shows CW-EPR spectra taken at 180 GHz (G-band) for 40 mM "“N-TEMPOL concentrations
recorded at a temperature of 25 °C.

DMSO

Acetone

Toluene

T T
6395 6400 6405 6410
Magnetic Field (mT)

Figure 1 180 GHz CW-EPR spectra of 40 mM “N-TEMPOL in DMSO, acetone and toluene samples (not degassed) recorded at room

temperature. The picture shows the varied line shape broadening for all three solvents, due to the different Heisenberg exchange rates.

The linewidth is affected by the presence of paramagnetic oxygen in the sample. Whereas in the case of DMSO the amount of
dissolved oxygen is negligible (0.034 ml O,/ml solvent)'' this is not the case for acetone (0.207 ml O,/ml solvent)'? and toluene
(0.186 ml O/ml solvent)'®. However at high fields the contribution of oxygen to the linewidth is less pronounced than at 9 GHz
(X-band) frequencies where even a small amount of paramagnetic oxygen affects the linewidth strongly. The main difference of
the line shape for the different solvents thus comes from Heisenberg spin exchange, demonstrating the rather different
translational dynamics of the different solutions. We extracted spin exchange rates from linewidth broadening as a function of
radical concentration at X and G-band frequencies. Values for the exchange rate of k= (2.7£0.1)-10° M''s™!, (11.2£0.2)-10° M"
's and (8.8£0.3)-10° M's™! for DMSO, acetone and toluene, respectively, were determined at 25 °C. At higher temperature and
concentration the three lines collapse into a single line which narrows further before finally dipolar line broadening occurs at very
high concentrations (see Supplementary Information).

The DNP experiments were performed over a broad range of “*N-TEMPOL radical concentrations: from 5 mM up to 1 M in the
case of DMSO and acetone or up to 200 mM in the case of toluene. Figure 2 shows DNP experiments performed on a samples
doped with 1 M of "*N-TEMPOL in DMSO (Figure 2A, 30 um ID capillary size), in acetone (Figure 2B, 20 pm ID capillary size)
and in toluene (Figure 2C, 50 um ID capillary size). The irradiation MW power was approximately 450 mW at all experiments,
corresponding to a B, field of 3 G. All microwave pumped signals show a strong negative enhancement, as expected for dipolar
coupling. Enhancement factors ¢ are -29, -33 and -18 for DMSO, acetone and toluene, respectively.
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Figure 2 Normalized 'H-NMR spectra to single scan of 1 M "“N-TEMPOL in DMSO (A), acetone (B) and toluene (C) with (lower spectrum —
128 scans) and without (upper spectrum — 2048 scans) MW irradiation of the sample, respectively. Spectral intensities are normalized to number
of scans, respectively. An integrated enhancement of -29, -33 and -18.3 can be observed on the corresponding proton signals. The inset shows the
reference spectrum without irradiation enlarged by a factor of 100 for comparison, except toluene (C) where detail of the enhanced aromatic ring
is shown. The peak at -4 ppm arises from solvent outside of the MW-resonator and is therefore not enhanced.

Notably, while the signal from outside of the MW cavity remains unchanged at the same position, the DNP enhanced signal
significantly changes its position with respect to the reference signal as indicated by the arrows in the figure. This shift, as already
explained in our previous work on water®, is caused by a combination of MW heating and strong paramagnetic shift'* induced by
the high radical concentration. Therefore it is important to know temperature as well as saturation factor for a quantitative
evaluation of the DNP results. Whereas in DMSO and acetone we resolve only the signal from the methyl groups, in the case of
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the toluene sample (Figure 2C) we were able to resolve all three signals, even if the resolution of the DNP probe is not optimal
yet. We observe two signals from hydrogen’s bound to the aromatic ring and one signal from the methyl group (aliphatic
hydrogens). The overall integrated enhancement of the ring protons is slightly larger compared to that of the methyl groups
(Figure 2C). In Figure 3, the measured NMR signal enhancements for all three samples are shown as a function of applied
microwave power.
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Figure 3 The DNP enhancement plotted against the incident MW power for a 1 M “N-TEMPOL in DMSO (A) and acetone (B), and 200 mM
“N-TEMPOL in toluene (C) samples. Capillary sizes: 100 (#), 50 (A), 30 (W) and 20 um (%).

In all cases the enhancement rises monotonically with increasing microwave power, due to increased temperature of the sample.
Saturation of the EPR transition is achieved for these concentrations of radicals already much earlier, as reflected by the
suppression of the paramagnetic shift as a function of microwave power (see Supplementary Information). Therefore the
saturation factor is s=1.

The leakage factor was measured for all solvents and concentrations in the temperature range where DNP experiments were
performed. Table 1 shows leakage factors at room temperature (25 °C). Despite the fact that again all solvents exhibit different
concentration dependence of the leakage factor, for concentrations above 100 mM the leakage factor under DNP conditions is f~1
for all solvents and experimental temperatures (more information in Supporting Information). The estimation of the saturation
factor and of the leakage factor is important (see Eq. 1) for determining the coupling factors related to the measured DNP
enhancements ¢. In this way, the coupling factors obtained from DNP and NMRD measurements can be quantitatively compared.

200 mM 100 mM 40 mM 20 mM 5 mM
DMSO 0.99 0.98 0.95 0.89 0.69
Acetone 0.98 0.93 0.85 0.62 0.26
toluene
) 0.98/0.99 | 0.96/0.98 | 0.91/0.94 | 0.85/0.89 | 0.58/0.67
CHjs/ring
Water 0.99 0.98 0.95 0.90 0.66

Table 1 Measured leakage factor fas a function of “*N-TEMPOL concentration at 25°C for used organic solvents as well as for water.

NMRD measurements performed at temperatures ranging from 25°C to boiling temperature for all three solvents are shown in
Figure 4.
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Figure 4 Solvents 'H relaxivity profiles for solutions of “N-TEMPOL in DMSO (A), acetone (B) and toluene (C) are shown at different
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temperatures ranging from 25 to 80 °C. Best fit profiles from the outer-sphere model are also shown as lines.
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All dispersion profiles were fitted in a first step by using outer-sphere relaxation only. In this case the free parameter is the
translational correlation time 7, and the relaxivity is given by:

R w10+ 30(05.7,) ©

¢ being the concentration of radicals, C a constant® and R, the longitudinal nuclear spin relaxation rate. The fits to the
experimental dispersion curves are rather good, although not perfect for DMSO and toluene. The resulting fit parameter 7z, is
reported in Table 2 for all solvents and two temperatures (Model A). Slightly better fits for DMSO and toluene could be achieved
by introducing an additional spectral density from inner-sphere contributions of the transiently formed radical-solvent complex
(Model B, data and fits shown in the Supplementary Information). The rather small differences in the NMRD fits for these two
solvents mainly show up in the region between 20-200 MHz proton Larmor frequencies. Note that the data points above 100 MHz
are taken in a non-classical way by relaxation measurements on NMR spectrometers at the respective proton Larmor frequencies,
leading to larger variations and errors of these data points. For the inner-sphere contributions a Lorentzian spectral density with a
correlation time 7. was considered, with a temperature dependence given by:

7. =A-exp(B/T) 7
The values for outer-sphere diffusion correlation time 75 and inner-sphere correlation time 7z, are reported under Model B in Table
2. All best fit parameters are reported in the Supplementary Information. Notably, the diffusion coefficients obtained from the best
fit of the NMRD profiles (see Tables S1-S3) are in agreement with the values expected for the different solvents. For comparison
also the values for water as solvent are given in Table 2. For water satisfactory fits of the NMRD dispersion curves could only be
obtained by taking also inner-sphere dynamics into account®. For all solvents a strong decrease of both correlation time’s 7, and
7 (about a factor of 2-3) could be observed by an increase of the temperature by 55°C. For acetone, because of the low boiling
temperature, only a temperature increase of 30°C could be achieved, resulting in a much lower factor of 1.35 only. Thus,
increasing the temperature by heating strongly affects the coupling factor £ and therefore the achievable DNP enhancement &, as a
result of the decrease in the correlation times.

Solvent Molecule Model Temperature [K] Trans. corr. time 7p Inner sphere corr. time 7¢ [ps]
[ps]
DMSO A 298 115 -
DMSO A 353 41 -
DMSO B 298 129 1.57
DMSO B 353 46 0.55
DMSO C 298 127 3.71
DMSO C 353 46 0.29
Acetone A 298 23 -
Acetone A 328 17 -
Toluene A 289 43 -
Toluene A 353 24 -
Toluene B 298 49 1.54 (4)
Toluene B 353 28 0.92 (2)
Water B 298 30 17
Water B 353 11 4

Table 2 Fit parameters of the NMRD profiles. Model A represent fits with only outer-sphere diffusional motion with correlation time 7, , Model
B with additional inner-sphere complex motion with an additional correlation time 7c. In model B, the increase in the paramagnetic enhancement
is proportional to %, n/r, where n, is the number of protons at distance r; from the paramagnetic center. Due to the six-power dependence, protons
at shortest distance are those providing the largest contribution. Further data are given in the Supplementary Information.

The comparison of the coupling factors predicted from the fits of the NMR dispersion curves and from the DNP enhancements
(by taking the saturation factor s and leakage factor f'explicitly into account) is shown for DMSO, acetone and toluene in Figure
5.
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Figure 5 Comparison of coupling factors & calcuated from DNP enhancement (in black) and from NMRD (outer-sphere model A in blue, outer-
sphere and inner-sphere model B in red, model C as explained in the text in green) as a function of temperature. Left: DMSO, Middle: Acetone,
Right: Toluene.

Interestingly, while for the low viscosity solvent acetone the coupling factors extracted from DNP and NMRD measurements
agree very well without taking into account any effect from fast 7. inner-sphere contributions, for the higher viscosity solvents
DMSO and toluene inner-sphere fast dynamics of the complex must be explicitly taken into account. However, in the case of
DMSO, the NMRD predicted coupling factors are clearly somewhat larger than the DNP determined coupling factors. We have
then fit the NMRD profiles without imposing Eq. 7 and found that an almost equally good fit can be obtained (see Model C in
Table S5, S6, S7 and Figure S13, S14) providing NMRD-derived coupling factors in nice agreement with the DNP data (Figure
5A). In summary, for DMSO and toluene the fast dynamics of the solvent-radical complex compensate the much lower efficiency
of the diffusional dynamics, and contribute significantly to the overall coupling factor and therefore DNP enhancement observed
for these solvents. Despite the fact that this high frequency dynamics only contribute rather weakly to the NMR disperson curves
they are essential to explain the high enhancements observed for these two solvents and to get consistent interpretation of DNP
and NMRD experiments.

It is interesting to compare the coupling factors & calculated from experimental magnetic resonance experiments with the ones
extracted from MD simulations'>'®. For toluene solutions at room temperature MD simulations predict a coupling factor at 9.2 T
magnetic field of 0.019 to 0.02 for methyl and ring protons, respectively. These values agree very well with the coupling factors
calculated from DNP enhancements and from the values predicted from NMRD measurements assuming outer-sphere and inner-
sphere relaxation. The small difference of 10% between ring and methyl protons is beyond the accuracy of the DNP
measurements, but indeed a slightly larger enhancement could be observed for the ring proton peaks (Figure 2). Higher DNP
enhancement of the ring protons have also been experimentally observed at lower magnetic fields of 0.3 T'” and 3.4T'%. At low
radical concentrations (< 5 mM) and low magnetic field (0.3 T) higher enhancements were found in toluene compared to water as
solvent. The reason are favourable saturation and leakage factors for toluene under these experimental conditions, whereas the
extracted coupling factors at such magnetic fields was found to be about 30% lower for toluene compared with water, in good
agreement with predictions from our NMRD measurements and MD simulations'®. Interestingly the situation is opposite at high
magnetic field of 9.2 T: here the leakage and saturation factor at SmM radical concentration is slightly less favorable in toluene,
whereas the coupling factor is higher for toluene compared to water. This demonstrates that different dynamics contribute to the
DNP enhancement at different magnetic field strengths. At low magnetic fields translational diffusion (see Scheme 1 for rates)
plays the dominant role, leading to a larger coupling factor for water compared to toluene. At high magnetic fields the very fast
inner-sphere dynamics of the nitroxide-toluene complex (compared to the nitroxide-water solution) contributes significantly to the
coupling factor (Table 2 and Supporting Information). The rotational correlation times for nitroxide radicals in toluene extracted
from cw-EPR spectra recorded at 9 and 260 GHz are longer than the inner-sphere correlation times necessary to explain our
coupling factors at 260 GHz (see Supporting Information). DNP measurements performed at 94 GHz (3.4 T magnetic field)'®
achieved a maximal enhancement of -45, again in rather good agreement with the respective coupling factors extracted from
NMRD or MD'® data (assuming /=1 and s=1).

Also for DMSO as solvent very fast inner-sphere dynamics are essential to explain the DNP enhancements at high magetic fields.
In this case inner-sphere correlation times somewhat lower as obtained from the best fit to the NMRD profiles have to be assumed
to achieve satisfactory agreement with NMRD and DNP data simultaneously. Nevertheless also these correlation times are much
shorter than the rotational correlation times extracted from cw-EPR measurements (see Supporting Information). Similar
discrepancies between rotational correlation time and inner-sphere dynamics have also been observed for TEMPOL in ethanol at
3.4 T magnetic field'. It can be speculated that low frequency vibrational or librational dynamics of the transient radical-solvent
complex might be the source of these fast dynamics modulating the electron-nuclear spin hyperfine interaction on a short ps to
sub-ps time scale, which are especially important for the DNP coupling factor at high magnetic fields and which are not modeled
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well within the approximations made by the force-free hard-spere model'®

a more atomistic understanding of such fast local dynamics.

. Molecular dynamic simulations might allow obtaining

Experimental

CW-EPR measurements were performed with our home built G-band EPR spectrometer operating at a frequency of 180 GHz and
a magnetic field of 6.4 T*.

DNP experiments were performed on a setup, which consists of a commercial 400 MHz NMR spectrometer (Bruker Advance),
equipped with a home built EPR bridge operating at 260 GHz for electron spin excitation?'. The sample were filled in quartz
capillaries (Polymicro) with 100, 50, 30 or 20 pm inner diameter (ID) and an outer diameter of 150 um and sealed with wax at
both ends. They are placed inside a home built double resonance DNP probe with a cylindrical TE; microwave resonator which
also acts as resonant helical coil for the NMR excitation (260 GHz/400 MHz). The length of the MW cavity is approximately 1.6
mm, leading to effective sample volumes of 13, 3, 1.1 or 0.5 nl respectively. Microwave excitation with power of up to 500 mW
was achieved by a gyrotron source. The DNP enhancements were determined by taking the 'H FT-NMR spectra of the samples
with and without continuous wave (CW) MW irradiation of the central hyperfine line of the '“N-TEMPOL nitroxide spectra,
respectively. Integrated proton NMR signals were used to calculate the DNP enhancement factor & The temperature is a critical
parameter in the DNP experiments because of sample heating by the microwave excitation. We determine the sample temperature
of the tiny DNP samples under microwave irradiation by the temperature dependent chemical shift difference (AS) between the
CH, and OH group of ethylene glycol’. We added 10% of ethylene glycol to pure solvent samples and recorded the shift
difference (Ad) as a function of temperature using the Bruker BBI probe. Subsequently, AS was monitored in the DNP resonator
under microwave irradiation, allowing determination of the sample temperature at a given microwave power. We observe a very
strong MW heating in the case of acetone (similar to water) and smaller microwave heating with the other two solvent. We
estimate the error in the temperature determination by this method to be less than 10%. While we could use ethylene glycol as
“chemical shift thermometer” in the case of DMSO, acetone and water, this method failed in the case of toluene, because of
insolubility. Unfortunately, also methanol as a substitute for ethylene glycol could not be used successfully because NMR signals
outside the MW resonator overlapped with the methanol lines. However toluene, from all above mentioned solvents, has the
lowest dielectric constant and therefore very low MW heating. Altogether with the knowledge gained on the other solvents we
could estimate the temperature of toluene to be below 60°C even under high microwave excitation power. This is also confirmed
by DNP experiments performed with different ID capillaries (as shown in in Figure 2C). For the two smaller capillaries (30 and
50 um) we see the same rise of the enhancement upon applied MW power, demonstrating that we see only a rise due to a change
in the saturation factor and not by an elevated temperature for such capillary sizes. In the largest capillary (100 pum) we see a step
in the enhancement curve which is also observable in the paramagnetic NMR shift measurements (see Supplementary
Information). This might be due to detuning of the microwave resonant cavity by heating or convection flow in the larger
capillary size. Due to the larger dielectric losses in DMSO and acetone, we performed all the DNP experiments in 20 pm and 30
um ID capillaries (Fig. 2A and 2B). DMSO shows the expected trend, where the enhancement in larger capillary rises faster than
in the smaller one, due to heating. However this is not the case with acetone, where we see the opposite effect due to different
saturation behaviour (see Supplementary Information).

Relaxation time measurements were performed with a commercial 400 MHz liquid state probe (Bruker BBI). Longitudinal
relaxation rates at magnetic fields ranging from 0.01 to 40 MHz proton Larmor frequency were measured using the field cycling
technique with a high sensitive relaxometer (Stelar Spinmaster FFC-2000-1T). Errors in the measurement of the relaxation rates
are below 1%. Proton relaxivity is calculated by subtraction of the relaxation rates of the buffer from the relaxation rate of the "*N-
TEMPOL solution, and normalization to the radical concentration. High frequency relaxation rates at higher frequencies (250,
400, 500 and 950 MHz) where measured on separate NMR spectrometers.

Conclusion

DNP and NMRD experiments on solutions of TEMPOL radical in DMSO, acetone and toluene have been performed. The
coupling factors & extracted from these measurements range between 0.005 and 0.02 at room temperature, despite their order of
magnitude different viscosities and diffusion constants. Thus, large proton Overhauser DNP enhancements in the range of 10-50
have been observed for all three solvents.This is in line with experimental results on the polarization transfer efficiency from
TEMPOL to water® or other molecules as pyuvate, lactate and acetate in aqueous solution?’. In all these cases substantial DNP
enhancements could be observed at a high magnetic field of 9.2 T. A combination of the two methods allow to highlight and
quantify the significant contribution of fast dynamics of the radical-solvent complex to the coupling factor at high magnetic fields
not related to viscosity and translational diffusion coefficent of the solvent and radical molecule. Molecular dynamic simulations
might give more insight into the molecular origins of these fast dynamics and allow to make predictions for optimization of the
DNP agent/target system for a given magnetic field strength. These findings also allow to speculate that liquid state Overhauser
DNP polarization transfer might be efficient and useable at even higher magnetic field strengths, supposed that the technical
problems related to MW sample heating can be solved.
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