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To understand the dynamic nuclear polarization (DNP) enhancements of biradical polarizing agents, the
magnetic resonance parameters need to be known. We describe a tailored EPR approach to accurately
determine electron spin—spin coupling parameters using a combination of standard (9 GHz), high (95 GHz)
and ultra-high (275 GHz) frequency EPR. Comparing liquid- and frozen-solution continuous-wave EPR
spectra provides accurate anisotropic dipolar interaction D and isotropic exchange interaction J parameters
of the DNP biradical AMUPol. We found that D was larger by as much as 30% compared to earlier estimates,
and that J is 43 MHz, whereas before it was considered to be negligible. With the refined data, quantum
mechanical calculations confirm that an increase in dipolar electron—electron couplings leads to higher
cross-effect DNP efficiencies. Moreover, the DNP calculations qualitatively reproduce the difference of
TOTAPOL and AMUPol DNP efficiencies found experimentally and suggest that AMUPol is particularly
effective in improving the DNP efficiency at magnetic fields higher than 500 MHz. The multi-frequency
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resonance properties is critical for the design and analysis of
current high-field DNP approaches. Here we show that for
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Dynamic nuclear polarization (DNP) has become an established
method to enhance signal intensities in NMR and MRL>” For
solid-state NMR (ssNMR) DNP, biradicals that follow the cross-
effect (CE) polarization transfer mechanism have been proven to
be advantageous to mono-radicals.> An important step forward in
their use for applications in biosolids and materials was achieved
with the design of TOTAPOL.® However, later work showed that
TOTAPOL has a relatively flexible structure which complicates
fulfilling the frequency-matching conditions required for an effi-
cient CE mechanism.” In addition, recent years have shown that
besides the molecular structure and rigidity, several other factors
such as the electron spin relaxation times T;. and T, are critical
for the CE efficiency.>"® Hence the determination of reliable
molecular parameters that determine the biradical magnetic
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AMUPol™ (Fig. 1), one of the currently most promising agents,
we can determine reliable magnetic resonance parameters using a
combined very high (275 GHz) and high-frequency (95 GHz)
multifrequency electron paramagnetic resonance (EPR) approach

o
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Fig. 1 Chemical structure of AMUPO|, see the inset at the top, and illustration
of the direction of the parallel component of the dipolar tensor (D), in the
present work defined as D,,, and the g-tensor axes (g.. g, and g), inset bottom.
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to ensure the maximal resolution of the spectral features, leading
to optimal sensitivity to the electron spin-spin coupling para-
meters. This method is universal, and particularly useful in cases
where the dipolar interaction is too large for pulsed EPR methods
that have a proven track record for determining spin-spin inter-
actions in other systems, for example, see ref. 11 and 12.

The synthesis of AMUPol and liquid solution, 9 GHz EPR and
density functional theory (DFT) results were described by Sauvee
et al."® Because of its good water solubility, AMUPol has successfully
been used both in the field of life science, for example to study
membrane proteins™> "> and cellular systems'®” and for (bio)-
material science applications including ceramics,'® organosilanes'
and intact diatom biosilica.*® Therefore the precise biradical mag-
netic resonance properties and the nitroxide-nitroxide orientation of
AMUPol are of great interest. In a previous study,>' we measured the
electron-spin relaxation parameters of AMUPol and calculated DNP-
enhancements based on estimated electron spin-spin coupling
parameters. Here we determine these parameters experimentally,
and compare them with the results of a liquid solution 9 GHz
EPR study that appeared very recently.**

We used solution conditions that matched the solvent mixture
in ssSNMR-DNP experiments to ensure that the EPR parameters
found are relevant for the DNP experiments (for details, see the
ESIt). To determine the anisotropic dipolar interaction D and the
isotropic exchange interaction J we conducted multi-frequency
EPR experiments by comparing liquid- and frozen-solution
spectra. For other DNP relevant biradicals, 9, 140 and 180 GHz
EPR’>**"*7 studies were reported. Here, we measured experi-
mental EPR spectra at 275 GHz on a laboratory-designed
spectrometer described earlier,”®° and 95 GHz and 9 GHz
EPR on standard instrumentation (see the ESIT). Simulations
were performed using Easyspin.®!

Materials and methods
275 GHz EPR

The 275 GHz EPR spectrum in frozen solution was measured on
7 mM AMUPol in a Dg-glycerol/D,0O/H,O mixture with a volume
ratio of 60/30/10 at a temperature of 100 K with a modulation
amplitude of 0.12 mT at a modulation frequency of 1.7 kHz,
with a total measurement time of 10 min. For room tempera-
ture EPR at 275 GHz, a special narrow tube with an inner
diameter of 50 pm and an outer diameter of 250 um was used for
a 1 mM AMUPol solution. The temperature was 292.5 + 0.3 K
and the cryostat was purged with nitrogen gas. The modulation
amplitude was 0.3 mT and the total measurement time was
1.5 h. The AMUPol spectra at this frequency were measured by
cw-EPR to avoid line-shape distortion by anisotropic relaxation
effects in echo detected EPR spectra.

95 GHz EPR

The spectrum at 94.0 GHz was obtained using an ELEXSYS
E680 spectrometer (Bruker, Rheinstetten, Germany), with a
laboratory-designed cavity on a 1 mM solution of AMUPol in
the Dg-glycerol/D,0/H,0 mixture (see above). The measurement
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conditions were: a temperature of 120 K, a microwave power of
0.15 pW, a modulation amplitude of 0.2 mT at a modulation
frequency of 6 kHz and a total measurement time of ~180 min.

9 GHz EPR

Spectra at 9 GHz were obtained using the ELEXSYS E680
spectrometer (Bruker, Rheinstetten, Germany). For the frozen
solution spectra, a rectangular cavity was used. The measure-
ment conditions were: a temperature of 120 K and a microwave
power of 16 uW. The liquid-solution spectra were obtained at
292 K using a super-high Q cavity (ER-SHQE), a microwave
power of 0.8 mW, on 1 mM solutions of AMUPol. The modulation
amplitude was 0.1 mT at a modulation frequency of 100 kHz;
the total measurement time was 50 min for liquid and frozen-
solution spectra.

Simulations of the EPR spectra

All simulations were performed with the EasySpin package®'
using the approaches and functions described in the ESL¥

Results and discussion

The frozen-solution EPR spectra (Fig. 2a—c) were recorded under
the conditions used for DNP experiments, in particular, in the
Dg-glycerol/D,0/H,0 mixture typically used for DNP, and at
temperatures close to the DNP temperature of 100 K. The exact
parameters are specified for each spectrum in the Materials and
methods section. These frozen-solution spectra show the increase
in resolution upon moving from 9 to 95 and 275 GHz. Even in the
95 GHz EPR spectra (Fig. 2b) there is a partial overlap of the g,
and g, features with the central g, feature, and only at 275 GHz
(Fig. 2a), the ultra-high frequency we use here, all three spectral
features are fully spectrally separated, making it easier to find
starting parameters for the simulations and avoid ambiguities in
parameter combinations. At 275 GHz, the g,, feature, in which
monoradical-nitroxide compounds split into three lines,**?
shows a more complex splitting pattern, which we attribute to
the spin-spin interaction, and interpret below by spectral simula-
tions. The AMUPol spectra have narrower bands and appear to be
more structured than those of TOTAPOL at lower frequencies’
and at 275 GHz,*' suggesting that AMUPol has a more defined
conformation than TOTAPOL.

To discriminate isotropic from anisotropic interactions,
liquid-solution spectra were recorded (Fig. 2d and Fig. S1,
ESIT). Reliable information on the isotropic exchange coupling
J is derived from the 9 GHz EPR spectra recorded under low-
viscosity conditions (Fig. 2d). Under these conditions, a nitroxide
biradical with negligible J would have three equal-intensity
lines, separated by the isotropic hyperfine coupling constant
(4iso) of the electron spin with the "N nucleus of the nitroxide.
Therefore, the multiline spectrum (Fig. 2d) is direct evidence
that J has a finite value, a conclusion also reached in a recent
publication, showing a similar liquid solution 9 GHz EPR
spectrum.?” Similar lineshapes have been observed by Ayabe
et al.** for other biradicals.
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Fig. 2 Frozen solution (a—c) and room-temperature EPR (d) spectra recorded at 275, 95 and 9 GHz with simulations in red. (d) Room-temperature EPR
spectrum of AMUPol at 9 GHz in water with less than 2% residual glycerol.

Simulations of the spectra shown in Fig. 2 and Fig. S1 (ESIY)
were performed with one set of parameters, designed to fit the
AMUPol spectra under all field/frequency and sample conditions
investigated. The parameters used are described in the ESI} in
detail and the g-, hyperfine- and dipolar tensors (G-, A-, and D-
tensors) and exchange interaction (J) parameters are given in
Table 1. Overall, the simulations fit well to the spectra (see Fig. 2
and Fig. S1, ESIf), in particular line positions and splitting
patterns are well reproduced (for details, see the ESIt).

Because of the high resolution, ultra-high frequency EPR
provides superior sensitivity of spectra to the D and g-tensor
parameters, because all spectral features are clearly separated
in the spectra (see Fig. 2a). As shown in the ESIf this also
applies to the relative orientations of the tensors, which relate
to the conformation of the molecule. Combining with multi-
frequency EPR reduces the ambiguity in the spectral lineshape
simulation. We show that according to the magnetic resonance
parameters the two nitroxides of AMUPol are identical, and

Table 1 Parameters of AMUPol obtained from the simulations of EPR
spectra

G A(**N)/MHz D/MHz J/MHz
Measured
xx 2.0094 27.0 —53.0
»y 2.0061 37.0 +26.5
2z 2.00205 94.3 +26.5
iso — — — +43
Estimated'®**
xx 2.00988 18.2 —35.0
y 2.00614 18.8 +17.5
2z 2.00194 92.4 +17.5
iso — — — 0

“ Simulations were performed with the following orientation of the
D-tensor with respect to the G-tensor: the D-tensor unique axis (Dpy) is
rotated by 50° away from the x-axis of the G-tensor, in the x-y-plane i.e.
towards the y-axis of the G-tensor (for details see the ESI).

This journal is © the Owner Societies 2017

that the molecule has an extended conformation (see Fig. 1).
Satisfactory simulations are obtained with a single conforma-
tion, in marked contrast to TOTAPOL.®”’

Table 1 shows the simulation parameters, which are also
compared to those estimated for AMUPol used previously in Mance
et al>* The D-value is 30% larger than previously assumed. Also, an
isotropic J, assumed to be negligible in our previous study and only
very recently deducted from liquid-solution 9 GHz experiments,** is
clearly seen in the data. The dipolar spin-spin interaction, D, from
which a distance between the spins of 12.5 A results, is in good
agreement with the DFT optimized structure of AMUPol reported
by Sauvee et al.'® In ref. 22 two magnetic resonance parameters
were determined: 4;s,, the average of the principal components of
the A-tensor, and the exchange interaction J. For comparison of the
respective values, see the ESLT

To assess whether the differences in magnetic resonance para-
meters listed in Table 1 are relevant for explaining the experimen-
tally observed DNP enhancements, we performed simulations in
the framework of the approach described in the study of Mance
et al.,”* where it was shown that a good agreement between DNP
enhancements from simulations and experiments is obtained
when relatively weak hyperfine interactions are considered. All
simulations are carried out at maximum positive DNP enhance-
ments. Similar to our previous treatment, we considered two
electron spins and one spin-1/2 nucleus, but we added an
additional term to the Hamiltonian reflecting the exchange
coupling J between the electrons as described in the ESI{

As before,”" we observed a steady increase in DNP efficiency
(Fig. 3a) when increasing the hyperfine interaction (HFI) from
0.023 MHz (black squares) to 3 MHz (green triangles), and the larger
electron—electron coupling parameters measured in the present
study by multi-frequency EPR (see Table 1) yield enhancements
that are larger by 12-30% at high fields (Fig. 3a). In line with
previous experimental data, we found a superior performance
of AMUPol compared to TOTAPOL. To examine this aspect in
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Fig. 3 Field-dependent DNP simulations for different hyperfine interactions
and their comparison to experimental results, which were recorded at 8 kHz
MAS at 100 K. (a) Calculated DNP enhancement factors based on estimated
AMUPol parameters'®?* (dotted lines) and AMUPol parameters measured
in the current study (solid lines), for different hyperfine interactions (HFls).
(b) Calculated relative AMUPol/TOTAPOL enhancement factors ez using
estimated (dotted lines) and experimentally determined (solid lines) spin para-
meters. Stars stand for measured enhancement factors that were obtained
on isotope-labeled proline with a 10 mM biradical concentration. While
data plotted at 400 and 600 MHz were taken from ref. 10, the data point at
800 MHz was obtained using similar experimental conditions (i.e. MAS rate,
temperature) in the 800 MHz/527 GHz DNP setup in our own laboratory.
In our simulations, 343 orientations were calculated and an MAS rate
of 8 kHz was used.

further detail, we computed the relative enhancement factors
¢r = §(AMUPoI)/¢(TOTAPOL) (Fig. 3b).

Only when using the newly determined EPR parameters
(Table 1), the DNP simulations predict a significant variation in
er between 2.5 and 4.75 for the considered magnetic fields and
hyperfine couplings, as observed experimentally (stars in Fig. 3b).
In line with our previous observation,” a hyperfine coupling of
0.023 MHz (corresponding to an electron-nuclear distance of
approx. 13 A) best fits the experimental observations. Previous
work®>?® indicates that depolarization effects decrease at larger
radical concentrations (leading to lower Ty, and Ty, values) and
higher magnetic fields. Such conditions apply to our experimental
DNP data and we therefore neglected depolarization effects.

Additional simulations (Fig. 4) reveal that the improved
performance of AMUPol at 600 MHz and higher magnetic fields
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Fig. 4 Effect of biradical J and D couplings on DNP-enhancements.
Calculated are the relative enhancement factors &g for AMUPol/TOTAPOL,
using the experimentally determined spin parameters, for the case with a
HFI of 0.023 MHz. The black squares represent a simulation with only the
electron spin—electron spin dipole coupling D, the red circles show the
simulation with only the exchange coupling J and the blue triangles show
the simulation with both dipole-dipole and exchange coupling present.

is largely due to the J coupling, underlining the promising
potential of biradicals with sizable J couplings for ultra-high
field DNP.?” Further theoretical and experimental work will be
needed to decide whether this observation is specific to the case
of AMUPol or represents a general trend, in particular under
high-field DNP conditions.

In summary, the ultra-high frequency, multi-frequency EPR
approach presented here provides a powerful tool to accurately
determine the parameters needed to understand and predict
DNP enhancements. For AMUPol, the lineshape of EPR spectra
at the three field/frequency combinations is well represented by
a single conformation, in which the parallel eigenvector of the
dipolar interaction tensor D, i.e. the spin-spin vector, is in the
x-y plane of the nitroxides, and tilted away from the NO-bonds
by 50°, towards the nitroxide y-tensor axis. As shown in Fig. 4, the
larger electron-spin-electron-spin dipolar coupling D already
increases DNP efficiencies, however, the dominant effect arises
from the inclusion of the J-coupling. We find that with these novel
parameters the distinct magnetic-field profile of DNP enhance-
ment of AMUPol compared to TOTAPOL is well reproduced. The
approach we present opens up a way to predict the DNP properties
of molecules-to-be synthesized, thus limiting the trial and error
component of DNP agent synthesis.

Conclusions

A robust set of magnetic resonance parameters of AMUPol is
obtained by a multi-frequency EPR approach, which benefits
particularly from the very high-field/frequency combination
obtained by 275 GHz continuous wave EPR, in particular in
terms of ease of determining parameters and excluding certain
parameter combinations. Reliable electron-electron spin coupling
parameters are derived that are relevant for the simulations of

This journal is © the Owner Societies 2017
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DNP enhancements. The approach is universal and promising
for a large range of DNP reagents.
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