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Abstract. The dynamic nuclear polarization effect between the nitroxide radical TEMPO and the 'H
protons of water solution was investigated at an electron pumping frequency of 9.7 GHz for different
experimental conditions. In particular, we compared '“N-4-hydroxy-TEMPO (TEMPOL) with 4-oxo-
TEMPO and evaluated the effect of *H and "N isotope labelling. Furthermore, we tested the effect
of concomitant irradiation on both electron paramagnetic resonance (EPR) lines with the *N-labelled
compound. Our results show that the reduction in the EPR line width given by the 2H and N label-
ling and the collapse in the number of hyperfine lines due to N substitution leads to the highest
enhancement of &= —140 ever reported in the literature. Concomitant pumping on two hyperfine lines
does not give higher enhancements at our experimental conditions.

1 Introduction

Dynamic nuclear polarization (DNP) of nuclei in liquid solutions containing para-
magnetic centers has been studied since the early years of magnetic resonance to
achieve information about molecular motion and electron—nuclear spin relaxation
[1, 2]. In the past few years, this technique has attracted a lot of attention again
since it could provide a means to overcome the sensitivity limits in solution and
solid-state nuclear magnetic resonance (NMR) towards studying macromolecular
complexes. Large enhancements of NMR signals at high fields (up to 10 T) have
been reported in the solid state using TEMPO, trityl or biradical systems [3—6].
These enhancements are due to thermal mixing or cross effects within weakly
coupled electron and nuclear spins. In contrast, DNP in liquids is much more
challenging due to technical problems related with microwave penetration, losses
and heating of the sample, as the Overhauser effect dominating the DNP mecha-
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nism in liquids depends linearly on the saturation factor of the electron paramag-
netic resonance (EPR) line [7]. Furthermore, the Overhauser effect loses efficiency
with increasing magnetic field. Several studies have been reported about DNP on
solvent molecules at low magnetic fields (B < 1 T) using organic radicals as
polarizers [2]. Considerable enhancements of different nuclei, such as 3'P, >N and
BC (but not 'H), were reported at 5 T in nonaqueous solutions [8]. We have re-
cently reported "H DNP enhancements up to —100 at 0.34 T and —20 at 3.4 T
in nitroxide aqueous solution [9]. The results compared with the trityl-water sys-
tem under similar experimental conditions indicated that nitroxide radicals are the
most attractive candidates for DNP experiments in combination with solution NMR
of biomolecules at various magnetic fields. In this paper we report a more sys-
tematic study on the experimental conditions for DNP with nitroxides as polarizers
and pumping at 9.7 GHz microwave frequency. Although similar experiments had
been reported in the literature by several groups [10—13], the enhancements ob-
served here using state-of-the-art EPR technology are the highest ever reported
and give new insights into the experimental conditions determining the DNP
mechanism under study. The present data are consistent with our previous pre-
dictions that all enhancements reported so far with nitroxides are not limited by
the intrinsic Overhauser coupling factor but rather by the difficulties associated
with saturating the EPR line in aqueous solution.

2 Experimental

The experiments were performed on a commercial Bruker EPR spectrometer (e-
scan) operating at 9.7 GHz and a dielectric electron—nuclear double resonance
(ENDOR) resonator (Bruker EN 4118X-MD4) that achieves a B, field of 3 MHz
with a 5 W microwave amplifier (Bruker AmpX). To allow for NMR detection,
the ENDOR probehead was connected to a Bruker Minispec (v('H) = 2-65 MHz)
and the ENDOR circuit was externally matched to the NMR receiver. The spec-
trometer fundamental frequency was on resonance with the low-field hyperfine
line for the '"N-labelled sample or with the central hyperfine line for the “N
sample and tuned to the resonator dip. Dual irradiation was accomplished using
a second tuneable microwave source. The second variable frequency was set 62
MHz apart (for the *'N sample) on the other EPR transition. In the dual-frequency
setup, two separate microwave amplifiers were used for the two frequencies re-
sulting in power levels at the resonator input of 1.5 and 0.5 W at the fundamen-
tal frequency (MW1) and the second frequency (MW2), respectively. Due to tech-
nical reasons the power levels at the resonator input were different for the two
frequencies. The polarizer samples 4-hydroxy-TEMPO (TEMPOL), 4-oxo-TEMPO
(TEMPONE), and the *H/'>N uniformly labelled TEMPONE were purchased from
Sigma-Aldrich and were dissolved in water at concentrations of 2.5, 5, 10, and
25 mM. The solutions were degassed and loaded into quartz capillary tubes with
an inner diameter of 0.9 mm. The samples were continuously irradiated with mi-
crowaves at room temperature for 2 s and subsequently the NMR free induction
decay (FID) was recorded.
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3 Results

In Fig. 1, we report 'H-DNP enhancements of the water protons at 9.7 GHz un-
der various sample conditions. First, we compare the effect of the substituent (hy-
droxyl- versus oxo-groups) at the nitroxide ring in the unlabelled samples.

We observe no significant difference between the enhancements of the two
compounds and we reach a maximum enhancement of about —100 for the 5 mM
concentrated samples at the maximum available power. The enhancements decrease
with increasing concentration to about —60 in both compounds at 25 mM and
maximum power. This latter effect is correlated with the increasing line width at
higher concentration as indicated in Fig. 1, due to Heisenberg spin exchange ef-
fects. A shortening of the relaxation time 7, causes a decrease of the saturation
factor and, therefore, of the resulting enhancement as will be discussed below.
Isotope labelling with 2H and "N leads to the line narrowing and reduction in
the number of the hyperfine lines. With this sample we report the highest en-
hancement of —140 ever observed with nitroxides at a concentration of 25 mM.
Figure 1 shows that at the concentration of 5 mM an enhancement close to satu-
ration can be achieved for all three samples with the available microwave power.
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Fig. 1. Concentration and power dependence of 'H-DNP enhancements of the water protons in solutions

with different nitroxide polarizers. The EPR pumping frequency was 9.7 GHz and resonant with the low-

field EPR hyperfine line. Comparison of unlabelled “N-TEMPONE (a) and '“N-TEMPOL (b). ¢ *H/"N-

labelled TEMPONE. The respective EPR line widths are indicated. The concentrations were 5 mM
(squares), 10 mM (circles) and 25 mM (triangles).
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The fact that in this case all samples show a maximum enhancement in the range
from —80 to —100 indicates that here the maximum enhancement is concentra-
tion-limited. Conversely, saturation is not observed for the *H/'*N-labelled sample
at higher concentration. This indicates that for this case the enhancement is power-
limited and higher enhancements might be achieved with higher microwave power.

Since our previous [9] and current results seemed indicative that the observed
enhancements can be limited by the feasibility of saturating the EPR line under
the given experimental conditions, we tested the possibility of increasing the ef-
fective saturation factor by irradiating concomitantly on both hyperfine lines in
the '"N-labelled sample with a concentration of 2.5 mM. To our knowledge, such
a DNP experiment with dual irradiation has never been reported previously in
the literature. The results are illustrated in Fig. 2.

The DNP enhancements were measured first by irradiating with a single fre-
quency on the low- and high-field lines, respectively. With MW1 tuned to the
resonator dip and resonant with the high-field line, a maximum enhancement of
—60 was achieved. The low sample concentration was chosen so that the satura-
tion point would be easily achieved under the current experimental conditions.
As can be seen in Fig. 2, the power available with MW1 was sufficient to drive
the enhancement into a saturation level. To evaluate the efficiency of the second
microwave channel, MW2 was adjusted with a frequency offset of 62 MHz to
the low-field line while MW1 was switched off. As the available power for MW2
was only 0.5 W and the resonator efficiency was reduced outside of the dip, the
maximum enhancement was just about —20. The apparent levelling off of the en-
hancement is due to a saturation of the microwave amplifier in the MW2 chan-
nel, indicating that the power of 0.5 W was actually not reached in this experi-
ment. In the dual-frequency experiment, MW2 was set to the maximum avail-
able power, i.e., enhancement of about —20, and then the power of MWI1 was
successively increased. With increasing MW1 power the enhancement increases;
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Fig. 2. 'H-DNP enhancements of the water protons in a solution doped with 2H/'"*'N TEMPONE at a
2.5 mM concentration. MW1 with power P, was tuned at the resonator dip (9.76 GHz) and was on
resonance with the high-field hyperfine line. MW2 with power P, was applied at the low-field line.
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however, the maximum value did not exceed the value achieved with MW1 irra-
diation only.

4 Discussion

DNP in liquid solution is governed by the Overhauser effect [7], by which satu-
ration of the electronic transitions in an electron—nuclear coupled spin system leads
to the transfer of electron spin polarization first to the nearby and subsequently
to distant nuclei. The maximum achievable enhancement ¢ was given by [1]

E:Qzl—gsfm, (1)

0 Vi

where /, and [ are the dynamic and the Boltzmann nuclear polarizations, respec-
tively, » and y, are the magnetogyric ratios of the electron and the nuclei, f is
the leakage, s is the saturation and & is the coupling factor. The coupling factor
& depends on the involved relaxation mechanisms and can achieve values in the
range from —1 (pure scalar relaxation) up to +0.5 (pure dipolar). In 'H liquid
DNP with water, the enhancements are usually dominated by dipolar relaxation,
leading to negative enhancements with a maximum possible value || of about
330. Using nuclear magnetic resonance dispersion (NMRD) experiments, we re-
cently assessed that the relaxation mechanism for the water protons in solutions
with nitroxides is pure dipolar and we employed the 1/7, nuclear relaxation data
to estimate the coupling factor independently from the DNP experiments. We
obtained £~ 0.4 for 5 to 10 mM TEMPOL in water solutions at 0.34 T [9]. Using
Eq. (1) and the achieved enhancement of —100 with the unlabelled compounds,
we arrived at an effective saturation factor of about 0.5 for our DNP experiments
at 9.7 GHz. This saturation factor is higher than the expected one when saturat-
ing only one of the three hyperfine lines (s = 1/3). In agreement with the pro-
posal of other authors [13] (although our reported & are substantially different),
the large saturation factors can be interpreted in terms of an electron—electron
double resonance effect which is caused either by the very fast nuclear spin—lat-
tice relaxation of the strongly coupled nitrogen or by intermolecular Heisenberg
spin exchange. Both mechanisms compete with the internal electron T, relaxation
and cause indirect saturation of the adjacent hyperfine lines [14, 15]. Using Eq.
(1), a leakage factor of 0.83 and a coupling factor £ of about 0.4 [9], our present
enhancement of ¢= —140 with the 25 mM "N-labelled TEMPONE leads to an
effective saturation factor of about 0.64.

5 Conclusions
Our data permit to draw some conclusions about optimal experimental conditions

for DNP in liquid solution with nitroxide radicals as polarizers. First, the effec-
tive saturation factor can be substantially increased by using 2H and "N isotope-
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labelled samples. Second, if by single-frequency irradiation the enhancement can
be driven into saturation, it cannot be further increased by dual-frequency irra-
diation. However, if saturation cannot be achieved at high polarizer concentra-
tion by single-frequency irradiation, it should be possible to drive the enhance-
ment to higher levels by dual-frequency irradiation. Alternatively, improved mi-
crowave resonance structures with higher conversion factors could lead to satu-
ration factors close to 1 without requirement of higher microwave power. We are
currently using the present nitroxide-water solution polarizer system to test and
optimize DNP with a new shuttle spectrometer operating at 9 GHz EPR pump-
ing frequency and at 600 MHz 'H NMR frequency [16].
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