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We show that at low concentrations (< 5 mM) TEMPONE
radical in liquid toluene exhibits higher DNP efficiency than
in water. In spite of reduced coupling factors, the improved
DNP performance in toluene results from favourable
saturation and leakage factors, as determined by pulse
electron-electron double resonance (ELDOR) and NMR
relaxation, respectively. The extracted coupling factors at
0.35 Tesla support theoretical predictions of the Overhauser
mechanism.

Dynamic nuclear polarization (DNP) is an emerging technique to
enhance NMR signals and thus to improve the sensitivity or the
contrast of NMR/MRI. In a DNP experiment, paramagnetic species,
so-called polarizers, are subjected to microwave irradiation and
transfer their spin polarization to hyperfine coupled nuclei. Over the
last decade, the method has been extensively developed in different
laboratories for NMR applications at high magnetic fields. ->+>¢7

In liquids, DNP is governed by the Overhauser mechanism®, in
which the enhancement is proportional to the gyromagnetic ratios of
the electron and the interacting nuclear spin (y./y,), the coupling
factor & the leakage fand the saturation factor s:> '

s=1—s~f-€-h;—jl (1)

Most important is the coupling factor, which depends on the intrinsic
electron-nuclear spin relaxation and determines the efficiency of
DNP under the most favourable conditions (i.e. s = 1, f=1). In the
past years, considerable attention has been devoted to the DNP
mechanism of nitroxide radicals in water because of the excellent
capabilities of these polarizers to adapt in biological environments
for applications in biological systems.'"'> For the nitroxide/water
system, DNP efficiency is governed by dipolar relaxation and the
maximum achievable enhancement is limited by &, = 0.5, a factor
which considerably decreases at higher magnetic fields."® This limit
could be potentially overcome by taking advantage of other
mechanisms, such as scalar relaxation contributions'®, &, = -1, or
moreover starting from hyperpolarized electronic spin states.”> To
exploit these new avenues, some modifications of the
polarizer/solvent system are required. Due to the difficulty in
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predicting coupling factors, which depend on the detailed atomistic
interactions between polarizer and solvent as well as system-specific
correlation functions of molecular motion, any chemical variation of
the polarizer molecule or solvent might lead to large changes in DNP
efficiency.

Recently, DNP with nitroxides in non-aqueous solvents, such as
toluene'®!” or benzene'®, has been reconsidered by taking advantage
of instrumental developments at different magnetic fields and
progress in analysis. These non-polar solvents might be particularly
attractive to host more complex organic polarizers and have the great
advantage of low dielectric losses, which attenuate microwave
heating. The latter facilitates mechanistic studies, which are critically
dependent on temperature, and allows for the use of samples sizes
close to standard NMR tubes. In the recent studies of nitroxides in
toluene'’ and hexane'®, large negative '"H-NMR enhancements of the
solvent on the order or even higher than in nitroxide/water were
observed. In the toluene study a different behavior of the ring and
methyl 'Hs was observed, however a precise determination of
coupling factors was hampered by the uncertainty about the
saturation factor. Subsequently, a new theoretical approach was
proposed to compute DNP coupling factors by combining MD
simulations with analytical calculations of spectral densities at
different magnetic fields.'>?® Particularly, these studies provided
predictions for the site-specific DNP enhancements of different
toluene 'Hs based on molecular shape and dynamics. The same
studies questioned the use of classical models”' in liquid DNP to
determine atomistic parameters, such as the distance of closest
approach between polarizer and solvent. Nevertheless experimental
coupling factors are still missing in support of this study.

In this communication we present DNP experiments of '°N- and
’H-labelled TEMPONE (4-Oxo-TEMPO) in toluene solutions at
0.35 Tesla and 9 GHz electron Larmor frequency. This frequency is
interesting for DNP in liquid state because of the large achievable
enhancements and the possibility to combine it with high frequency
NMR detection within a shuttle spectrometer.”” We are able to
distinguish two kinds of 'H in toluene, i.e. the ring and the methyl
'Hs. We find that DNP enhancements in toluene as compared to
water are significantly larger in the low concentration regime (< 5
mM) but reach similar maximum values at higher concentrations.
The finding is investigated by electron-electron double resonance
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(ELDOR) and NMR to independently determine the saturation and
the leakage factors.

In Figure la we display representative room-temperature 'H-14
MHz NMR spectra of degassed toluene doped with 5 mM
TEMPONE-D-"N. Two peaks can be resolved with a separation of
about 70 Hz, corresponding to 5 ppm, which are consistent with the
resonances of the ring and the methyl 'H of toluene. After irradiation
of microwave (mw) on-resonant with the radical EPR absorption
(low-field hyperfine line), the NMR signal is enhanced by more than
two orders of magnitude. We note that the polarizer concentration
here is significantly lower than usually reported in DNP experiments
in liquids (20 - 100 mM). The DNP enhancements &4,y and &petnyt
were determined to be -159 and -137 with an error of approx. =5 %
from the first point of the free-induction decay (SI). The
enhancement does not further increase with radical concentration
(Fig. 1b). A comparison with the enhancement of water under
similar conditions of mw irradiation (B; = 3 G) shows that DNP
enhancements of toluene are substantially higher at low
concentrations, however they reach slightly lower maximum values
&mnax at high concentrations.
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Fig. 1 a) '"H NMR spectra of toluene doped with 5 mM TEMPONE-D-"N at
14 MHz. b) Concentration dependence of DNP enhancements (from
maximum of &gp) of TEMPONE-D-"N in toluene and in water.
Experimental details for toluene: samples degassed with three freeze-pump-
thaw cycles, volumes of 20 uL, 1 or 8 scans for DNP measurement, 128
scans for Boltzmann measurements, Py = 3 W, firma. = 2 - 30 s depending on
concentration. For aqueous samples: non-degassed, ' = 0.6 uL, 64 scans for
DNP measurements and 1024 scans for Boltzman measurements, fip,g =1 - 5
s. Details on the experimental set up were given in Ref.” and in SL

Before analysing the observed enhancements, heating effects
during mw irradiation need to be carefully examined. An increase in
sample temperature leads to higher coupling factors and
consequently higher enhancements.’* According to previous DNP
studies, heating effects were observed in water solutions at 9 GHz if
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the sample is exposed to the electric field of the microwaves.” 22’

Heating effects are usually manifested through lengthening of the
build-up time of the DNP signal (Tiyiaw), Which is otherwise
determined by the relaxation rate of the detected nucleus in the
presence of the polarizer (7,).%® For all samples in this study, the
filling height amounted to < 5 mm, according to the homogeneity of
the B, mw field in the dielectric resonator along the z-axis.”> The
tube inner diameter (ID) was optimized with measurements of the
DNP build-up times and comparison with nuclear 7),. For toluene
sample tubes of 3 mm ID, Tyiqy for both 'H types was found to be
similar (within a 10 % error) to T}, measured independently from
inversion recovery (Table 1).
From T}, we could also evaluate the leakage factors f'according to
the definition:
f - Rparu_Rdiu - 1 _ m (2)

Rpura Rpuru

where Ryqrq = 1/T1n and Ry = 1/Tdia are the spin-lattice

relaxation rates of the toluene 'Hs in the presence and absence of the
radical, respectively.”* The diamagnetic contribution amounted to
0.06 s™' for the ring and 0.1 s for the methyl protons, in agreement
with the values from Ref.'’. The leakage factors from eq. 2 are listed
in Table 1. The ring protons exhibit slightly larger leakage factors f'
than the methyl protons at all concentrations, which is consistent
with previous results at 3.4 Tesla."” A comparison with the leakage
factors in water indicates that the larger Ry, of water (0.33 s1) is
responsible for reducing f'in water as compared to toluene (Fig. S1).
The concentration dependence of the DNP enhancements of
TEMPONE-D-"N in toluene (Fig. 1b) suggests similar coupling
factors as in water but a peculiar behaviour of the saturation factor.
To clarify this point, pulsed ELDOR was applied to directly measure
the effective saturation of both nitroxide lines s.;; when only one
EPR line is excited by microwaves.”’ Preconditions for this dual
frequency experiment are the detection of the radical FID as well as
the capability to pump and detect both EPR lines within the EPR
resonator. For a separation of ~ 60 MHz of the 'SN nitroxide
hyperfine lines (Fig. S3), the experiment is well feasible at 9 GHz
within the band width of a standard overcoupled dielectric resonator.
On the other hand, the detection of an EPR FID depends on 7
which usually shortens at higher concentrations due to concentration
dependent relaxation contributions (exchange and dipolar
couplings). For TEMPONE in toluene, detection of the FID was
possible only with concentrations up to about 5 mM.
The EPR-FID intensity as a function of the frequency of the
saturation pulse is depicted in Fig. 2. When the saturation pulse was
resonant with the detection frequency a complete drop of the FID
signal has been achieved at all concentrations (up to 5 mM). This
corresponds to a full saturation (s; =1) of the excited EPR line. A
second drop in FID was visible when the saturation pulse became
resonant with the second hyperfine transition. This reduction in FID
directly corresponds to the saturation factor of the coupled hyperfine
line (s,).2' The effective saturation factor s of the total EPR
spectrum is then the average of s, and s, i.e. segr = (57 + 5,)/2. To
correlate s, and s.¢ as determined by ELDOR with s of DNP in eq.
1, one should perform both experiments at comparable microwave
excitation fields. On the other hand, the saturation factor of the
coupled hyperfine line reaches a maximum value sp,,,, when the
excited line is saturated (s; =1).2% The condition s; =1, which is well
satisfied in the ELDOR experiment of Fig. 2, was tested in the DNP
set up by recording the intensity of the excited EPR transition as a
function of microwave power (Fig. S2). For P ~ 3 W, saturation s,
close to unity was achieved at the investigated concentrations.
Therefore, the saturation factors from Fig. 2a can be used to
calculate Sefmax for DNP (Table 1). Fig. 2b illustrates a comparison
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of $3max of TEMPONE-D-'*N in toluene and in water (data for water
from Ref.”). The former increases fast with radical concentration
and it is larger than that in water at comparable concentrations.
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Fig. 2 a) EPR FID intensity of the high-field hf line of TEMPONE-D-"N as
a function of the frequency of the saturating (pump) pulse. Exp. details:
detection is 30 MHz off resonance on the high field side to minimize
simultaneous excitation of the low field line; 7 (n/2) = 16 ns; ¢ (pump) = 1 us.
B, ~2-3 G. Error due to ringing was < 10%. b) Concentration dependence of
Somax. Saturation data for water are from ref.?” Red and black traces are
calculated according to eq. 3 for toluene and water samples, respectively. T
for water is 298 ns”.

Saturation factors Segrmax > 0.5 of TEMPONE in water have been
previously attributed to the effect of Heisenberg exchange between
the spin states of the two hyperfine lines according to:*’

S2max =1— w 3

we 2we

where @, is the Heisenberg exchange rate, w, and w, are the
transition rates for the intramolecular electron and nuclear (‘°N) spin
relaxation, respectively. w, and w, are not concentration dependent®
and cannot account for the behaviour observed in Fig. 2b.
Nevertheless, @, cannot be extracted from eq. (3) independently
from Tj.. To examine ., we have measured the polarization
recovery of the hyperfine lines when using detection and pumping
pulses at the same frequency or at two EPR frequencies (i.e.
pumping one hyperfine line and observing the second line).
Following our previous treatment® the time evolution of the FID
signals for hyperfine lines 1 and 2 (i; and i#,) after a saturating pulse
is described by:

This journal is © The Royal Society of Chemistry 2012
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il,Z — Al'ze—lwet + Bl'ze—(2we+2wn+a)ex)t )

where the amplitudes 4, and B, are given by the initial FID
intensities. The data were recorded with the same set up as the
ELDOR experiment in Fig. 2 but varying the time delay between
saturating and detection pulses (Fig. 3, inset). Fig. 3 illustrates the
recovery curves for TEMPONE-D-"N in toluene at a concentration
of 1.6 mM. The polarization recovery of the coupled hyperfine line
(red curve) shows the intrinsic counteracting mechanism of
polarization decay (ELDOR effect) and recovery by Tj.. By
assuming w, << w, and fitting both curves with a shared set of
exponentials, we obtained 7). of 442 + 50 ns and an exchange
coupling rate we, = (8 = 1)x10° s™". To test whether w,, accounts for
the concentration dependence of s, ., We simulated the latter
behaviour using eq. (3) and assuming @, = n°K, with n the radical
concentration and K, the normalized rate per mole™. As shown in
Fig. 2b, a value of K, = (5.0 + 0.7)x10° s M reproduces 3 max in
the investigated concentration range satisfactorily. We note that this
value of K, is a factor of 2.5 higher than the counterpart of
TEMPONE-D-"N in water (K, of 2.0x10° s"-M").? Heisenberg
exchange has been previously treated as a bimolecular interaction
with a rate proportional to the translational diffusion coefficient: @,
~ D% For Brownian motion in liquids, the latter is in turn
inversely proportional to the viscosity 7 through the Stoke Einstein
relation: D ~ 1/5. In the strong exchange limit*™* the coupling
constant reduces to K, = @ /n = 8kT/3n. An estimate for toluene
within this limit leads to K, = 1.1 x10' s-M™". The value exceeds
the experimental one by a factor of 2, which in turn seems consistent
with the trend reported in Ref. 30 when comparing theory with
experiment. As compared to water, at room temperature (20 °C) the
viscosities are 1.0 mPa's and 0.590 mPa's for water and toluene,
respectively. Clearly, the difference in viscosity accounts only
partially for the difference in exchange coupling rates and
accordingly the saturation factors. The exchange in water, which is
weaker than in toluene, is likely not well reproduced by the classical
model of strong exchange coupling. This is somehow not surprising
given the different electronic structure of the two solvents,
specifically the delocalized electronic system in toluene. Recent
quantum chemical calculations pointed out the role of electron
delocalization effects in through-bond and through-space electron-
electron interactions.>* Values for the exchange constants similar to
the TEMPO/toluene system were reported for TEMPO in benzene
and di-fluorobenzene'®, consistent with our findings.
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Fig. 3 Recovery curves and fits of the FID in EPR and ELDOR polarization
recovery measurements on 1.6 mM TEMPONE-D-"N in toluene.
Experimental set up and conditions are similar to Fig. 2.
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Table 1 Summary of DNP parameters for toluene doped with TEMPONE-D-'N (*calculated from Thuitaup and *from EPR
line width, Fig. S3).

Concentration & Thouitdup () T1n (8) S ka ¢
(mM) (I'IS) S2max Seff
Hring Hm Hring Hm Hring Hm Hring Hm Hring Hm
0.2 32 18 12.1 8.9 10.7 | 7.4 | 0.34] 0.24 171 [ 0.18 | 0.59 | 0.25 0.21
0.4 58 34 8.0 6.4 - - |0.51°] 0.34* | 152 | 034 | 0.67 | 026 | 0.23
1.6 124 94 3.3 3.1 32 32 [0.80| 0.67 98 | 066|083 0.28 0.26
5.0 159 137 1.2 1.3 1.4 1.6 | 0.91 0.84 48 [ 0.84 092 | 0.29 0.26

With the availability of all factors in eq. 1 except & we are now
able to determine the coupling factors for the ring and methyl 'H of
toluene doped with TEMPONE at 0.35 T. This value was calculated
at each concentration and is listed in Table 1. As expected, & is
independent on the radical concentration within the error and
averages to 0.27 and 0.24 for the ring and the methyl 'Hs,
respectively.” The error is estimated to be = 0.025 (about 10 %) and
is larger at lower concentrations due to the weaker S/N ratio.
However, the error in trend (difference between the average & of the
two 'H types) is much less, as seen by the data in Table 1. Therefore
the difference between the &s is significant.

The magnitude of the & for the 'Hs of toluene is less than the one of
the water protons (&yuer = 0.33%) with the same radical polarizer.
One might not exclude a priori that the observed ¢ results from
counteracting scalar and dipolar relaxation mechanisms, although
dipolar mechanism is reportedly dominant for 'H. For pure dipolar
relaxation dominated by a single correlation function, the coupling
factor can be estimated from the nuclear relaxation rates:’

FOLR P
7 R, -R,

where RY is the nuclear relaxation rate without paramagnet, R, and
2w are the relaxation rates at the observing field and the high field
limit, respectively. Inserting for the ring protons Ry = 0.06 s™', R,
(at 5 mM) = 0.714 s (Table 1) and 2w, (at 5 mM, 300 MHz 'H
NMR) from Ref.'” = 0.42 s we arrive at & ~ 0.25 (within 10-15%
error), which is very close to the experimental value. Therefore, the
reduction of the coupling factor of the toluene protons is consistent
with a DNP mechanism dominated by dipolar relaxation. A more
precise interpretation of relaxation contributions requires NMRD
(relaxtion dispersion) analysis.

Our results reveal a difference in the coupling factors between the
ring and methyl protons that has not been inferred to date
experimentally due to the lack of information about the saturation
behaviour. In a previous 94 GHz/3 T study on TEMPOL/toluene'’
larger DNP enhancements of the ring protons were observed but
attributed to a favourable leakage factor. The present results are
mechanistically significant as the obtained coupling factors are in

excellent agreement with recent theoretical predictions' (Ef,’:ﬁ;’" =

0.268; Eiheer, =

using a sophisticated combination of MD simulations and analytical
expressions of spectral densities for dipolar relaxation in the
TEMPOL/toluene system. The MD trajectories allowed to capture
the dynamics of polarizer and solvent within the short interaction
range (< 1 nm) and to extract proper dipolar correlation functions.
The larger €™ of the ring protons was found associated to a larger
radial density distribution at the closest possible distance to the
electron spin of the nitroxide group. The agreement between our
experiment and theory at this level of atomistic details is

)

0.25 at 9.6 GHz mw frequency) performed

4| J. Name., 2012, 00, 1-3

encouraging and opens up new perspective for the application of
DNP to investigate molecular dynamics.

Conclusions

DNP experiments of TEMPONE in toluene at 0.35 T have revealed
that large signal enhancements (¢ > 100) could be achieved at low
polarizer concentrations (¢ << 5 mM), which makes this solvent
attractive for future developments and applications of DNP. The
high DNP performance was rationalized by investigating the
different parameters of the Overhauser equation. Most importantly,
the saturation behaviour of the EPR line in toluene turned out to be
very efficient due to a Heisenberg exchange coupling rate that is a
factor > 2 larger than in water. Knowledge of the saturation factor
permitted to evaluate the DNP coupling factors for the different
protons of toluene that provide insight into the DNP mechanism at
the atomistic level. Our results support a recent theoretical MD
investigation, by which the coupling factors in toluene reflect the
detailed motion of the solvent protons around the atoms bearing the
electron spin.
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r 1 was measured also for 0.1 and 3 mM TEMPONE concentrations, as
displayed in Fig S4. Values were found distributed within the error given in
the text, likely due to slightly different oxygen content.

FThis is not always valid and has to be verified case to case. A comparative

estimate of @, from the EPR line broadening is reported in Fig. S5. The
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value of Ky = (4.3 £ 0.5)x10° s'-M™ is within the error as given in the text.
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However, determination from line broadening seems less accurate.
¥The coupling factor at low concentrations is likely underestimated due to

insufficient irradiation time. We did not use longer irradiation times to avoid

heating in the resonator and in the sample.
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Dynamic nuclear polarization of liquid toluene with TEMPO
radicals leads to high NMR signal enhancements at low polarizer

concentrations.



