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ABSTRACT: Dynamic nuclear polarization (DNP) is a hyper-
polarization method that is widely used for increasing the
sensitivity of nuclear magnetic resonance (NMR) experiments.
DNP is efficient in solid-state and liquid-state NMR, but its
implementation in the intermediate state, namely, viscous media, is
still less explored. Here, we show that a 1H DNP enhancement of
over 50 can be obtained in viscous liquids at a magnetic field of 9.4
T and a temperature of 315 K. This was accomplished by using
narrow-line polarizing agents in glycerol, both the water-soluble
α,γ-bisdiphenylen-β-phenylallyl (BDPA) and triarylmethyl radicals,
and a microwave/RF double-resonance probehead. We observed
DNP enhancements with a field profile indicative of the solid effect
and investigated the influence of microwave power, temperature,
and concentration on the 1H NMR results. To demonstrate potential applications of this new DNP approach for chemistry and
biology, we show hyperpolarized 1H NMR spectra of tripeptides, triglycine, and glypromate, in glycerol-d8.

■ INTRODUCTION
Nuclear magnetic resonance (NMR) is a frequently used
technique to determine the structure and dynamics of organic
and inorganic molecules in situ and in vivo.1,2 Nonetheless, the
low interaction energy of nuclear spins with the external
magnetic field leads to low spin polarization, which results in a
low signal-to-noise ratio of NMR spectra. This limited
sensitivity of NMR can be overcome by hyperpolarization
methods that create strong nonequilibrium spin polarizations.3

One such method is dynamic nuclear polarization (DNP),4 in
which electron spin polarization of paramagnetic molecules is
transferred via resonant microwave excitation to the nuclear
spins of the surrounding molecules. In the last decades, DNP
has evolved, for both solid-5 and liquid-state6 NMR, to a
powerful technique that has been used in numerous
applications in biomolecular,7−9 medical,10 surface, and
materials sciences.11−15 In the solid state, four DNP
mechanisms can be operational, namely, the Overhauser effect
(OE),16−18 the solid effect (SE),19,20 the cross effect (CE),21,22

and thermal mixing (TM).23 In general, these mechanisms
work best at a sample temperature of ≤100 K and can give
large signal enhancements of ≥100 in the presence of carefully
selected polarizing agents.24,25 In liquids, only the OE
mechanism is active, which requires the time-dependent
interaction between electrons and nuclei on a time scale
comparable with the reciprocal of the electron Larmor
frequency (1/ωe). For this reason, the liquid-state OE is

most effective at low magnetic field strength.26−31 Nonetheless,
it has been recently shown that the OE can yield significant 13C
(ε ≥ 600)32 and 31P (ε ≥ 160)33 signal enhancements at
magnetic fields of 9.4 and 14 T, respectively.
In viscous liquids, which exhibit molecular motion on the

nanosecond to microsecond time scales, DNP enhancement
can arise from both the OE and the SE. The SE is
characterized by dipolar interaction between electron and
nuclear spins and requires restricted motion, which is opposite
to the OE. Several DNP studies have been performed for
viscous liquids at low magnetic fields (0.33 T).34−38 A sizable
1H signal enhancement has been demonstrated in tetraethylene
glycol,34 polymers,36 ionic liquids,38 and crude oil.37 With
increasing sample viscosity, the crossover from OE to SE DNP
can be studied; for example, poly(butadiene-1,4) had a
maximum 1H enhancement of ∼−1 by OE and ∼10 by SE
using α,γ-bisdiphenylene-β-phenylallyl (BDPA) as a polarizing
agent.36 Recently, we reported unexpected solid-like high-field
DNP in the fluid phase of lipid bilayers using BDPA radicals.39

The 1H DNP enhancement of up to ±12 was obtained for the
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SE mechanism at a temperature of ∼320 K and a magnetic
field of 9.4 T.
In this study, we demonstrate up to ±45-fold 1H signal

enhancement by SE DNP in glycerol at a temperature of ∼315
K and a magnetic field of 9.4 T. We used two classes of narrow
EPR line polarizing agents, a water-soluble BDPA (ws-BDPA)
and triarylmethyl radicals (Finland and OX063, see Figure 1)

at concentrations of 10−100 mM. We show that 1H SE DNP
can be used to study a tripeptide, triglycine and glypromate,
with the highest enhancement value of ∼55 using 25 mM of
OX063 as a polarizing agent.

■ EXPERIMENTAL SECTION
Water-soluble BDPA,40 Finland,41 Finland-D36,42 and OX06342 were
synthesized according to literature protocols. Glycerol, glycerol-d8
(98% atom D), triglycine (gly-gly-gly), and glypromate (gly-pro-glu)
were obtained from Sigma-Aldrich. The concentration of the radicals
was in the range from 10 to 100 mM and was determined by X-band
CW EPR at room temperature (Figure S2). A solution of a tripeptide
(triglycine and glypromate), in glycerol-d8, doped with 25 mM
OX063, was prepared as follows: the tripeptides were dissolved in
sodium deuteroxide solution (40 wt % in D2O) with a 1:1 molar ratio
(tripeptide:NaOD) and subsequently diluted in glycerol-d8 to a
peptide concentration of 2 M. Finally, OX063 was added to the
solution as a solid.

1H DNP and CW EPR were performed on a home-built DNP
spectrometer, a modified Bruker Avance II wide-bore spectrometer
operating at 9.4 T.43 Microwaves were generated by a 12 W gyrotron
(Gycom, Russian Federation) operating at 264 GHz. The DNP probe
is a home-built Fabry−Perot/stripline double-resonance structure
(260 GHz/400 MHz).44 DNP enhanced and reference (MW off)
NMR FID signals were recorded with a standard 90° RF-pulse
excitation. The 90° pulse length was 25 μs, and the repetition time
was optimized for each 1H NMR/DNP experiments and set to 1 s for
each measurement. The DNP enhancement was measured by
integration of all protons of the glycerol with and without microwave
irradiation. The enhancement was then calculated according to ε =
(I/I0) − 1, where I and I0 are the dynamic and the Boltzmann nuclear
polarizations, respectively.
J-band CW EPR measurements were carried out at 315 K with the

following parameters: microwave frequency 264 GHz, microwave
power 5 mW, sweep width 44 mT, field modulation frequency 5 kHz,
field modulation amplitude 0.2 mT, time constant 0.1 s, number of
points 1101, and number of scans 1.

1H NMR spectra of tripeptides in deuterated water (C = 0.1 M)
and in glycerol-d8 (C = 2 M) were measured at room temperature
using a commercial Bruker BBI probehead.

■ RESULTS
We recently demonstrated that BDPA radicals can be used to
polarize lipid bilayers in the fluid phase through the SE

mechanism at high magnetic fields.39 The lipid bilayers
represent an example of a viscous medium, where molecular
motion is on the nanosecond to microsecond time scale. To
find out if the DNP mechanism is also operational in other
viscous liquids, we studied glycerol doped with polarizing
agents that have a narrow EPR line and thus can effectively
drive forbidden electron−nuclear spin transitions. We
investigated two classes of polarizing agents, BDPA and
triarylmethyl radicals, that are often used for SE DNP in the
solid state.25 It has been shown that BDPA has limited
persistence,45 but tetraalkylammonium BDPA salts have
improved stability;40 we used one such derivative in this
work (ws-BDPA, Figure 1). We also studied three trityl
derivatives, Finland, Finland-D36, and OX063 (Figure 1). The
variety of these radicals allowed us to investigate the SE
mechanism, with respect to both the type of radical (BDPA
and triarylmethyl) and the molecular weight (749, 997, 1357
g/mol for ws-BDPA, Finland, and OX063, respectively), as
well as on the deuteration of the radical (Finland and Finland-
D36).
CW EPR Spectra. The EPR spectra of the ws-BDPA and

trityl radicals in glycerol were recorded at X-band (9 GHz)
(Figure S2) and J-band (260 GHz) (Figure 2) frequencies.

The upper trace in Figure 2 shows the J-band EPR spectra for
ws-BDPA, Finland, and OX063 at a concentration of 100 mM
and a sample temperature of 315 K. The EPR spectrum of ws-
BDPA revealed a symmetric narrow EPR line, whereas
asymmetric EPR lines were observed for the trityl radicals,
presumably due to the anisotropy of the trityl g-tensor, which
results in a weakly pronounced shoulder at the high field edge
of the spectrum. The shift of the EPR spectra for these radicals
can be explained by different g-tensors (gx = 2.00276, gy =
2.00273, gz = 2.00250 for ws-BDPA, gx = 2.00336, gy =
2.00305, gz = 2.00263 for Finland, and gx = 2.00331, gy =
2.00316, gz = 2.00280 for OX063, see Figure S5). The
anisotropy of the trityl g-tensor is too small to extract

Figure 1. Structure of the radicals used in this study: a water-soluble
BDPA radical and various triarylmethyl radicals.

Figure 2. J-band CW EPR spectra (upper) of ws-BDPA, Finland, and
OX063 radicals in glycerol (100 mM) and field profile of the 1H DNP
enhancement for all protons of the glycerol (lower) at a temperature
of 315 K. The antisymmetric peaks are located at magnetic field
strengths displaced by ±ωH/γe compared to the EPR resonance field
positions, suggesting that the DNP mechanism is a solid effect.
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information about the rotational correlation time. Never-
theless, it has become possible for modified radicals, such as a
Finland trityl bearing a 13C label on the central carbon atom46

(Finland-13C1, see SI). For the 13C1-labeled Finland radical in
glycerol, the CW EPR spectrum exhibits an anisotropic
immobilized line shape in the temperature range of 300−325
K at X-band frequency (Figure S3). The fitting of EPR spectra
with the 13C hyperfine tensor of Ax = Ay = 17 MHz and Az =
165 MHz shows that the rotational correlation time of
Finland-13C1 trityl ranges from 78 ± 8 ns at 300 K up to 21 ±
3 ns at 325 K.
1H DNP Field Profile. The 1H DNP field profile of the

glycerol protons is antisymmetric with respect to the radical
EPR resonance position (Figure 2, lower). The peaks are
located at magnetic field strengths displaced by ±ωH/γe,
compared to the corresponding EPR resonance field position
that is characteristic for the SE mechanism. The DNP peaks for
ws-BDPA are symmetric, but slightly asymmetric for the trityl
radicals, similar to what was observed in the EPR spectra. The
width of the DNP peaks is narrower for BDPA, compared to
the trityl radicals, as seen in the DNP field profile, normalized
to the maximum amplitude of the high-field peak (Figure S4).
The width and the shift of the DNP field profiles for the
different polarizing agents are in good agreement with the EPR
line width and g-factor of the corresponding radical. The
maximum 1H DNP enhancement increases in the order BDPA
(ε = ± 26), Finland (ε = ± 35), OX063 (ε = ± 45). Note that
for the fully deuterated Finland trityl (Finland-D36), we obtain
a similar 1H DNP enhancement to that with the protonated
analogue (ε = ±33, Figure S10), within the measurement error
of 10%.
Concentration Dependence of SE. Figure 3a shows the

maximum 1H DNP enhancements at a microwave power of ∼5
W for different concentrations of OX063 radicals; the data for
the other radicals are shown in Figure S6. With increasing
concentration of the polarizing agent, the 1H DNP enhance-
ments increase. However, at higher radical concentrations
(≥50 mM) the NMR line width becomes broader (Figure S7).
Thus, the optimum concentration of the polarizing agent is
∼25 mM, leading to a large DNP enhancement and minimal
effect on the NMR line width.
Microwave Power Dependence of SE. Figure 3b shows

the 1H DNP enhancement at the high-field SE position as a
function of the applied microwave power and the temperature,

because the microwave excitation leads to sample heating. We
calibrated the sample temperature using glycerol as a “chemical
shift thermometer”, similar to what has been described for
ethylene glycol.47 In glycerol, the relative chemical shift of the
OH and the CH/CH2 peaks exhibits a strong temperature
dependence, which can be calibrated (Figure S8). Changing
the applied microwave power from 0 to 5 W, the sample
temperature increased from 296 K to ∼320 K. Usually for SE
polarization transfer, DNP enhancement increases almost
linearly with increasing microwave power, due to the inability
to saturate forbidden electron−nuclear spin transitions.25

However, we observed a nonlinear increase of SE enhancement
(Figure 3 and Figure S9). The deviation from linearity can be
explained by the temperature increase, which results in an
exponential decline of glycerol viscosity (Figure S11). Indeed,
the temperature dependence of 1H DNP enhancement,
measured at a fixed microwave power, demonstrates a
monotonic decrease (Figure S12). Thus, at lower viscosity of
glycerol, the anisotropic hyperfine interaction between the
electron and glycerol proton spins is partly averaged out,
resulting in a decrease of SE efficiency and, hence, reduction of
the DNP enhancement factor.
1H DNP NMR of Tripeptides. To demonstrate the

applicability of DNP NMR in viscous solutions, we recorded
NMR spectra of the sodium salt of two tripeptides, namely,
triglycine (gly-gly-gly) and glypromate (gly-pro-glu), in
glycerol-d8 at a magnetic field of 9.4 T. However, we first
measured the 1H NMR spectra using a standard Bruker BBI
probehead in D2O to identify the proton peaks (Figure 4d). A
significant broadening of the NMR lines appeared when
changing the solvent from water to glycerol (Figure 4c), due to
slowing down the molecular motion of molecules. Using a
Fabry−Peŕot/stripline resonator, we obtained broader NMR
lines, compared to the Bruker probehead (Figure 4b).
However, it was still possible to distinguish the different
protons of the tripeptides. We used 25 mM OX063 radical as a
polarizing agent, which gave the highest SE enhancement
factor in glycerol, relative to the other radicals. The addition of
polarizing agents to the solution leads to further slight
broadening of the NMR lines (Figure 4a,b); however, it
results only in 30% loss of signal intensity (Figure S14). The
observed enhancement factors were ∼35 for triglycine and ∼55
for glypromate. Note that for glycerol we obtained lower
enhancement (about 20).

Figure 3. 1H DNP enhancement for OX063 in glycerol (a) as a function of the concentration, measured at 315 K, and (b) as a function of the
applied microwave power and sample temperature (for temperature calibration see Figure S8) for different radical concentrations: 100 mM (black,
○), 50 mM (red, Δ), 25 mM (blue, ◊), 10 mM (green, □). The DNP enhancement was measured at a magnetic field corresponding to the high-
field SE position. Analogous information for the other radicals is provided in the SI.
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■ DISCUSSION
Our near-physiological temperature DNP experiments in a
magnetic field of 9.4 T clearly revealed that only one
mechanism was operational in polarization transfer, namely,
the SE. It should be noted that the negative OE in the middle
of the field profile was absent, but usually the OE is much less
efficient at high magnetic fields for bulky polarizing agents and
viscous liquids.49 The SE mechanism was confirmed by both
the displacement of both positive and negative peaks in the
DNP field profile by ±ωH/γe, compared to the EPR resonance
position, and the similar widths of the peaks in the DNP field
profile and the EPR spectra of the polarizing agents. The SE
mechanism is based on the excitation of forbidden zero-
quantum and double-quantum transitions in a coupled
electron−nuclear spin system. These transitions are possible
if (i) the anisotropic part of the hyperfine interaction between
the electron spin of the polarizing agent and the nuclear spin of
the target molecule is large enough, (ii) the molecular motions
are restricted or slow enough to avoid averaging out the
anisotropic hyperfine interaction, (iii) the individual EPR line
of the polarizing agent is sufficiently narrow, and (iv) a large
microwave B1 field is applied. The latter condition was
achieved with our home-built DNP setup, which is equipped
with a microwave/RF resonant Fabry−Peŕot/stripline probe-
head and with a gyrotron as the microwave source, having a
maximum power of ∼5 W. This DNP setup allows us to very
efficiently drive the forbidden electron−nuclear spin tran-
sitions.
We investigated two different classes of polarizing agent,

BDPA and triarylmethyl radicals. These polarizing agents are
carbon-centered radicals that have a very small g-anisotropy
and, hence, a very narrow EPR line width. These two types of
radicals differ from each other mainly in how the unpaired

electron spin density is delocalized and shielded. Triarylmethyl
radicals carry most of the electron spin density on the central
carbon, which is sterically shielded by the sulfur substituents
on the aromatic rings and is completely isolated from the
surrounding molecules.50 In contrast, the electron spin density
of the BDPA radicals is delocalized on the fluorene moieties,
which are not shielded from solvents. Despite these differences
in their chemical structures, both radicals are very promising
polarizing agents for SE DNP in viscous liquids, mostly due to
their narrow EPR line width and slow molecular motion.
In the SE mechanism, the molecular motion has two main

functions. On one hand it averages out the anisotropic
hyperfine interaction between the electron and nuclear spins,
and on the other hand propagates the polarization to other
solvent molecules. In viscous solutions, in which the molecular
motion is restricted, the small residuals of the incompletely
averaged dipolar interaction allow nuclear polarization. The
correlation time, τc, the characteristic time of the dynamic
process of the SE mechanism, can be described by τc−1 = τR1−1 +
τR2−1 + τe1−1 + τe2−1 where τR1 and τR2 are the rotational correlation
times of the polarizing agent and the molecule to be polarized,
respectively, and τe1 and τe2 are the longitudinal and transverse
electron spin relaxation times of the radical, respectively. Note
that the lifetime of the radical−solvent complex can be
ignored, because the dynamic polarization is quickly produced
in each nuclear spin by its dipolar interaction with the electron
spin.51 In a glycerol solution, the radicals have a rotational
correlation time τR of several tens of nanoseconds at a
temperature chosen for our DNP measurements (T = 315 K),
as demonstrated for the Finland-13C1 radical by X-band EPR
(τR = 37 ns, Figure S3). Under the same conditions, the
rotational correlation times of the analytes and the electron
spin relaxation time of the radical at a J-band frequency are also
in the nanosecond time range. Therefore, neither τR or τe can
be neglected for characterizing the molecular motion in viscous
liquids. Describing the SE mechanism in viscous systems is
more complicated and requires further investigation.
We observed an increase in the 1H SE DNP enhancement

for the polarizing agents in the order ws-BDPA (ε = 26 ± 3),
Finland (ε = 35 ± 4), OX063 (ε = 45 ± 5) when using a 100
mM concentration of the polarizing agents in glycerol. The
analytes also showed different enhancement under identical
DNP conditions (25 mM OX063 in glycerol): glycerol (ε = 20
± 2), triglycine (ε = 35 ± 4), and glypromate (ε = 55 ± 6).
These differences in the 1H SE DNP enhancements can be
explained by the different anisotropic hyperfine interaction
between the polarizing agent and the analytes and by slower
molecular motion (namely, increasing correlation time τc) with
increasing molecular weight of either the polarizing agent or
the analyte. If we assume that the anisotropic hyperfine
interaction is very similar for various polarizing agents in
different viscous systems, the dependence of 1H SE DNP
enhancement on the molecular weight of (i) the polarizing
agent and (ii) the analytes (glycerol and tripeptides) should
correlate. Indeed, when we plot the DNP enhancement as a
function of the molecular weight, we obtained a linear increase
of 1H SE DNP enhancement with increase of the molecular
weight of either the polarizing agent or the analyte (Figure
S13). This strongly suggests that the SE mechanism strongly
depends on the correlation time τc and, hence, the molecular
size of the radical and the target molecule. This observation
provides a guideline for further development of improved

Figure 4. (a) 1H DNP spectra for tripeptide (2 M) in glycerol-d8,
containing 25 mM OX063, at 9.4 T, MW power of 5 W, and a sample
temperature of ∼315 K; (b) 1H NMR spectra for 2 M tripeptide in
glycerol-d8 using a Fabry−Perot/stripline probehead (FP); (c) 1H
NMR spectra for tripeptide (2 M) in glycerol-d8 using a Bruker BBI
probehead; (d) 1H NMR spectrum for tripeptide (0.1 M) in D2O
using the Bruker BBI probehead. Left and right figures show the
results for triglycine (gly-gly-gly) and glypromate (gly-pro-glu),
respectively. Because of the high sensitivity of the chemical shift, for
1H peaks of triglycine to pH and solvent,48 the 1H triglycine peaks in
glycerol are slightly different than in water. Stars show hyperpolarized
1H peaks with ε = 35 and ε = 55 for triglycine and glypromate,
respectively. Spectra were recorded at the high-field SE position.
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polarizing agents and approaches for studying large biological
complexes at physiological temperatures using SE DNP.
Based on our results, we propose the following polarization

pathway for the SE mechanism in viscous liquids. The first step
is the direct transfer of polarization from the electron spin of
the polarizing agent to the nearest nuclei of the analyte, as
confirmed by lack of (i) dependence on the nature of the
radical (BDPA vs triarylmethyl) and (ii) dependence on
deuteration of the triarylmethyl radicals (Finland vs Finland-
D36). Further propagation of the polarization to other solvent
or tripeptides molecules can be accomplished by molecular
diffusion of the polarized molecules. Indeed, the rotational and
translational correlation times of glycerol are a few nano-
seconds under our DNP condition,52 and, therefore, the
sample behaves as a liquid on the time scale of the NMR
relaxation time (a few hundreds of milliseconds, see Table S1).
This results in a very fast overall polarization time of the
sample, determined by the proton T1 time (see SI), allowing a
fast repetition of the experiment.

■ CONCLUSIONS
In conclusion, we have demonstrated a versatile approach for
obtaining large 1H hyperpolarization in viscous liquids
generated by the SE mechanism for a series of polarizing
agents that are derivatives of BDPA and triarylmethyl radicals.
Up to 20- and 55-fold increases in signal intensity were
achieved for glycerol and a tripeptide (gly-pro-glu) in glycerol-
d8 doped with 25 mM OX063, respectively. Qualitative
interpretation of the data shows that the SE DNP enhance-
ments are strongly affected by the hyperfine coupling strength,
which is partly motionally averaged. To our knowledge, this is
the largest 1H DNP enhancement by the SE mechanism in a
viscous system at a magnetic field of 9.4 T and near-
physiological temperatures. These promising DNP results
could potentially be interesting for a study of viscous liquids at
high magnetic fields and ambient temperatures in biomolecular
and material sciences.
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