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ABSTRACT: Efficient dynamic nuclear polarization
(DNP) in solids, which enables very high sensitivity
NMR experiments, is currently limited to temperatures of
around 100 K and below. Here we show how by choosing
an adequate solvent, 1H cross effect DNP enhancements of
over 80 can be obtained at 240 K. To achieve this we use
the biradical TEKPol dissolved in a glassy phase of ortho-
terphenyl (OTP). We study the solvent DNP enhance-
ment of both TEKPol and BDPA in OTP in the range
from 100 to 300 K at 9.4 and 18.8 T. Surprisingly, we find
that the DNP enhancement decreases only relatively
slowly for temperatures below the glass transition of OTP
(Tg = 243 K), and 1H enhancements around 15−20 at
ambient temperature can be observed. We use this to
monitor molecular dynamic transitions in the pharmaceuti-
cally relevant solids Ambroxol and Ibuprofen.

Dynamic nuclear polarization (DNP) has emerged as a
powerful method to enhance sensitivity in solid-state

magic angle spinning (MAS) NMR.1−3 DNP works by
transferring the large polarization of unpaired electron spins
to nuclei. Typically MAS DNP experiments are currently
performed at temperatures around 100 K, with the substrate
formulated in a glass-forming matrix in the presence of a
carefully chosen paramagnetic polarizing agent. Today’s most
efficient polarizing agents for MAS DNP are usually nitroxide
biradicals4 bearing two TEMPO moieties tethered with various
linkers.4−9 A variety of monoradicals have also been used.10−13

The nature of the polarizing agent is crucial to the success of
the DNP experiment, since it determines the efficiency of the
polarization transfer process from electron to nucleus.
Experiments conducted with the most efficient biradicals

clearly show that the DNP enhancement strongly increases as
temperature is lowered.8,9,14 This is because reduced temper-
atures increase electron and nuclear spin relaxation times,
which enables significant saturation of the electronic transitions
with available microwave powers,9,10,14 and accumulation of
nonequilibrium nuclear spin polarization.8,9,14 Nevertheless, the
need for low temperatures is a major limitation for many
potential MAS DNP applications, and most notably for the
study of dynamics, or the investigation of solid proteins15,16

(solid-state NMR spectra of proteins generally show a dramatic
loss of resolution at ∼100 K due to the freezing of the
hydration shell and side-chain motions that produces a
heterogeneous distribution of conformers15−20). The develop-
ment of efficient high-field MAS DNP closer possible to
ambient temperatures is thus one of the major current
challenges in the field. Photoexcited triplet states,21,22 or time
domain DNP,23 have been applied at room-temperature at low
magnetic field (0.3−0.4 T), but these technologies are currently
not available for high fields. Solution DNP24 at 9.4 T has also
been demonstrated at ambient temperature,25 but does not
transfer to solid-state MAS NMR.
Here we show how by using ortho-terphenyl (OTP) as a

polarizing medium it is possible to achieve DNP MAS
enhancements of over 80 at 240 K and of about 15−20 at
ambient temperature at 9.4 and 18.8 T. We then show that
temperature-dependent DNP enhanced NMR can be applied to
study dynamic transitions in powdered organic compounds of
pharmaceutical relevance.
We note that early low field MAS DNP experiments were

often done at room temperature.26,27 In the very first DNP
experiments at 5 T Becerra et al. observed enhancements of
∼10 via the solid-effect at room temperature using BDPA (α,γ-
bisdiphenylene-β-phenylallyl) as a polarization source and
polystyrene as the glass matrix.28 Following this pioneering
study, attention quickly shifted to experiments at 100 K or
lower due to the dramatically higher enhancements observed at
low temperature.10,29 Only very recently has attention shifted
back to attempts to obtain efficient MAS DNP at higher
temperatures.9,15 As an example we recently showed that the
biradical TEKPol, which was designed to have long electron
relaxation times, dissolved in tetrachloroethane (TCE), yielded
enhancements of ∼200 around 100 K, and that enhancements
above 10 were still possible at 200 K.9

To further increase the enhancements above 200 K, and
inspired by extensive EPR literature,30−32 here we study two
polarizing agents, BDPA and TEKPol, using ortho-terphenyl
(OTP) as the glass-forming medium, which forms homoge-
neous glass phases at higher temperatures than TCE. OTP is
well-known as a glass former in EPR.30−32 Recently it was also
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demonstrated that highly deuterated OTP is a good medium
for MAS DNP experiments at ∼80 K with TEMPOL or bis-
TEMPO terephthalate radicals.33 OTP has a melting point of
330 K (57 °C), and by rapid cooling from the melt it forms a
metastable amorphous phase at room temperature, which will
slowly recrystallize unless it is frozen below the glass transition
temperature Tg = 243 K (−30 °C).31,34 The relatively high glass
transition temperature of OTP makes it a good candidate for
DNP experiments above 200 K. The radicals used here were
chosen because they are among the best DNP polarizing agents,
they are soluble in organic phases, and they provide the
possibility to test the DNP enhancements with the three main
DNP mechanisms at high-field in solids.
Samples were prepared by dissolving the radicals in partially

deuterated OTP (95% OTP-d14 and 5% OTP) as described in
the SI. The sample was then melted inside the rotor and rapidly
frozen to ∼100 K inside the spectrometer. The effective sample
temperature was determined by measuring the 79Br T1 of a
small amount of KBr added to the rotor.35

The 1H DNP field profile for BDPA in OTP recorded at 9.4
T and 112 K is reported in Figure S1. One can clearly
distinguish the maxima in enhancement peaks due to solid-
effect (SE) and Overhauser effect (OE). Both the SE and OE
lead to substantial proton DNP enhancements of 140 and 80,
respectively, at 9.4 T. In the same experiment performed using
BDPA in TCE at 9.4 T, both the OE and SE enhancements
were reduced to around 4−5, confirming that the glass-forming
matrix has a major impact in the DNP efficiency.
Figure 1 shows the 1H SE and OE DNP enhancements of

bulk OTP in the range from about 100 to 300 K, both at 9.4
and 18.8 T. Interestingly, for OE DNP, enhancement
progressively decreases as the temperature increases with
enhancements around 15 at 290 K. At 9.4 T the enhancement

decreases only slowly (∼20%) between 100 K and Tg, with a
value of 60 obtained at Tg. Above the glass transition
temperature the enhancement decreases rapidly in the
metastable phase. At 18.8 T, the OE DNP enhancement
(around 80) at low temperature is comparable to that at 9.4 T,
and it is the largest DNP enhancement observed so far at 18.8
T. However, it drops more rapidly than at 9.4 T with increasing
temperature, to about 30 at Tg and 20 at 280 K. In Figure 1A
we also report the behavior of the SE DNP peak of BDPA/
OTP at 9.4 T. At low temperature the enhancement is about
140, indicating a very efficient SE mechanism not far below the
CE observed with the best dinitroxide biradicals in glycerol/
water or TCE at the same field and temperature.8,9 The
enhancement then decreases to around 60 at Tg. Above Tg the
enhancement rapidly decreases. The SE is about twice as
efficient as the OE at 9.4 T at 117 K, but the OE appears less
sensitive to temperature, such that they are comparable at Tg.
Together with the DNP enhancement, we also measured the
1H DNP build-up time (TB) (Figure S5), that for the OE we
found to be equivalent to the 1H longitudinal relaxation time
(T1), as previously reported13 (details in SI).
The recently introduced dinitroxide biradical TEKPol is one

of the most efficient CE polarizing agents, providing enhance-
ments between 150 and 500, depending on sample formulation,
at 9.4 T and ∼100 K.36,37 Figure 1 shows the CE DNP
enhancement for 16 mM TEKPol in 95% deuterated OTP. At
120 K and 9.4 T the bulk 1H DNP enhancement in OTP is
240, significantly higher than that obtained in TCE in
analogous conditions (see Figure S5), indicating that the
OTP phase also has a beneficial impact on CE DNP. With
increasing temperature the enhancement decreases but is still
around 80 at the glass transition temperature. Above Tg the
enhancement rapidly decreases, but remains ∼20 up to 273 K.
The trend measured at 18.8 T for the TEKPol/OTP
combination (Figure 1B) shows a strong enhancement (51)
at low temperature, ∼15 at Tg and ∼7 at 273 K.
In summary, TEKPol CE is the most efficient at 9.4 T, while

at 18.8 T, BDPA OE is better. However, even at 18.8 T CE
DNP with TEKPol offers the advantage of a shorter TB (Figure
S5), which enables more rapid repetition and better overall or
absolute sensitivity.38 This remains valid when taking into
account paramagnetic bleaching/depolarization effects38,39 in
the TEKPol/OTP and BDPA/OTP samples at 8.0 kHz MAS.
In the absence of microwaves at 9.4 T and 106 K, we observed
a signal reduction of about 50% (θ = 0.5) for BDPA and 70%
(θ = 0.3) for TEKPol/OTP.
The high temperature DNP enhancements reported here

may not be limited to OTP, and it is likely that other glass
formers may provide analogous results. Figure S2 shows
preliminary results for the OE DNP enhancement at 18.8 T for
BDPA in deuterated polystyrene (Tg ≈ 373 K). The
enhancement was 27 at 115 K and decreases with temperature.
At 150 K the enhancement was ∼15 and was then essentially
temperature independent to room temperature. As mentioned
above, Becerra et al. observed room temperature SE enhance-
ments of ∼10 for BDPA in polystyrene at 5 T.28

Previous EPR and NMR studies revealed that the conforma-
tional dynamics of glassy OTP progressively increase close to
Tg, and above the glass transition temperature translational
motions become possible.31,32,34 This increased mobility can
shorten electron and nuclear relaxation times that might explain
the rapid decay of the DNP enhancement in the metastable
OTP phase above Tg. Note that above Tg OTP slowly

Figure 1. 1H DNP enhancements as a function of temperature for 32
mM BDPA and 16 mM TEKPol in 95% OTP-d14 at 9.4 T (A) and
18.8 T (B). The red line indicates Tg. Numerical values are given in SI
for all the points.
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recrystallizes and radical aggregation might also contribute to
the reduced enhancement. We observe that the BDPA OE
DNP at 273 K is stable for several hours, while at 300 K the
enhancement decays in a couple of hours.
We note that in all the cases above, the nuclear spin

relaxation of the protons in the rigid OTP glass phase is
strongly correlated to the DNP enhancements (see Figure S5).
For the SE curve, the enhancement is found to be essentially
linear in TB, in line with expectations from several
models12,40−42 as detailed in SI. Figure S3 shows the
normalized enhancements vs temperature for all three DNP
mechanisms in these radicals. CE DNP is the most efficient
mechanism, but decreases faster with temperature than the OE
and SE. This is probably because CE is sensitive to shortening
of the electron relaxation times6,9 and to the 1H T1 of the
sample.43 Interestingly, for the OE at 9.4 T, εOE decreases less
rapidly than εCE and εSE especially below Tg. The same trend of
the OE is not so evident at 18.8 T (see discussion in SI). Since
OE in insulators is for the moment known only in BDPA
derivatives, we cannot affirm that this OE behavior is general or
specific to BDPA. A full theoretical and quantitative description
of the observations here requires a more detailed study
including high field, variable temperature EPR data.
To demonstrate that the potential for DNP over larger

temperature ranges than previously possible and that enhance-
ments are not limited to the solvent itself, we applied the OTP/
TEKPol medium to the characterization of microcrystalline
ambroxol hydrochloride, a commercial mucolytic drug, and
ibuprofen, the common analgesic. It has previously been shown
that microparticulate powders can be polarized at ∼100 K by
spin diffusion from DNP active media.44−47 Microcrystalline
ambroxol hydrochloride was thus impregnated with a molten
solution of 16 mM TEKPol in OTP (see SI). Ambroxol is not
soluble in OTP, and Figure S4 shows that the high DNP
polarization obtained in the OTP glass matrix is successfully
relayed into the impregnated microcrystalline powder47 over
temperatures from 113 to 236 K. At 113 K enhancements of
over 50 are observed for the ambroxol peaks and a value of 8 is
observed for the drug at 236 K (see the SI). In Figure 2 the
same approach was applied to monitor dynamics inside the
microcrystalline phase of the hydrated sodium salt of ibuprofen
(IBU-S) between 107 and 225 K. IBU-S undergoes several
conformational dynamic processes in the crystal that can be
characterized by spectral changes in variable temperature solid-
state NMR.20 Despite the dynamics, enhancements of around
10 are obtained, and the spectral changes are clearly observed
in the DNP enhanced spectra, which thus allow these processes
to be monitored with unprecedented sensitivity and without
any significant loss in resolution (details in SI). These
demonstrations open up many possibilities, including, e.g.,
measuring dynamics with natural abundance 2H spectra.48

In conclusion, we have shown that efficient DNP radicals
such as BDPA and TEKPol dissolved in OTP yield enhance-
ments at 243 K (the Tg for OTP) of about 60−80 and that we
can even obtain enhancements of ∼20 in the metastable phase
around room temperature at 9.4 and 18.8 T. We have also
shown that this medium can be used to enhance the NMR
spectra of microcrystalline pharmaceutical compounds over a
large range of temperatures, which enables monitoring of
dynamical processes with DNP NMR.
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Schwarzwal̈der, M.; Lelli, M.; Franks, W. T.; Oschkinat, H.; Copeŕet,
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