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Dissolution dynamic nuclear polarization (DNP) has wide variety of important applications such as
real-time monitoring of chemical reactions and metabolic imaging. We construct DNP using photoexcited
triplet electron spins (Triplet-DNP) apparatus combined with dissolution apparatus for solution NMR in a
high magnetic field. Triplet-DNP enables us to obtain high nuclear polarization at room temperature.
Solid-state samples polarized by Triplet-DNP are transferred to a superconducting magnet and dissolved
by injecting aqueous solvents. The 13C polarization of 0.22% has been obtained for [caryboxy-13C]benzoic
acid-d in the liquid state. Our results show that Triplet-DNP can be applied to real-time monitoring with
solution NMR.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

NMR spectroscopy has crucial roles for non-invasive material
analyses. However, the inherent low sensitivity, due to the
extremely low thermal polarizations at room temperature even
in a high magnetic field, limits the range of applications. Dynamic
nuclear polarization (DNP) [1] provides a way to significantly
enhance the nuclear spin polarizations using unpaired electron
spins, which have high polarization compared to nuclear spins.
The high polarization can be transferred to nuclear spins by micro-
wave irradiation at or near the resonant frequency of electron
spins. DNP instruments have opened a wide variety of new NMR/
MRI applications. For example, DNP combined with magic angle
spinning [2] is utilized for characterizations of tiny amount of
samples (~100 nmol) such as trans-membrane proteins [3,4] and
surface structures of porous materials [5] in the solid state. Disso-
lution DNP (d-DNP) [6] can monitor real-time chemical reactions
and metabolic processes [7–10]. To obtain near unity electron
polarization along with a long nuclear spin-lattice relaxation time,
d-DNP experiments are generally carried out at low temperatures
(<2 K) in high magnetic fields (>3 T). After the DNP experiments,
the samples are rapidly dissolved by hot solvents and transferred
to a secondary NMR or MRI superconducting magnet (SCM). Sev-
eral instruments have been reported in the literature [11–13].

While the conventional DNP, which is implemented at low tem-
perature in a high magnetic field using free radicals, is the most
versatile method, several methods such as para hydrogen [14],
nitrogen-vacancy center in diamonds [15] and optically pumped
gases [16] are studied as promising candidates to obtain extremely
high nuclear polarizations. As the sources of high polarization in
these methods are not thermally equilibrated electron spins, these
techniques do not require high magnetic fields and/or cryogenic
temperatures. DNP using photoexcited triplet electron spins
(Triplet-DNP) [17–19] also can be carried out under low magnetic
fields and high temperatures. The triplet state of pentacene has
high polarization under those experimental conditions because
the population is selectively distributed via intersystem crossing
[20,21]. The high polarization is transferred to nuclear spins by
microwave irradiation during the lifetime of the triplet state. Using
Triplet-DNP, 1H polarization of above 70% in a single crystal of
naphthalene was obtained below 100 K [22,23] and 1H polarization
of 34% was achieved in a single crystal of p-terphenyl at room tem-
perature [24]. Recently, we have advanced this technique toward
the application in NMR/MRI analyses. Eutectic mixtures [25] and
glassy host molecules [26] have been investigated to increase the
number of target molecular species to be polarized by Triplet-
DNP. Yanai et al. have studied new polarizing agents [27] other
than pentacene, which has been used for the standard agent of
Triplet-DNP, and realized high 1H polarization of nanocrystals

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmr.2019.106623&domain=pdf
https://doi.org/10.1016/j.jmr.2019.106623
mailto:kagawa@ee.es.osaka-u.ac.jp
https://doi.org/10.1016/j.jmr.2019.106623
http://www.sciencedirect.com/science/journal/10907807
http://www.elsevier.com/locate/jmr


2 A. Kagawa et al. / Journal of Magnetic Resonance 309 (2019) 106623
dispersed in water [28] to widen the range of Triplet-DNP
applications.

In the previous work, we succeeded in obtaining solution 1H
NMR spectra of benzoic acid polarized by Triplet-DNP in an elec-
tromagnet of 0.39 T [29]. The static magnetic field of 0.39 T created
by an electromagnet is suitable for Triplet-DNP but not for conven-
tional solution NMR, since it is of a quite low strength and has low
homogeneity compared to that of a standard NMR SCM equipped
with a shim coil. We have also constructed a magnetic field cycling
system between a low magnetic field for Triplet-DNP and a high
magnetic field for solid NMR [30]. Recently, Kouřil et al. have con-
structed bullet-DNP system enabling fast solid-state sample trans-
fer by pressurized He gas and rapid dissolution of the sample at
room temperature without the loss of polarized target molecules
[31]. Brute-force hyperpolarization also succeeds in room temper-
ature dissolution of thermally polarized samples [32].

In this work, we apply Triplet-DNP to solution NMR in a high
magnetic field. Solid-state samples polarized by DNP are trans-
ferred into a high magnetic field and dissolved by hot aqueous sol-
vents at room temperature. Dissolution at very low temperature
needs a large amount of solvent volume (3–5 mL) to prevent sam-
ple freezing. The dissolution at room temperature enabled by
Triplet-DNP circumvents the large solvent volume required in the
conventional DNP, which increases the sensitivity owing to the
increased concentration of target molecules in the solvent. As the
electromagnet for Triplet-DNP can be placed just beneath a SCM
for solution NMR, a sample transfer path of our system is shorter
than that of conventional d-DNP system and the polarization loss
during the transfer of the solid sample is low. The 13C polarization
of 0.22% has been obtained for [caryboxy-13C]benzoic acid-d in the
liquid state. Our results show that Triplet-DNP can be applied to
real-time monitoring of solution NMR with high resolution.

1.1. Hardware and experiments

We modified our field-cycling instrumentation that can mea-
sure single crystal samples highly polarized by Triplet-DNP [30].
As shown in Fig. 1, an electromagnet (EM40050, Echo-Denshi)
and a SCM of 11.7 T (Varian Inc.) were employed for Triplet-DNP
and solution NMR experiments, respectively. Integrated Solid
Effect (ISE) sequence [17] was implemented to efficiently polarize
1H spins. Our Triplet-DNP apparatus placed in the electromagnet is
almost similar to the previous one [30]. We placed the electromag-
net just beneath the SCM. The sample transfer length is 85 cm
Fig. 1. Schematic diagram of our dissolution Triplet-DNP system. The electromag-
net was placed just beneath the SCM.
between the position of Triplet-DNP and solution NMR experi-
ments. Conventional d-DNP systems require transfer length of sev-
eral meters. The leakage magnetic field of the SCM was c.a. 20 mT
at the sample position for Triplet-DNP experiments without the
electromagnet. We do not utilize a magnetic tunnel, which can
suppress spin-lattice relaxation (T1) at a near zero magnetic field
[33].

After Triplet-DNP, solid samples were manually transferred to
the 11.7 T SCM within 5 s. The fast T1 decay brought about by
the radical spins used in conventional d-DNP can be avoided in
our sample transfer because there are not radical spins in the sam-
ples after Triplet-DNP experiments. Note that photo-induced radi-
cals have the same advantage in the conventional d-DNP
experiments, since the radicals recombine after dissolution [34].
We developed a 1H–13C double resonance probe based on the Kan’s
circuit design [35] and tuned at 500 and 125 MHz, respectively.
Saddle shaped coil with 15 mm length and 6 mm diameter was
employed as the NMR sample coil. We used a quartz sample tube
with outer diameter (OD) of 5 mm and inner diameter (ID) of
3.6 mm. The sample tube is suitable for Triplet-DNP experiments
using a TE011 mode microwave cavity with a high quality factor
because of its low dielectric loss. A hot aqueous solvent for rapid
dissolution was injected to the sample tube by compressed air of
0.1 MPa through a 1.5 m long Teflon tube within 1 s. To suppress
the temperature drop of the solvents during the transfer, the Teflon
tube was passed through a silicone tube inside which hot water
circulated as shown in Fig. 1.

[carboxy-13C]benzoic acid (BA1), [1,2,3,4,5,6-13C6]benzoic acid
(BA6) and deuterated water (99.9% atom D) were purchased from
Cambridge Isotope Laboratories. Carboxylic hydrogens in BA1
was substituted with deuterium using deuterated water to
increase the 1H spin–lattice relaxation times [29]. Regioselectively
labelled [2,5-13C2]benzoic acid (BA2) was synthesized (see SI text
for details of organic synthesis). The synthesized [carboxy-13C]
BA-d (BA1d) and BA2 were purified by sublimation. The three
labelled BA molecules are shown in Fig. 2. We prepared the three
sorts of 13C labelled samples doped with 0.04 mol% pentacene to
obtain 13C NMR spectra in which J-splitting and chemical shifts
are well resolved. We used the three samples milled by a pestle
to easily dissolve with the hot solvents. The solvent of 0.5 M
sodium hydroxide in deuterated water was used for rapid dissolu-
tion of BA.

All Triplet-DNP experiments were carried out in 0.39 T at room
temperature. In 0.39 T, the resonant frequencies of electron spin,
1H spin, and 13C spin were c.a. 11.6 GHz, 16.6 MHz, and
4.15 MHz, respectively. Pentacene doped in BA was excited by a
dye laser (RDP1, Radiant dyes). The dye laser was pumped by a
green laser (DM60-527, Photonics Industries). The wavelength,
energy, and pulse duration of the dye laser were 594 nm, 11 mJ/
pulse, and 200 ns, respectively. The experimental parameters for
the ISE sequence are shown in Fig. 3. We used a homebuilt OPEN-
CORE NMR spectrometer [36] for the timing controls of ISE
Fig. 2. Regioselectively 13C-labelled benzoic acids. (a) [carboxy-13C]benzoic acid-d
(BA1d), (b) [2,5-13C2]benzoic acid (BA2), (c) [1,2,3,4,5,6-13C6]benzoic acid (BA6).
Labelled 13C spins are indicated by asterisks.



Fig. 3. ISE sequence for Triplet-DNP.
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sequence and NMR measurements. After Triplet-DNP, high polar-
izations of 1H spins were transferred to 13C spins by a ramped
amplitude cross polarization [37] in 0.39 T. The polarizations were
estimated by comparing NMR signal intensities of highly polarized
samples with those of thermally equilibrated ones in 0.39 T and
11.7 T.
2. Results and discussion

We obtained the 1H polarizations of 0.37% and 0.88% for non-
deuterated BA and partially deuterated BA-d by Triplet-DNP for
360 s in 0.39 T. The obtained polarization of deuterated BA-d is
higher than non-deuterated BA due to the long T1 value [29], which
can be explained by the fact that the motion of carboxylic hydro-
gen is a main source of T1 in the solid samples of BA. To guarantee
the laser to penetrate through the whole sample, we used powder
samples of c.a. 0.4 mg in a 1 mm ID pyrex tube for this experiment.

After Triplet-DNP experiments, the polarized samples of c.a.
3 mg were manually shuttled and then dissolved by the hot sol-
vents of 0.35 mL. We obtained highly enhanced solution 13C NMR
spectra of BA1d, BA2, and BA6 as shown in Fig. 4. The enhancement
factors were calculated by comparing the integrated intensities for
the highly polarized NMR signals (SDNP) and the NMR signals (Sthe)
in thermal equilibrium at room temperature in 11.7 T. The
achieved enhancement factors (SDNP/Sthe) were 220, 100, and 40
for BA1d, BA2, and BA6, respectively. The corresponding 13C
polarizations were c.a. 0.22%, 0.10%, and 0.04%. The main reason
Fig. 4. Liquid 13C NMR spectra in 11.7 T of (a) BA1d, (b) BA2 and (c) BA6. The bottom spe
using a 90� pulse. The upper spectra enhanced by Triplet-DNP were acquired by a 30� pu
acid, sodium salt (TSP) in D2O.
of low 13C polarization of BA6 compared to BA2 is the difference
of the number of 13C spins in BA. The enhancement factor of cross
polarization is proportional to e = N(1H)/(N(1H) + N(13C)), where N
(13C) and N(1H) are the number of 13C spins and 1H spins in BA. e
of BA2 and BA6 are 0.75 and 0.5, respectively. The relaxation times
of carboxyl 13C spin and ring-13C spins in solutions were 48 s and
less than 5 s, respectively. We also show the time dependence of
the solution 13C NMR spectra in Fig. 5. The first spectra just after
dissolutions were broader than those of other spectra because of
the inhomogeneity of the static magnetic field caused by
microbubbles [38–40]. The inhomogeneity becomes stable in a
few seconds after the dissolution. After the stabilization, J-
splitting and chemical shifts of BA were well resolved as shown
in Fig. 5. The minimum line width of BA1d in d-DNP experiments
was 13 Hz, which corresponds to that in thermal state experiments
with our NMR system.

We also measured solution NMR spectra of 1H spins in the ben-
zene ring of the BA1d as shown in Fig. 6. The enhancement factor
was c.a. 50 and it corresponds to 1H polarization of 0.2%, which was
close to the obtained 13C polarization. The minimum line width of
80 Hz was 2.5 times broader than that of the thermal 1H spectrum.
Generally, 1H spins are 4 times sensitive to the homogeneity of the
static magnetic field compared to 13C spins due to the large gyro-
magnetic ratio. We measured the loss of 1H polarization was only
6% during our sample transfer. Note that the T1 of 1H spins for BA-d
in the solid state is 7 min in 0.38 T at room temperature [29]. From
the result, we concluded that our sample transfer from the low
field to the high field nearly fulfilled the adiabatic condition. The
main source of the 1H polarization difference measured at 0.39 T
and 11.7 T was the difference in the sample volume; we used larger
sample tubes for the dissolution experiments compared to those
for the measurement of 1H polarization in 0.39 T. By comparing
the enhanced 1H NMR signals between the sample of 0.4 mg and
the sample of 3 mg, we concluded that our laser could excite
approximately the half of the 3 mg sample volume. Furthermore,
it takes a few second from the dissolution to stabilize the dissolved
solvents. The time interval for stabilization decreases the 1H polar-
ization of BA in solution due to the short T1 (<5 s).

A higher power laser (>20 mJ/pulse) would be required to
obtain higher enhancement factors. This would enable us to excite
pentacene in the whole sample volume of 3 mg, doubling the
enhancement factor as mentioned above. Moreover, highly pres-
surized sample tubes are useful for rapid stabilization of dissolved
samples [38–40]. It would enable us to measure NMR spectra just
ctra are thermal equilibrium spectra accumulated 64 times (a, b) and 256 times (c)
lse. The chemical shifts were calibrated using 3-(trimethylsilyl)propionic-2,2,3,3-d4



Fig. 5. Time-resolved enhanced solution 13C NMR spectra. The spectra were acquired with a time interval of 5 s for (a) BA1d and 2 s for (b) BA2 and (c) BA6 using a 30� pulse.
The 13C NMR became visible after dissolution. The solenoid valve opens 3 s after the dissolution sequence is started and then the solvent is transferred to the polarized
samples within 1 s.

Fig. 6. Enhanced spectra of 1H spins in the benzene ring of BA1d. (a) The bottom thermal spectrum was 4 times accumulated and measured by a 90� pulse. The upper
enhanced spectrum was measured by a 15� pulse. (b) The spectra were acquired with a time interval of 1 s using a 15� pulse.
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after the dissolution and suppress the decrease of signal intensities
due to short T1 in the liquid state. Our sample volume is smaller
than that of conventional DNP method. In the case of lower pen-
tacene concentration, we can increase the sample volume because
the laser at the same power can penetrate more deeply into sam-
ples. Although the low pentacene concentrations cause a low effi-
ciency of 1H polarization build up upon DNP, a laser with a higher
repetition frequency has the possibility to recover it. In fact, Eich-
horn et al. used 0.003 mol% pentacene doped naphthalene crystal
of more than 100 mg for Triplet-DNP experiments with 4 kHz laser
repetition rate and achieved high nuclear polarization as men-
tioned above [22]. These improvements widen Triplet-DNP appli-
cations for NMR/MRI experiments in a high magnetic field.
Application of Triplet-DNP apparatus introduced in this work in
NMR spectroscopy such as monitoring ligand binding of benzoic
acid [41] and salicylic acid [42] is currently in progress.
3. Conclusions

We have implemented dissolution Triplet-DNP in 11.7 T at
room temperature. The highly enhanced 1H and 13C NMR signals
of benzoic acid were obtained in the liquid state. The polarization
loss during the transfer in the solid state was 6% for 1H spins of
benzoic acids in the benzene ring. The highest 13C polarization
obtained for carboxyl deuterated benzoic acid is 0.22% which cor-
responds to the enhancement factor of 220 compared to the ther-
mal polarization. The enhancement serves real-time monitoring of
solution 13C NMR spectra using tip pulses. The developed instru-
ment can be employed to NMR/MRI analyses.
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