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ABSTRACT: Dynamic nuclear polarization (DNP) using transient electron spin polarization generated by photoexcitation can 
improve nuclear magnetic resonance (NMR) sensitivity far beyond the thermal equilibrium limit for analysis in life science 
and drug discovery. However, DNP of liquid water at room temperature remains an important challenge. In previous studies, 
polarization has been transferred directly from the electron spins in the solid to the nuclear spins of the target, and this has 
been limited to near-surface solid or highly-viscous targets. Here, we propose a new method called hyperpolarization relay, 
in which the polarization of electron spins is transferred to proton spins in the nanocrystals and then to proton spins in bulk 
water by the nuclear Overhauser effect (NOE). Molecular nanocrystals doped with a polarizing agent that generates a highly-
polarized photoexcited triplet were synthesized by a reprecipitation method while controlling the size of the nanocrystals. As 
the size of the nanocrystals decreases, the efficiency of polarization transfer from nanocrystals to water was improved due to 
the increase in the surface area. 

While nuclear magnetic resonance (NMR) spectroscopy is 
indispensable in a wide range of fields from chemistry to 
medicine, NMR suffers from inherently poor sensitivity be-
cause of low nuclear spin polarization. Dynamic nuclear po-
larization (DNP), in which the electron spin polarization is 
transferred to the nuclear spins, is one of the most promis-
ing methods to improve the sensitivity of NMR.1-8 Water is 
an extremely attractive and ubiquitous target because the 
hyperpolarization of water protons can lead to highly sen-
sitive NMR of proteins and biomolecules.9-15 Although DNP 
of water has been reported using electron spin in thermal 
equilibrium as a polarization source at cryogenic or room 
temperature, the presence of paramagnetic species short-
ens the spin-lattice relaxation time ሺ𝑇ଵሻ  of water protons 
and affects the resolution of NMR.16-17 Furthermore, the ob-
tainable nuclear spin polarization is limited to the electron 
spin polarization in the thermal equilibrium, and room-tem-
perature DNP of water is inevitably inferior to that by DNP 
at cryogenic temperatures. 

The use of non-equilibrium electron spin polarization 
generated by photoexcitation has the great potential to en-
able significantly high nuclear spin polarization even at 
room temperature. The pioneering studies have been re-
ported on target nuclear spin hyperpolarization using non-
equilibrium electron spin polarization in the nitrogen-va-
cancy (NV) center of diamonds.18-23 However, since the po-
larization is directly transferred from the electron spins of 
the NV center to the target nuclear spins by the solid effect, 

the polarizable region is limited to a small scale near the di-
amond surface and the polarizable target is limited to solids 
or highly-viscous liquids. Therefore, how to transfer the po-
larization from non-equilibrium electron spins in solids to 
the nuclear spins in bulk liquid water is an extremely im-
portant but unsolved problem. 

Here, we report the nuclear spin hyperpolarization of 
bulk liquid water by a new strategy named hyperpolariza-
tion relay, in which the photo-generated transient electron 
spin polarization is transferred to the nuclear spins within 
nanocrystals, and then transferred to the nuclear spins of 
liquid water through nuclear Overhauser effect (NOE) (Fig-
ure 1). As the nanocrystal size decreases, the polarization 
transfer by NOE to water occurs more efficiently. 

Figure	1.	Schematic representation of hyperpolarization relay 
from nanocrystals to bulk liquid water. DNP: dynamic nuclear 
polarization, NOE: nuclear Overhauser effect. 



 

As a proof of concept, we employed organic nanocrystals 
that are rich in protons and can be hyperpolarized at room 
temperature by DNP based on photo-excited triplet state 
(triplet-DNP, Figure 2a).24-27 In triplet-DNP, spin-polarized 
triplet electrons are generated by spin-selective intersys-
tem crossing (ISC) after photoexcitation. This non-equilib-
rium electron spin polarization is transferred to nuclear 
spins by integrated solid effect (ISE) under microwave irra-
diation and magnetic field sweep.24 While the application of 
triplet-DNP had been limited to the solid-state and dis-
solved solids,28-34 our group has previously reported the tri-
plet-DNP even in liquid water.35 In our previous work, we 
prepared pentacene-doped p-terphenyl nanocrystals by 
ball-milling in the presence of a surfactant, cetyltrime-
thylammonium bromide (CTAB). Proton hyperpolarization 
by triplet-DNP was observed for the nanocrystals but not 
for water, probably due to the spin relaxation in CTAB on 
the nanocrystal surface. Due to the poor solubility of penta-
cene in common solvents, the only way to prepare the nano-
crystals was the ball milling method with surfactants. 

Figure	2. (a) Typical scheme of triplet-DNP and chemical struc-
tures of DAT (polarizing agent) and p-terphenyl (matrix). ISC: 
intersystem crossing, IC: Internal conversion. (b) Schematic 
representation of the preparation of DAT-doped p-terphenyl 
nanocrystals by the reprecipitation method and the sample 
preparation for triplet-DNP. 

We solved this problem by using 5,12-diazatetracene 
(DAT) as a polarizing agent, which has been previously de-
veloped by our group and shows excellent solubility in var-
ious organic solvents.36 We were able to prepare DAT-
doped p-terphenyl nanocrystals without using surfactants 
by the reprecipitation method (Figure 2b).37-39 A THF solu-
tion of p-terphenyl (10 mM) and DAT was quickly injected 
into vigorously stirred water in the ice bath. The volume ra-
tio of THF:water was changed as 1:5, 1:10, and 1:100 to con-
trol the nanocrystal size. To control the doping amount of 
DAT, the DAT concentration was tuned to 0.5 mM for 
THF:water ratio of 1:5 and 1:10, and 0.25 mM for 1:100. Af-
ter 30 s of stirring, the formed nanocrystals were isolated 

by centrifugation. The size of nanocrystals was character-
ized by scanning electron microscopy (SEM) and dynamic 
lite scattering (DLS) measurements. SEM observation 
showed rounded nanoparticles, which decreased in size as 
the volume ratio of water to THF was increased (Figure 3a, 
S3). A similar trend was observed in DLS with average sizes 
of 390, 270, and 170 nm with the increase of the volume ra-
tio of water to THF (Figure 3b). Nanocrystals with these 
particle sizes are referred to as NC390, NC270, and NC170, re-
spectively. Powder X-ray diffraction (PXRD) patterns 
showed that the crystallinity was well maintained in the 
nanocrystals compared to bulk p-terphenyl crystals doped 
with 0.05 mol % of DAT prepared by melt quenching 
method (Figure S4).36 

Figure	3.	(a) SEM images of nanocrystals obtained by the re-
precipitation method with the THF:water volume ratio of 1:5 
(left), 1:10 (middle), and 1:100 (right). (b) DLS profiles of the 
aqueous dispersions of DAT-doped p-terphenyl nanocrystals 
prepared with the THF:water volume ratio of 1:5 (red line), 
1:10 (blue line), and 1:100 (green line). (c) UV-vis absorption 
spectra of DAT-doped p-terphenyl bulk crystals (black line) 
and nanocrystals prepared with the THF:water volume ratio of 
1:5 (NC390, red line), 1:10 (NC270, blue line), and 1:100 (NC170, 
green line). 

Triplet-DNP requires the molecularly dispersed polariz-
ing agent to avoid the relaxation of electron spin polariza-
tion.27 DAT in bulk p-terphenyl crystals showed the 𝜋-𝜋* ab-
sorption peaks at 455, 485, and 520 nm (Fig. 3c).36 The ab-
sorption peak positions were almost maintained for DAT in 
the nanocrystals, suggesting the good dispersibility of DAT 
in the nanocrystals. The amounts of doped DAT in NC390, 
NC270, and NC170 were calculated to be 0.038, 0.096, and 
0.090 mol %, respectively, by UV-vis absorption measure-
ments after dissolving the nanocrystals in THF (Figure S2). 

The electron spin polarization in photo-excited triplet 
state was investigated by the X-band time-resolved electron 
spin resonance (TR-ESR) measurements of the dried nano-
crystals at room temperature under pulsed photo-excita-
tion at 527 nm. The spectra of each nanocrystal showed the 
typical shape of the DAT triplet (Figure S5).36 Simulations 
using the EasySpin toolbox in MATLAB40 yielded similar 
zero-field splitting parameters and relative populations for 
DAT in bulk crystals and nanocrystals (Table S1). The ESR 



 

decay time constant was also maintained in the nanocrys-
tals at around 10 µs (Figure S5, Table S1), which is long 
enough for polarization transfer to nuclear spins through 
ISE.36, 41 

The 1H-NMR signal intensity was enhanced by triplet-
DNP based on the ISE sequence (Figure 4a). After photoex-
citation with a pulsed 527 nm laser at a repetition rate of 
800 Hz, microwave was irradiated (17.6 GHz, 50 W) while 
sweeping magnetic field (30 µs) to transfer polarization 
from triplet electron spins to nuclear spins. After repeating 
this process to accumulate the proton spin polarization, the 
sample was moved from a resonator to a solenoid coil 
within 1 s, and the 1H-NMR signal was detected by using a 
magic echo sequence at 0.66 T (28.2 MHz). During the tri-
plet-DNP process, cooled air of ca. 15 ℃ was flowed into the 
resonator to prevent water evaporation due to microwave 
and laser irradiation. The nanocrystals were mixed with 
water of 10% H2O in D2O in the weight ratio of NC:water = 
1:4. 

Figure	4. (a) Pulse sequence of triplet-DNP process. (b) 1H-
NMR spectra of the mixture of NC170 and water at thermal equi-
librium (black line) and after triplet-DNP for 120 s (green line). 
(c) Enlarged 1H-NMR spectra (green line) and their fitting re-
sults with Gaussian functions (red lines).35 

In the 1H NMR spectrum for the mixture of NC170 and wa-
ter at thermal equilibrium, only a sharp peak from water 
was observed. Notably, after the triplet-DNP sequence for 
120 s, the intensity of the water-derived sharp peak clearly 
increased in addition to the enhanced nanocrystal-derived 
broad peak. (Figure 4b). By fitting the NMR spectra with the 
Gaussian function,35 the enhancement factor (ε) of nano-
crystals and water was estimated as 103.6 ± 10.0 and 2.4 ± 
0.3 times, respectively, as the average of three independent 
measurements (Figure 5a, b, Table 1). We finally succeeded 
in hyperpolarization of bulk liquid water, which has not 
been achieved by DNP using photo-induced non-equilib-
rium electron spins in solids. 

The single-exponential fitting of the buildup curve for the 
broad nanocrystal-derived component gave a time constant 
of TB, NC = 24.5 ± 1.1 s (Figure 5a), which is mostly dominated 
by the signal decay time constant of the nanocrystals NC170 

(TD, NC = 30.9 ± 0.4 s, Figure S6). Importantly, the time con-
stants of buildup (TB) and decay (TD) for the sharp water-
derived component were TB, water = 19.8 ± 4.2 s and TD, water = 
17.1 ± 1.5 s (Figure 5b, S6), being apparently longer than T1 
of water (T1, water = 7.0 s, Figure S7). These TB, water and TD, water 
values are rather close to the time constants of the nano-
crystals, supporting the polarization leaked out from the 
nanocrystals to water.  

Figure	5. Polarization buildup curves with single exponential 
fitting results of (a) the nanocrystals and (b) water for the mix-
ture of nanocrystals (NC390 (red), NC270 (blue), and NC170 
(green)) and water. The fitting results of water with NC390 and 
NC270 are not shown due to high uncertainty by low signal en-
hancement. Points and error bars indicate the average and 
standard error, respectively, of three independent measure-
ments. (c) The STD factor (Astd) of the mixture of nanocrystals 
(NC390, NC270, and NC170) and water. Water without nanocrys-
tals was used as a reference.  



 

The transfer of proton spin polarization from the nano-
crystal surface to water was also suggested by the size de-
pendence of the nanocrystals. As the nanocrystal size in-
creased from 170 nm (NC170) to 270 nm (NC270) and 390 nm 
(NC390), the enhancement of water polarization (εwater) de-
creased from 2.4 ± 0.3 to 1.5 ± 0.2 and 1.2 ± 0.1 times (Figure 
5b, Table 1). This trend supports that the polarization trans-
fer occurs at the interface between the nanocrystals and wa-
ter. On the other hand, the polarization enhancement of the 
nanocrystals (εNC) was lower with decreasing nanocrystal 
size, mainly due to the shorter spin-lattice relaxation time 
of the nanocrystals corresponding to TD, NC (Table 1, Figure 
S6). The PXRD patterns of the nanocrystals did not show 
significant differences between the different nanocrystal 
sizes (Figure S4). It is assumed that there are some struc-
tural disorders near the nanocrystal surface. The future 
challenge is to fabricate nanocrystals with longer T1 while 
reducing the crystal size. 

The size-dependent magnetization transfer from the 
nanocrystals to water was also supported by saturation 
transfer difference (STD) NMR measurements at 16.5 T 
(700 MHz). The magnetization transfer was examined by 
the extent to which the water signal was reduced by selec-
tive saturation of nanocrystal protons.42-45 The STD factor 
(Astd) was calculated as follows,43, 45 

𝐴ୱ୲ୢ ൌ
ூబିூ౩౪
ூబ

ൌ 𝐼ୱ୲ୢ/𝐼    (1) 

where 𝐼 is the intensity of off-resonance NMR signal, 𝐼ୱୟ୲ is 
the intensity of on-resonance saturated NMR signal, and 
ሺ𝐼 െ 𝐼௦௧ሻ is the STD signal. Water was used as a reference. 
As the nanocrystal size decreased, the STD factor (Astd) in-
creased (Figure 5c, S8). This result confirms the scenario 
that magnetization is transferred from nanocrystals to wa-
ter by NOE and that magnetization transfer is more likely to 
occur as the size of the nanocrystals decreases. 

In conclusion, we demonstrated for the first time the pro-
ton polarization of bulk water using non-equilibrium elec-
tron spin polarization generated by photoexcitation. We 
demonstrated the polarization relay that first transfers the 
polarization from photoexcited triplet electron spins to pro-
ton spins within the nanocrystals, and then transfers the po-
larization to proton spins of water by NOE on the nanocrys-
tal surface. This provides an important strategy for polari-
zation transfer to liquid targets using various solid polari-
zation sources such as diamond NV centers as well as mo-
lecular nanocrystals. Further improvement of the T1 of 
nanocrystals and speed-up of the polarization relay from 
nanocrystals to water would boost the polarization en-
hancement of water and target molecules in liquid. This 

would lead to the realization of a continuous hyperpolar-
ized water supply system that will revolutionize life science 
and drug discovery. 
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