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Dynamic nuclear polarization (DNP), a means of transferring spin
polarization from electrons to nuclei, can enhance the nuclear spin
polarization (hence the NMR sensitivity) in bulk materials at most
660 times for 1H spins, using electron spins in thermal equilibrium
as polarizing agents. By using electron spins in photo-excited trip-
let states instead, DNP can overcome the above limit. We demon-
strate a 1H spin polarization of 34%, which gives an enhancement
factor of 250,000 in 0.40 T, while maintaining a bulk sample (∼0.6
mg, ∼0.7 × 0.7 × 1 mm3) containing >1019 1H spins at room tem-
perature. Room temperature hyperpolarization achieved with DNP
using photo-excited triplet electrons has potentials to be applied
to a wide range of fields, including NMR spectroscopy and MRI as
well as fundamental physics.

sensitivity enhancement | regioselective deuteration | pentacene |
quantum simulation | polarized target

Nuclear spin is a useful probe for noninvasive analysis of bulk
materials such as chemical compounds, industrial products,

biological samples, and human bodies. The signal from a spin
ensemble is proportional to the polarization P. In thermal
equilibrium in a magnetic field B at temperature T, P for spin-1/2
particles is given by

P= tanh
�
ZγB
2kT

�
; [1]

where Z is the Planck constant, k is the Boltzmann constant, and
γ is the gyromagnetic ratio. In a magnetic field of several teslas
at room temperature, the nuclear spin energy ZγB=2 is much
smaller than the thermal energy kT, so nuclear spins are only
slightly polarized. This is the major reason why the sensitivity of
NMR spectroscopy and MRI is so low.
Dynamic nuclear polarization (DNP) is a means of trans-

ferring spin polarization from electrons to nuclei. As a method to
enhance the bulk nuclear polarization, DNP has been success-
fully applied to areas ranging from fundamental physics (1–3) to
materials science (4), biology (5–7), and medical science (8),
since it was discovered 60 y ago (9, 10). As long as electron spins
in thermal equilibrium are used as polarizing agents, the upper
limit of the polarization enhancement is 660 for 1H spins and
cryogenic temperatures of around 4.2 K are required for hy-
perpolarization in the order of 10% even in the strong magnetic
fields used for NMR. Hyperpolarization at room temperature
will simplify instrumentation and expand the sample variety to
materials that prefer ambient temperatures. Other techniques
such as optical pumping in semiconductors (11) and the Haupt
effect (12) also require cryogenic temperature for increasing
bulk polarization beyond 10%.
One solution for overcoming the upper limit of the enhance-

ment factor of the conventional DNP, γe=γn, is to use non-
thermalized electron spins as polarizing agents. A number of
organic molecules have photo-excited triplet states where, due to
the selection rule in the intersystem crossing from the excited

singlet state to the triplet state, the population distribution is
highly biased. DNP using electron spins in the photo-excited
triplet state can achieve hyperpolarization independent of the
magnetic field strength and temperature (13–16). In this work,
we have achieved a bulk hyperpolarization of 34% and corre-
sponding to 250,000 times enhancement in 0.40 T at room
temperature with the following procedure.
The procedure, developed by Henstra et al. (13), begins with

shining a pulsed laser to excite the polarizing agents, e.g., a
pentacene dopant in the sample. The energy diagram is shown
in Fig. 1A. The hyperpolarization in the photo-excited triplet
state is transferred to nuclear spins in the vicinity during the
triplet lifetime by a pulsed DNP process, the integrated solid
effect (ISE) (13). In the process, the field sweep and microwave
irradiation near the transition frequency between the triplet
sublevels are simultaneously applied, as shown in Fig. 1B. The
inhomogeneously broadened electron spin packets are adiabat-
ically swept over, and the effective nutation frequency of the
electron spins in the rotating frame is matched with the 1H spin
Larmor frequency at some point of the adiabatic process. The
photo-excited triplet state decays nonradiatively to the ground
singlet state. The hyperpolarized spin state diffuses from the
nuclear spins in the vicinity of the polarizing agent to the whole
sample. This sequence can be repeated to accumulate nuclear
spin polarization until the buildup and the nuclear spin-lattice
relaxation reach steady state. In ref. 13, at room temperature in
0.35 T, the polarization of 1H spins was increased to 0.66%,
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which gave an enhancement factor of 5,500 in a single crystal of
naphthalene doped with 0.01 mol% pentacene.
We adopted p-terphenyl as a host material instead of naph-

thalene, because it does not sublimate at room temperature. To
the best of our knowledge, until now the highest enhancement
factor at room temperature was 13,000 in 0.3 T with a 1H spin
polarization of 1.3%. This was achieved with a p-terphenyl host
material (19). We did the DNP experiments in 0.40 T at room
temperature. In Fig. 2 ThPh shows the buildup curve of 1H spin
polarization in a single crystal of p-terphenyl-h14 doped with
pentacene-h14, 0.05 mol%. By carefully optimizing the ISE

parameters and avoiding sample heating, we attained a 1H
spin polarization of 14% (see SI Text for experimental details,
the polarization transfer mechanism, and the method to de-
termine the polarization).
The key breakthrough in the present work to attain higher

polarization at room temperature is partial deuteration of the
sample. Our purpose is suppression of spin-lattice relaxation,
whereas the technique blending fully deuterated molecules in
the host matrix often used in conventional DNP is for decreas-
ing the number of spins in the host matrix when spins of interest
are sparsely distributed in the sample (6). In practice, the attain-
able 1H polarization is limited by the 1H spin-lattice relaxation
time. The spin-lattice relaxation time of the 1H spins in the p-
terphenyl-h14 host crystal, T1n, was 11 min at room temperature.
The 1H spin-lattice relaxation was mainly due to the pendulum
motion of the central benzene ring, which modulates the local
dipolar field of the 1H spins in and near the central ring (20). To
suppress the spin-lattice relaxation, we synthesized regioselectively
deuterated p-terphenyl-2′,3′,5′,6′-d4 (Fig. 1C) (see SI Text for
details of organic synthesis). T1n of the regioselectively deuterated
sample with the deuteration ratio 4/14 = 28.6% is four times
longer than the nondeuterated sample, whereas T1n of the sample
blending 30% fully deuterated p-terphenyl-d14 and 70% non-
deuterated p-terphenyl-h14 remains almost the same as the non-
deuterated sample (21). Therefore, T1n was increased owing to
the regioselective deuteration. The attainable polarization Pfin was
increased to 16% in the regioselectively deuterated host doped
with pentacene-h14 (TdPh in Fig. 2). However, the improvement
was disappointing.
There is another source of 1H spin-lattice relaxation that

affects DNP. We noticed that the triplet electrons play the role
of polarizing agent as well as contribute to spin-lattice relaxation
of the 1H spins in the vicinities through a perturbation of the
local field of the 1H spins. In the case of photo-excited triplet
electrons, the effect of the spin-lattice relaxation of the vicinities
is propagated to the whole sample because of the absence of the
so-called spin diffusion barrier. The 1H spin-lattice relaxation
time attributed to the triplet electrons, defined as T1e, can be
estimated using 1=T1e = 1=T1laser − 1=T1n, where T1laser is the
measured 1H spin-lattice relaxation time under the pulsed laser
irradiation without microwave irradiation (Table 1). By deuter-
ation of the pentacene, T1e can be increased by a factor of ca. 1.6.
The deuteration of triplet molecules was already reported (22,
23). However, the purpose was to clarify the polarization transfer
mechanism in refs. 22–24. Although the interactions between the
triplet electrons and the surrounding 1H spins are weakened in
the sample with the deuterated pentacene, a polarization trans-
fer efficiency comparable to that in a sample with pentacene-h14
can be obtained for a longer ISE duration, as also reported in
ref. 23. In fact, by using p-terphenyl-h14 doped with pentacene-
d14 (ThPd in Fig. 2), the initial gradient of the buildup curve,
dPðtÞ=dtjt=0, was almost the same as ThPh, as shown in Table 1.
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Fig. 1. Pentacene doped in a p-terphenyl crystal and pulse sequence for
DNP. (A) Energy diagram of pentacene doped in a p-terphenyl crystal. An
electron excited with laser irradiation transits to a triplet state by in-
tersystem crossing (ISC) and decays to the lowest triplet state. In a magnetic
field of 0.40 T applied in parallel along the long molecular axis of pentacene,
the energy gap between j0i and j−1i is ∼12 GHz, and the populations of the
triplet sublevels are 12%, 76%, and 12%, respectively (17). The triplet state
decays in 10–100 μs (18). (B) Pulse sequence for DNP and NMR detection. (C)
Pentacene and p-terphenyl-2′,3′,5′,6′-d4.
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Fig. 2. Polarization buildup curves. Blue, green, yellow, and red indicate
the polarization buildup curves using ThPh, TdPh, ThPd, and TdPd, re-
spectively. Th, Td, Ph, and Pd mean p-terphenyl-h14, p-terphenyl-2′,3′,5′,6′-d4,
pentacene-h14, and pentacene-d14, respectively. The polarizations and en-
hancement factors were estimated by comparing the intensities of the
hyperpolarized signals and the thermal signal in 0.40 T at room temperature.

Table 1. 1H spin-lattice relaxation times and the fitting
parameters of the buildup curves

Sample* T†
1n T1laser T1e

dPðtÞ
dt

���
t=0

Pfin τ

Unit min min min %/min % min
ThPh 11 6.0 13.2 5.8 14 2.4
TdPh 37 10.6 14.9 5.5 16 2.9
ThPd 11 7.3 21.7 5.5 18 3.3
TdPd 37 18.9 38.6 5.5 34 6.2

*The denotation is the same as in Fig. 2.
†The relaxation times T1laser and T1n were measured with and without the
pulsed laser irradiation at the repetition rate of 50 Hz, respectively. T1e is the
electron contribution in T1laser. The initial gradient dPðtÞ=dtjt=0 of the polar-
ization buildup curve, fitted by PðtÞ= Pfinð1− e−t=τÞ, was calculated by Pfin=τ.
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The attainable polarization Pfin was increased to 18%. Again the
improvement was disappointing.
Suppressing either of the two relaxation sources was not

enough. What if a method of suppressing both of them was
established? By using p-terphenyl-2′,3′,5′,6′-d4 doped with pen-
tacene-d14 (TdPd in Fig. 2), we achieved a bulk 1H spin polari-
zation of 34% at room temperature in 0.40 T, which gives an
enhancement factor of 250,000, much larger than 13,000 that was
previously reported for DNP using electron spins in photo-
excited triplet states at room temperature (19) and far larger
than 660, the upper limit of the conventional DNP using electron
spins in thermal equilibrium. The achieved transfer efficiency,
∼47%, of electron spin polarization to nuclear spins was non-
trivial because the theoretical limit of the efficiency of the
Overhauser effect is 50% and the efficiencies in most biological
studies using solid effect and thermal mixing are less than 50%.
The achieved 1H spin polarization of 34% means that two-thirds
of the >1019 1H spins contained in the bulk sample can be
aligned in the same direction. The 13C cross-polarization (CP)
spectrum of the hyperpolarized sample, shown in Fig. 3, provides
further evidence of such a high polarization. The spectrum is
split by the dipolar interaction with the nearest-neighbor 1H spin
and each peak height represents the population of the 1H spin
state. Sufficiently long DNP makes the asymmetrical character of
the doublet spectrum very clear. The polarization determined
from the asymmetry is 34% (1, 25, 26), which agrees with the
polarization calculated from the comparison of the intensities of
the hyperpolarized and thermal signals (details in SI Text).
Room temperature hyperpolarization techniques using photo-

excited triplet electrons simplify DNP experiments and have the
potential to be applied to a wide range of fields. The polarization
of 34% is 8,500 times higher than the thermal polarization of 1H
spins in 11.7 T at room temperature. NMR sensitivity of samples
that prefer ambient temperatures can be boosted significantly.
Using photo-excited triplet electrons can increase the DNP en-
hancement factor in a method proposed for hyperpolarizing flow
liquids (27). To achieve the polarization of 34% in conventional
DNP at 11.7 T, the temperature should be much lower than the
liquid nitrogen temperature. The conventional DNP at cryogenic
temperature needs special equipment to make it compatible with
the standard high-resolution NMR spectroscopy or MRI (4–8).
Using photo-excited triplet electrons, this can be simplified. The
13C CP spectrum in Fig. 3 was obtained in a homogeneous
superconducting magnet of 11.7 T with our field cycling in-
strumentation (28), which is similar to that in ref. 5. For the
applications to high-resolution NMR spectroscopy and MRI, we

need additional equipment for dissolving, magic angle spinning
(MAS), etc. It can be constructed more easily at room temper-
ature because it does not require thermal insulation, temperature
jump, and consideration of the temperature compatibilities of the
equipment components and mechanicals. The obtained flexibility
allows us to incorporate other useful techniques, e.g., speed-up of
MAS (29), as well as reduces the cost. Using photo-excited
triplet electrons, new or potential users who have an interest in
hyperpolarization can drastically save on the initial and running
costs. An extra refrigerator or cryogen is not needed for DNP.
The required magnetic field is very low and X-band microwave
components are much easier to handle and less expensive than
millimeter-wave ones. The most expensive equipment for our
experiment is the orange laser. Because pentacene can be ex-
cited by a less expensive solid-state green laser with a broad
linewidth (23), the cost of hyperpolarization will decrease in the
near future.
Until recently, demonstrations of DNP using photo-excited

triplet electrons were limited to single crystal and polycrystalline
samples (30). In the conventional DNP, a wide variety of samples
have been hyperpolarized as a dopant in glassy host materials
with polarizing agents (4–8). Recently, in a similar manner, we
have also succeeded in polarizing molecules, e.g., 5-fluorouracil,
used as antimetabolite, doped in a glassy matrix codoped with
pentacene; however, this still required a temperature of 120 K
(31). As discussed in ref. 31, to attain a higher polarization at
a higher temperature and broaden future applications, we invite
contributions from various fields of chemistry and materials
science for a suitable glassy host material and polarizing agent
with characteristics including high solubility, near unity spin
polarization, and harmlessness. High solubility will increase the
variety of samples that can be hyperpolarized with DNP. Triplet
molecules with electron spin polarization near unity and glassy
host materials with longer T1n will enable higher polarizations.
For applications to MRI, a study on human body-friendly triplet
molecules has the potential to improve the safety, because triplet
molecules have no harmful unpaired electrons whereas penta-
cene itself is harmful for other reasons.
We discuss the scalability of the room temperature hyperpo-

larization to a larger sample. The required sample volume for in
vivo applications is about 40 μL for small animals. ISE efficiency
does not depend on the sample volume as long as it is smaller
than that of the homogeneous region of the microwave field,
which was larger than 40 μL. The required laser power is, in
principle, proportional to the number of pentacene molecules in
the sample (details are discussed in ref. 32). The irradiated laser
with the power of 500 mW is more than enough to excite the
present sample doped with 1:3× 1014 pentacene molecules and
can excite up to 1:2× 1015 pentacene molecules (15). Therefore,
the laser power required to excite a 40-μL sample doped with
1:0× 1016 pentacene molecules is estimated to be 4 W, most of
which is converted to heat. This laser-induced heating is much
larger than microwave-induced heating. The heating problem
can be solved technically, e.g., by increasing the surface area of
a sample. In ref. 23, a high-power laser developed for industrial
use was already used in photo-excited triplet DNP and the
authors achieved hyperpolarization of an 80-μL sample at 77 K.
DNP using photo-excited triplet electrons can be also applied

in fundamental physics experiments. Bulk nuclear hyperpolar-
ization in such low magnetic fields is desirable for scattering
experiments with unstable nuclei, neutrons, and elementary
particles (3, 33). The low entropic state of a bulk nuclear spin
ensemble can be used for quantum information processing
experiments: quantum sensing toward single nuclear spin de-
tection (34–36), quantum computing (37), and studies on mag-
netic phase transition, which is presently a hot topic in quantum
simulation (38, 39) and was previously investigated by Abragam
et al. at sub-Kelvin temperatures (1).
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Fig. 3. Asymmetric 13C spectrum. The signals come from naturally abundant
13C spins at the edge of p-terphenyl (Inset). The spectrum obtained at 11.7 T
after 2 min of DNP and that after 40 min are shown.
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In conclusion, by using electron spins in photo-excited triplet
states, we can acquire a higher DNP enhancement factor than
the conventional limit, 660, using electron spins in thermal
equilibrium, while maintaining a bulk sample at room tempera-
ture. By deuteration of the polarizing agent and regioselective
deuteration of the host, we have achieved the 1H spin polariza-
tion of 34%. Such a high polarization was proved by the asym-
metric spectrum. The room temperature hyperpolarization
technique can be applied in areas of chemistry, materials science,
biology, and medical science as well as fundamental physics.

Materials and Methods
We purchased p-terphenyl and pentacene from Sigma-Aldrich. Deuterated
pentacene was given to us by Kazuyuki Takeda, Kyoto University. He pur-
chased it from Icon Isotopes. p-Terphenyl-2′,3′,5′,6′-d4 was synthesized in the
way shown in SI Text. p-Terphenyl and p-terphenyl-2′,3′,5′,6′-d4 were puri-
fied by zone refining. Pentacene and deuterated pentacene were used
without further purification. Single crystals of p-terphenyl (-2′,3′,5′,6′-d4)
doped with ∼0.05 mol% (deuterated) pentacene were grown by the
Bridgman method. They were cut into pieces with a size of ∼0.7 × 0.7 ×
1 mm3 and mounted in a cylindrical cavity (TE011 mode tuned at 12.05 GHz)
so that the long axis of the pentacene molecules was parallel to the static
magnetic field (34, 40, 41). The total number of the spins in the sample is
>1019 and the density is >2× 1022 spins per cubic centimeter. Pentacene was
excited with a flashlamp-pumped dye laser (Cynosure; LFDL-3). The pulse
width and energy were 1 μs and 10 mJ. A microwave pulse with the

frequency of 12.05 GHz was applied with the cavity. The width and strength
of microwave pulse and the width of field sweep are summarized in SI Text.
1H NMR at 0.40 T was detected by tip pulse with the rotation angle of 3° at
17.2 MHz. We carried out DNP at the repetition rate of 50 Hz. The NMR
experiments and timing control of the DNP, which are shown together with
the details of the experimental setup and NMR spectra in SI Text, were
programmed with an OPENCORE NMR spectrometer (42, 43). The enhance-
ment factor was calculated by comparing the integrated intensities of the 1H
NMR signal Setha of ethanol (40.7 mg) in thermal equilibrium in 0.40 T at 300 K
and the hyperpolarized signal SDNP. The polarization was calculated by

P =
Netha

NDNP

SDNP
Setha

tanh
�
ZγB
2kT

�
, [2]

where Netha is the number of the 1H spins in the sample of ethanol and NDNP

is that in the hyperpolarized sample. The 1H spin polarization was also de-
termined from the ratio of the asymmetric spectrum of 13C spin, for which
the field-cycling instrumentation and the NMR sequence with cross polari-
zation are shown in SI Text.
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