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NMR spectroscopy and MRI are powerful methods for the
non-destructive analysis of microscopic structures inside bulk
materials and human bodies. As a method to enhance their
sensitivities, dynamic nuclear polarization (DNP) has
attracted great attention. The intensity of a signal from
nuclear spins is proportional to the spin polarization. In
magnetic fields conventionally used for NMR spectroscopy
and MRI, thermal polarization of nuclear spins at room
temperature is in the order of 10�5 or less. DNP is a means of
transferring spin polarization from electrons to nuclei.[1] The
thermal polarization of electron spins is 660 times larger than
that of 1H spins, and therefore, DNP can enhance the 1H spin
polarization (hence the sensitivity) by a factor of at most 660.

With a lower temperature, electron spins are more highly
polarized in thermal equilibrium and therefore a higher
nuclear spin polarization can be achieved with DNP. (Note
that, even at lower temperature, the upper limit of the
polarization enhancement factor with DNP, which is defined
as the ratio of the polarization after/before DNP at the same
temperature herein, is not increased.) For example, at 4.2 K in
2.5 T, the bulk nuclear polarization can reach the order of
10%. Developing special peripheral equipment, such as
a sample transfer system,[2, 3] a temperature jump system,[2–4]

and a cryogenic magic angle spinning system,[5, 6] we are able
to combine hyperpolarization at cryogenic temperatures
around liquid helium temperature with high-resolution
NMR spectroscopy or MRI. Until now, DNP has succeeded
in hyperpolarizing various materials, such as trans-membrane
proteins,[7] nanocrystals of amyloid,[8] and interfaces of porous
media,[9] as well as injectable molecules for MRI.[3] The
sample preparation method using a glassy matrix is one of the
most important factors with regards to the versatility of

DNP.[5] In the above-mentioned study,[2–9] materials of interest
are codoped into a glassy matrix together with free radicals.

If hyperpolarization can be achieved above liquid nitro-
gen temperature, the peripheral equipment and the experi-
ments will be simplified and the application field will be
broadened. There are many samples of interest for which
a higher temperature is preferable. One solution for over-
coming the upper limit (660) of the polarization enhancement
factor achieved by conventional DNP is to use non-equili-
brated electron spins as polarizing agents. A number of
molecules, such as pentacene, have photoexcited triplet states
where the population distribution over the triplet spin
sublevels is highly biased owing to intersystem crossing
regardless of temperature and magnetic field strength.[10]

With single crystal samples doped with pentacene, DNP
utilizing the photoexcited triplet electrons as polarizing
agents[11–13] has achieved bulk 1H spin polarizations of 70%
at 105 K[14] and 34% at room temperature.[15] Herein, we
report the first demonstration of DNP using photoexcited
triplet electrons in a glassy matrix. We have succeeded in
polarizing codopants in a glassy matrix doped with pentacene,
as a first step to increase the variety of samples and to
broaden the application field.

In the present work, we use two kinds of host molecule.
One is a polar molecule, benzophenone (henceforth referred
to as BZP). Another is a non-polar molecule, o-terphenyl
(henceforth referred to as OTP). OTP glass has also been
used in conventional DNP.[16] The glass transition temper-
atures Tg and the melting points Tm of these molecules are
summarized in Figure 1, alongside mixtures of glycerol/water
and ethanol/water, which are often used in conventional DNP.
In the present hosts, we can perform DNP at higher temper-
atures than in the conventional hosts.

DNP was conducted in 0.4 T. The experimental sequence
begins with laser pulse irradiation that excites the pentacene
dopant in the glassy matrix. The wavelength of the laser was

Figure 1. Glass transition temperatures Tg and melting points Tm of
host materials: glycerol/water,[17] ethanol/water,[18] benzophenone,[19]

o-terphenyl,[20] polypropylene (typical), and 1,3,5-trinaphthylbenzene.[21]
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chosen to be 592 nm, which corresponds to the highest peak
of the absorption spectrum of pentacene in the glassy matrix
(Figure 2a). The hyperpolarization in the photoexcited triplet
state is transferred to the 1H spins in the vicinity through pulse
DNP, the integrated solid effect (ISE).[11] In the ISE, a field
sweep and microwave irradiation near the transition fre-
quency between the triplet sublevels are simultaneously
applied in such a way that the inhomogeneously-broadened
electron spin packets are adiabatically swept over and the
hyperpolarization is transferred. As shown in Figure 2b, the
ESR spectra of pentacene in the glassy matrices are much
broader than those in single crystals due to the ZFS (zero-
field splitting) anisotropy, and resemble that in a powder
sample of naphthalene doped with pentacene.[13] Takeda et al.
have already shown that powder samples of naphthalene
doped with pentacene can be hyperpolarized using the ISE
sequence with a broader and longer field sweep than single-
crystal samples.[13, 22] After the photo-excited triplet state
decays, the hyperpolarized state diffuses from the nuclear
spins in the vicinity of the pentacene to the rest of the sample.
By repeating this sequence, we can increase the nuclear spin
polarization until the buildup and the nuclear spin-lattice
relaxation reach equilibrium.

Supposing that hyperpolarization transferred by ISE
diffuses to the whole sample in the interval of the DNP
sequence (fast diffusion case), the 1H spin polarization P(t) is
given by Equation (1):[13]

PðtÞ ¼ Pe

1þ TB=T1
1� exp � 1

T1
þ 1

TB

� �
t

� �� �
ð1Þ

where Pe is the electron spin polarization just before being
transferred and T1 is the 1H spin lattice relaxation time. TB is
inversely proportional to the initial gradient of the polar-
ization buildup curve, dP(t)/dt j t=0, and is given by TB = 1H/Rx,
where R is the repetition rate, x is the polarization transfer
efficiency, and 1H is the number of 1H spins in the sample
divided by the number of electron spins that participate in the
polarization transfer process.

We show the thermal and polarized 1H NMR spectra of
OTP glass in Figure 3a and the polarization buildup curves
for the 1H spins in the glassy hosts of OTP and BZP in

Figure 3b c. In OTP glass at 120 K, the final polarization
attained was 0.28%, which was 820 times larger than the 1H
spin polarization in thermal equilibrium at 0.40 T and 120 K.
The polarization enhancement factor of 820 is larger than the
upper limit of conventional DNP (660) using electron spins in
thermal equilibrium. The final polarizations attained in BZP
glass at 120 K was 0.06 %.

The polarizations achieved were much smaller than the
electron spin polarization Pe, which was in the order of 10%
averaged over the ISE duration, meaning TB/T1 in Equa-
tion (1) must be larger than 10. The decrease in TB/T1

increases the achievable polarization. To decrease TB, we
decreased 1H by deuteration.[13, 23,24] The results with 90 wt%
deuterated hosts are shown in Figure 3d,e. In partially
deuterated OTP glass at 120 K, the achieved polarization
was 1.45% (the 1H NMR spectra is shown in Figure 3a),
which gives a polarization enhancement factor of 4250. All of
the polarizations achieved in OTP and BZP glass matrices
were increased by a factor of more than five by deuteration.

We have succeeded in obtaining enhanced signals from 19F
spins of molecules codoped with pentacene in glass at 120 K.
1 mol% 2,3,4-trifluorobenzoic acid was doped into [D14]OTP/
OTP = 90:10 wt % with 0.05 mol% pentacene. The 1H spin
polarization attained was 0.8%. In the codoped sample, T1

becomes shorter and the attainable polarization of 1H spins
becomes about half that of a sample without the codopants. A
polarized 19F NMR spectrum of 2,3,4-trifluorobenzoic acid is
shown in Figure 4a. Polarization transfer from 1H to 19F spins
was realized with field cycling instrumentation (0.4 T!
0.01 T!0.4 T).[25] In 0.01 T, the resonance frequency differ-
ence between the 1H and the 19F spins is the same order as the
strength of the nearest neighbor 1H–19F dipolar coupling, so
polarization transfer occurs. The efficiency of the polarization
transfer between 1H and 19F spins was estimated to be about
70%, which was degraded by the spin lattice relaxation in the
very low magnetic fields. We also show a 19F NMR spectrum

Figure 2. a) Absorption spectra of pentacene in OTP and BZP glass
matrices. b) ESR spectra of pentacene in OTP and BZP glass. The
magnetic fields used for the ISE are shown.

Figure 3. a) 1H NMR spectra of thermal and polarized OTP glass
matrices and 1H spin polarization buildup curves for b) OTP, c) BZP,
d) partially deuterated OTP ([D14]OTP/OTP= 90:10 wt%), and e) parti-
ally deuterated BZP ([D10]BZP/BZP= 90:10 wt %) doped with
0.05 mol% pentacene at 120 K (*), 160 K (~), and 200 K (�).
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of 1 mol % 5-fluorouracil codoped into [D10]BZP/BZP =

90:10 wt% with 0.05 mol% pentacene in Figure 4 b.
In this work, we have achieved bulk polarization of 1.45%

in a glassy matrix with DNP using photoexcited triplet
electrons. The achieved polarization enhancement factors in
glassy matrices are larger than 660, the upper limit of the
polarization enhancement factor with conventional DNP
using thermal electrons. Herein we discuss the potential to
achieve a higher polarization. Equation (1) implies that
a higher polarization can be obtained by increasing one or
some of the following parameters: 1) The deuteration factor
for lower 1H (note that the optimum value exists due to the
decrease of the spin diffusion constant[24]); 2) the concentra-
tion of polarizing agents for lower 1H; 3) R using a different
laser source,[26] 4) T1; 5) x ; and 6) Pe. There are some
molecules in which the photoexcited triplet state has
a higher Pe.

[10] Although spin lattice relaxation can be
suppressed by regioselective deuteration of the host materials
as well as full deuteration of pentacene (4),[15] other host
molecules with a longer T1 should be researched and
developed. Experimental time was in the order of minutes
to polarize, while the conventional DNP requires the time in
the order of 10 seconds or less. By increasing (2) and (3), we
can reduce the polarization buildup time.

Glassy matrices can be used to dissolve and hyperpolarize
various molecules; therefore, they have been also used for
conventional DNP using thermal electrons.[2–9] In this work,
we have also succeeded in hyperpolarizing 19F spins of
molecules codoped with pentacene in glassy matrices. The
enhanced solid-state 19F NMR spectra were not highly
resolved because of the low field and the absence of dipolar
decoupling techniques such as magic angle spinning (MAS).
According to the history of conventional DNP, there are two
ways toward high-resolution NMR spectroscopy. One is
carrying out DNP in a strong magnet conventionally used
for high-resolution NMR with higher-frequency instrumenta-
tion.[5] For ISE, the electron nutation frequency should be
matched with the nuclear Larmor frequency.[11] Therefore, the
microwave field strength required for ISE is proportional to
the static field strength, which poses a limiting factor for this
approach. The other way is simpler and utilizes a field-cycling
system to move from a magnet for DNP to another magnet
for high-resolution NMR.[2] We have already developed the
field cycling instrumentation with a triple-resonance (1H–13C–

2 H) NMR probe in a strong, homogeneous superconducting
magnet of 11.7 T and a magnet of 0.4 T for DNP using
photoexcited triplet electrons.[27] Additional systems, such as
a temperature-jump system,[2–4] a system for sample injection
to MAS probe,[28] and MAS rotor with transparent material[29]

have already been developed or commercialized for other
purposes and can be more easily combined with DNP using
photoexcited triplet electrons because the present DNP is
carried out at higher temperatures. This will make DNP using
photoexcited triplet electrons a more feasible method for
boosting the sensitivity of high-resolution liquid/solid-state
NMR spectroscopy or MRI. The samples for which a higher
temperature is preferable are in the scope of the present
method.

Applications to a wider research field require contribu-
tions from organic chemists to search for more suitable glassy
hosts as well as other triplet polarizing agent. One of the most
important steps in the future is the demonstration of DNP in
bulk material using triplet polarizing agents other than
pentacene. For example, one of fullerene-derivatives,
dimethyl[9-hydro(C60-Ih)[5,6]fullerene-1(9H)-yl]phospho-
nate,[30] has succeeded in polarization transfer from photo-
excited triplet electrons to nuclei, albeit inside the mole-
cule.[31] Furthermore, some fullerene derivatives are soluble in
typical organic solvents and water. For MRI use, water-
solubility is important, and some efforts have been made to
remove polarizing agents with harmful unpaired electrons in
the conventional DNP.[32] Study on human-body-friendly
triplet molecules is important, because triplet polarizing
agents have no unpaired electrons whereas pentacene is
harmful.

Using photoexcited triplet electrons is promising to push
the limitation of DNP to higher temperatures. Recently, using
a single-crystal sample, we have achieved a polarization of
34% at room temperature.[15] It would be desirable to develop
a glassy host with a higher glass transition temperature Tg (e.g.
1,3,5-trinaphthylbenzene, shown in Figure 1). DNP using
photoexcited triplet electrons has the potential to enhance
the NMR/MRI sensitivity significantly while keeping the
sample at room temperature.

Received: July 2, 2013
Revised: September 4, 2013
Published online: November 18, 2013

.Keywords: dynamic nuclear polarization · glasses ·
NMR spectroscopy · photoexcited states · triplet states

[1] a) A. W. Overhauser, Phys. Rev. 1953, 92, 411 – 415; b) C. P.
Slichter, Principles of Magnetic Resonance, Third Enlarged and
Updated Edition, Springer, Berlin, 1990 ; c) A. Abragam, M.
Goldman, Nuclear magnetism: order and disorder, Clarendon,
Oxford, 1982.

[2] J. H. Ardenkjaer-Larsen, B. Fridlund, A. Gram, G. Hansson, L.
Hansson, M. H. Lerche, R. Servin, M. Thaning, K. Golman,
Proc. Natl. Acad. Sci. USA 2003, 100, 10158 – 10163.

[3] F. A. Gallagher, M. I. Kettunen, S. E. Day, D. E. Hu, J. H.
Ardenkjar-Larsen, Nature 2008, 453, 940 – 943.

Figure 4. Polarized 19F NMR spectra of a) 2,3,4-trifluorobenzoic acid
and b) 5-fluorouracil in glassy matrices. After DNP for 3 min and field
cycling, the 19F NMR signals were acquired. The NMR signals of the
samples in 0.40 T at 120 K in thermal equilibrium are also shown.

Angewandte
Chemie

13309Angew. Chem. Int. Ed. 2013, 52, 13307 –13310 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1103/PhysRev.92.411
http://dx.doi.org/10.1073/pnas.1733835100
http://dx.doi.org/10.1038/nature07017
http://www.angewandte.org


[4] C. G. Joo, K. N. Hu, J. A. Bryant, R. G. Griffin, J. Am. Chem.
Soc. 2006, 128, 9428 – 9432.

[5] D. A. Hall, D. C. Maus, G. J. Gerfen, D. J. Inati, L. R. Becerra,
F. W. Dahlquist, R. G. Griffin, Science 1997, 276, 930 – 932.

[6] Y. Matsuki, K. Ueda, T. Idehara, R. Ikeda, I. Ogawa, S.
Nakamura, M. Toda, T. Anai, T. Fujiwara, J. Magn. Reson.
2012, 225, 1 – 9.

[7] V. S. Bajaj, M. L. Mak-Jurkauskas, M. Belenky, J. Herzfeld, R. G.
Griffin, Proc. Natl. Acad. Sci. USA 2009, 106, 9244 – 9249.

[8] P. C. A. van der Wel, K. N. Hu, J. Lewandowski, R. G. Griffin, J.
Am. Chem. Soc. 2006, 128, 10840 – 10846.

[9] a) A. Lesage, M. Lelli, D. Gajan, M. A. Caporini, V. Vitzthum, P.
Mi�ville, J. Alauzun, A. Roussey, C. Thieuleux, A. Mehdi, G.
Bodenhausen, C. Coperet, L. Emsley, J. Am. Chem. Soc. 2010,
132, 15459 – 15461; b) A. J. Rossini, A. Zagdoun, M. Lelli, J.
Canivet, S. Aguado, O. Ouari, P. Tordo, M. Rosay, W. E. Maas, C.
Coperet, D. Farrusseng, L. Emsley, A. Lesage, Angew. Chem.
2012, 124, 127 – 131; Angew. Chem. Int. Ed. 2012, 51, 123 – 127.

[10] R. S. Becker, Theory and interpretation of fluorescence and
phosphorescence, Wiley interscience, New York, 1969.

[11] A. Henstra, T.-S. Lin, J. Schmidt, W. T. Wenckebach, Chem.
Phys. Lett. 1990, 165, 6 – 10.

[12] D. Stehlik, H. M. Vieth in Pulsed Magnetic Resonance NMR,
ESR and Optics (Ed.: D. M. S. Bagguley), Oxford University
Press, New York, 1992, pp. 446 – 477.

[13] K. Takeda, Triplet State Dynamic Nuclear Polarization, VDM
Verlag, Saarbr�cken, 2009.

[14] K. Takeda, K. Takegoshi, T. Terao, J. Phys. Soc. Jpn. 2004, 73,
2313 – 2318.

[15] K. Tateishi, M. Negoro, S. Nishida, A. Kagawa, Y. Morita, M.
Kitagwa, 2013, submitted.

[16] T. C. Ong, M. L. Mak-Jurkauskas, J. J. Walish, V. K. Michaelis, B.
Corzilius, A. A. Smith, A. M. Clausen, J. C. Cheetham, T. M.
Swager, R. G. Griffin, J. Phys. Chem. B 2013, 117, 3040 – 3046.

[17] T. Iijima, Cryobiology 1998, 36, 165 – 173.
[18] P. Boutron, A. Kaufmann, J. Chem. Phys. 1978, 68, 5032 – 5041.
[19] L. M. Babkov, J. Baran, N. A. Davydova, D. Drozd, O. S.

Pyshkin, K. E. Uspenskiy, J. Mol. Struct. 2008, 887, 87 – 91.

[20] S. V. Adichtchev, N. V. Surovtsev, J. Wiedersich, A. Brodin, V. N.
Novikov, E. A. Rossler, J. Non-Cryst. Solids 2007, 353, 1491 –
1500.

[21] K. Naito, A. Miura, J. Phys. Chem. 1993, 97, 6240 – 6248.
[22] K. Takeda, K. Takegoshi, T. Terao, Chem. Phys. Lett. 2001, 345,

166 – 170.
[23] C. Song, K. N. Hu, C. G. Joo, T. M. Swager, R. G. Griffin, J. Am.

Chem. Soc. 2006, 128, 11385 – 11390.
[24] a) A. Kagawa, Y. Murokawa, K. Takeda, M. Kitagawa, J. Magn.

Reson. 2009, 197, 9 – 13; b) U. Akbey, W. T. Franks, A. Linden, S.
Lange, R. G. Grifin, B. J. van Rossum, H. Oschkinat, Angew.
Chem. 2010, 122, 7971 – 7974; Angew. Chem. Int. Ed. 2010, 49,
7803 – 7806; c) M. Negoro, K. Nakayama, K. Tateishi, A.
Kagawa, K. Takeda, M. Kitagawa, J. Chem. Phys. 2010, 133,
154504.

[25] M. Negoro, K. Tateishi, A. Kagawa, M. Kitagawa, Phys. Rev.
Lett. 2011, 107, 050503.

[26] T. R. Eichhorn, M. Haag, B. van den Brandt, P. Hautle, W. T.
Wenckebach, Chem. Phys. Lett. 2013, 555, 296 – 299.

[27] A. Kagawa, M. Negoro, K. Takeda, M. Kitagawa, Rev. Sci.
Instrum. 2009, 80, 044705.

[28] A. Barnes, M. L. Mak-Jurskauskas, Y. Matsuki, V. S. Bajaj,
P. C. A. van der Wel, R. DeRocher, J. Bryant, J. R. Sirigiri, R. J.
Temkin, J. Lugtenburg, J. Herzfeld, R. G. Griffin, J. Magn.
Reson. 2009, 198, 261 – 270.

[29] I. Kawamura, Y. Degawa, S. Yamaguchi, K. Nishimura, S. Tuzi,
H. Saito, A. Naito, Photochem. Photobiol. 2007, 83, 346 – 350.

[30] H. Isobe, A. J. Chen, N. Solin, E. Nakamura, Org. Lett. 2005, 7,
5633 – 5635.

[31] V. Filidou, S. Simmons, S. D. Karlen, F. Giustino, H. L. Ander-
son, J. J. L. Morton, Nat. Phys. 2012, 8, 596 – 600.

[32] a) E. R. McCarney, B. D. Armstrong, M. D. Lingwood, S. Han,
Proc. Natl. Acad. Sci. USA 2007, 104, 1754 – 1759; b) B. C.
Dollmann, M. J. N. Junk, M. Drechsler, H. W. Spiess, D.
Hinderberger, K. Munnemann, Phys. Chem. Chem. Phys. 2010,
12, 5879 – 5882.

.Angewandte
Communications

13310 www.angewandte.org � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2013, 52, 13307 –13310

http://dx.doi.org/10.1021/ja0611947
http://dx.doi.org/10.1021/ja0611947
http://dx.doi.org/10.1126/science.276.5314.930
http://dx.doi.org/10.1016/j.jmr.2012.09.008
http://dx.doi.org/10.1016/j.jmr.2012.09.008
http://dx.doi.org/10.1073/pnas.0900908106
http://dx.doi.org/10.1021/ja0626685
http://dx.doi.org/10.1021/ja0626685
http://dx.doi.org/10.1021/ja104771z
http://dx.doi.org/10.1021/ja104771z
http://dx.doi.org/10.1002/ange.201106030
http://dx.doi.org/10.1002/ange.201106030
http://dx.doi.org/10.1002/anie.201106030
http://dx.doi.org/10.1016/0009-2614(90)87002-9
http://dx.doi.org/10.1016/0009-2614(90)87002-9
http://dx.doi.org/10.1143/JPSJ.73.2313
http://dx.doi.org/10.1143/JPSJ.73.2313
http://dx.doi.org/10.1021/jp311237d
http://dx.doi.org/10.1006/cryo.1998.2075
http://dx.doi.org/10.1063/1.435619
http://dx.doi.org/10.1016/j.molstruc.2008.02.045
http://dx.doi.org/10.1016/j.jnoncrysol.2007.02.057
http://dx.doi.org/10.1016/j.jnoncrysol.2007.02.057
http://dx.doi.org/10.1021/j100125a025
http://dx.doi.org/10.1016/S0009-2614(01)00840-5
http://dx.doi.org/10.1016/S0009-2614(01)00840-5
http://dx.doi.org/10.1021/ja061284b
http://dx.doi.org/10.1021/ja061284b
http://dx.doi.org/10.1016/j.jmr.2008.11.009
http://dx.doi.org/10.1016/j.jmr.2008.11.009
http://dx.doi.org/10.1002/ange.201002044
http://dx.doi.org/10.1002/ange.201002044
http://dx.doi.org/10.1002/anie.201002044
http://dx.doi.org/10.1002/anie.201002044
http://dx.doi.org/10.1063/1.3493453
http://dx.doi.org/10.1063/1.3493453
http://dx.doi.org/10.1016/j.cplett.2012.11.007
http://dx.doi.org/10.1063/1.3123346
http://dx.doi.org/10.1063/1.3123346
http://dx.doi.org/10.1016/j.jmr.2009.03.003
http://dx.doi.org/10.1016/j.jmr.2009.03.003
http://dx.doi.org/10.1562/2006-06-20-RC-941
http://dx.doi.org/10.1021/ol0522586
http://dx.doi.org/10.1021/ol0522586
http://dx.doi.org/10.1038/nphys2353
http://dx.doi.org/10.1073/pnas.0610540104
http://dx.doi.org/10.1039/c003349a
http://dx.doi.org/10.1039/c003349a
http://www.angewandte.org

