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Abstract: Despite the powerful spectroscopic information it provides, Nuclear Magnetic Resonance (NMR) spec-
troscopy suffers from a lack of sensitivity, especially when dealing with nuclei other than protons. Even though 
NMR can be applied in a straightforward manner when dealing with abundant protons of organic molecules, it 
is very challenging to address biomolecules in low concentration and/or many other nuclei of the periodic table 
that do not provide as intense signals as protons. Dynamic Nuclear Polarization (DNP) is an important technique 
that provides a way to dramatically increase signal intensities in NMR. It consists in transferring the very high 
electron spin polarization of paramagnetic centers (usually at low temperature) to the surrounding nuclear spins 
with appropriate microwave irradiation. DNP can lead to an enhancement of the nuclear spin polarization by up 
to four orders of magnitude. We present in this article some basic concepts of DNP, describe the DNP apparatus 
at EPFL, and illustrate the interest of the technique for chemical applications by reporting recent measurements 
of the kinetics of complexation of 89Y by the DOTAM ligand. 
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Polarization in Magnetic 
Resonance Experiments

Magnetic Resonance (MR) spectroscopy 
consists of exciting and measuring transi-
tions between spin states. At thermal equi-
librium, the population of each spin state is 
determined by the Boltzmann distribution. 
The difference of populations (normalized 
to the total number of spins) defines the 
spin polarization. For a spin I = ½ of gyro-
magnetic ratio γ

I
 placed in a magnetic field 

B
0
 at a temperature T, two spin states a and 

b exist and the spin polarization P is

(1)

where N is the total number of spins, DN 
the difference of spin populations between 
the two states a and b, h the Planck con-
stant, and k

B
 the Boltzmann constant. As 

the MR signal intensity s(t) is directly 
related to the polarization (Eqn. (2)), in-
creasing the polarization increases the MR 
signal intensity after excitation, hence the 
sensitivity. 

  s(t) ∝ PN (2)

Principle of Dynamic Nuclear 
Polarization (DNP)

Eqn. (1) indicates that the spin polar-
ization can be significantly increased by 
lowering the temperature or increasing 
the magnetic field, hence the Larmor fre-
quency which is proportional to γ

I
 and B

0
. 

Under conventional 1H Nuclear Magnetic 
Resonance conditions (at thermal equilib-
rium with T = 298K and B

0
 = 3.35 Tesla), 

the proton spin polarization is P
I
 = 1.2 × 

10–5. Due to its higher gyromagnetic ratio 
γ

e
 the spin polarization of an electron spin 

S = ½ is ~660 times larger: P
e
 = 7.2 × 10–3. 

Furthermore, if the temperature is lowered 
down to ~1 K, the electron spin polariza-
tion gets close to its theoretical maximum 
(P

e
 ~1). The maximum nuclear spin polar-

ization however is still only 1.5 × 10–3 at 
1 K (Fig. 1).

The global idea of DNP consists in the 
transfer of the nearly complete electron 
spin polarization at very low temperature 
to the nuclear spins of a molecule of in-
terest in order to increase substantially the 
NMR sensitivity of the latter. A typical 
sample for a Dynamic Nuclear Polariza-
tion experiment must therefore be a frozen 

mixture of the compound to be studied 
together with paramagnetic centers. The 
mixture of the paramagnetic centers (such 
as organic radicals) with the molecules of 
interest in a glass-forming solvent (typi-
cally water/glycerol or water/ethanol), 
prepared at room temperature, is rapidly 
frozen and placed into a DNP polarizer[1] 
with a moderate magnetic field (B

0
 = 3.35 

T, corresponding to an electron spin Lar-
mor frequency of about f = 94 GHz) at low 
temperature (T ~ 1.2 K). A glassy matrix, 
in contrast to a crystalline one, is important 
to ensure a homogenous medium where 
the polarization can diffuse efficiently. The 
high electron spin polarization is trans-
ferred to the surrounding nuclear spins by 
a microwave irradiation applied at an op-
timum frequency, for example 93.89 GHz 
for the free radical TEMPO and optimum 
power of typically P

μw
 = 30 mW. A net in-

crease of nuclear spin polarization is cre-

Fig. 1. Polarization of the 1/2 spins of the 
electron (plain line) and of the 1H nucleus (line 
with dots) as a function of the temperature in 
Kelvin at 3.35 T.
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mixed with the solvent at a concentration 
of 30 to 50 mM together with the target 
molecule(s). The solution is rapidly frozen 
to small beads of ca. 10–30 μL by drop-
ping it into a liquid nitrogen bath. The 
beads are subsequently loaded into the 
sample holder (Fig. 3), placed inside the 

ated close to the paramagnetic centers and 
diffuses rapidly through the entire sample. 
The polarization diffusion gives rise to a 
sample where the nuclear spins are highly 
and ‘homogeneously’ polarized. Typically 
nuclear spin polarizations of P

I
 = 40% for 

1H and P
I
 = 10% for 13C spins are obtained. 

Depending on the electron spin resonance 
(ESR) properties of the paramagnetic radi-
cal used as a source of polarization (ESR 
lineshape, T

1
, T

2
, etc.) as well as on the 

temperature T and magnetic field B
0
, DNP 

can occur through two different mecha-
nisms: the Solid Effect (SE) and Thermal 
Mixing (TM). The theoretical descriptions 
of these mechanisms are rather complex 
and have been thoroughly described in 
the literature by Abragam and Goldman 
(see ref. [2] for an exhaustive review on 
the subject). The SE can occur when the 
ESR lines are narrow, i.e. when the root of 
the second moment of the ESR spectrum, 
M

2
1/2, is smaller than the NMR resonance 

frequency f
I
, which is typical for a radical 

concentration < 1018 spins·cm–3. To achieve 
the SE, the ESR line is irradiated at an off-
set ±w

n
 from the center of the spectrum w

e
. 

Such an irradiation excites a second-order 
transition (also called electron-nucleus 
flip-flop or ‘forbidden’ transition), which 
leads to a straightforward increase in nu-
clear spin polarization (see Fig. 2). 

For higher radical concentrations, the 
ESR resonance becomes broader (M

2
1/2 > 

f
I
) and the Thermal Mixing (TM)[3] mech-

anism becomes dominant. TM usually 
requires less microwave power than SE, 
typically one to two orders of magnitude. 
It is also advantageous in the sense that it 
results in an optimum polarization for all 
nuclear spins present in the sample at a 
unique microwave frequency (in contrast 
to SE where an optimum microwave fre-
quency has to be found for each nuclear 
spin γ

I
). TM involves a large number of 

coupled electron spins and its description 
is much more complex than that of SE. 
The ensembles of electron and nuclear 
spins behave like energy reservoirs so that 
a thermodynamic model turns out to be 
more appropriate than a quantum mechani-
cal description.[4] Following such a model, 
the effect of microwaves is to ‘cool down’ 
the electron spin dipolar reservoir to a tem-
perature T

S
. Subsequently the nuclear spin 

thermal reservoir tends to equalize its tem-
perature to T

S
 by ‘thermal contact’. The fi-

nal polarization is given by Eqn. (1) where 
the sample temperature T is replaced by T

S
. 

The basics of TM were addressed by Gold-
man in a recent publication.[5] The experi-
mental conditions described (T ~ 1.2 K and 
B

0
 = 3.35 T) and the ESR properties of the 

paramagnetic molecule used for DNP (in 
our case the free radical TEMPO at a con-
centration of 30 mM, with M

2
1/2 > f

I
) give 

rise to TM as dominant mechanism. The 

resulting polarization observed on several 
nuclear spins follow the rule P

I
 ∝ γ

I
 (if P

1H
 

= 40%, P
13C

 = 10 %, etc.). 

DNP Hardware and Technique

DNP is performed at EPFL in a ‘home-
built’ polarizer.[1,6,7] The apparatus consists 
of a continuous flow 4He cryostat operat-
ing at T = 1.2 K in an Oxford Instruments 
wide bore cryomagnet with B

0
 = 3.35 T. 

The cryostat is equipped with a home-built 
DNP probe (microwave irradiation at f

μw
 = 

93.5 – 94.5 GHz and NMR detection at f
I
 = 

10 – 150 MHz). The DNP probe is coupled 
to an ELVA microwave source providing a 
maximum power of P

μw
 = 200 mW and to 

an NMR spectrometer for monitoring the 
nuclear spin polarization as a function of 
time of microwave irradiation. The appa-
ratus was developed at EPFL (LPMN) in 
close collaboration with the Paul Scher-
rer Institut (SEPT). The DNP samples are 
frozen to a glassy state, in liquid N

2
, prior 

to insertion into the polarizer. Visual in-
spection of the frozen matrix usually gives 
an indication that the sample is a homo-
geneous glass, ensuring that all molecules 
and radicals are randomly distributed and 
oriented, which is mandatory for efficient 
DNP. A good glass-forming mixture is 
generally made of ~50% D

2
O and ~50% 

of a deuterated glass-forming solvent such 
as glycerol-d8,[8] methanol-d4 or DMSO-
d6. The radicals TEMPO or TEMPOL are 

Fig. 2. a) ESR line and DNP transitions for a microwave frequency w
μw = we ± wn b) Solid Effect 

DNP scheme for a simple spin system consisting of a single nuclear spin I = ½ and a single 
electron spin S = ½ (the sizes of the grey spheres represent populations). 

Fig. 3. a) 300 μL PTFE sample holder; b) 10–30 
μL frozen sample beads.
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MHz for protons). A 5 mm NMR sample 
tube containing 250 μL of a DOTAM 
(1,4,7,10-tetrakis(acetamido)-1,4,7,10-tet-
raazacyclododecane) solution at 296 ± 0.5 
K, buffered with 1 M of urotropine (pH = 
5.01 with the ionic strength stabilized with 
1M KCl) is placed in the NMR spectrom-
eter, locked and shimmed. 250 μL of the 
hyperpolarized 89Y solution were rapidly 
injected and mixed with the DOTAM solu-
tion and the NMR acquisition was started 
after 5 s to monitor the complexation reac-
tion (Scheme 1).

The NMR acquisition consisted in a se-
ries of small RF pulses (15°) applied at 60 
s intervals. Each of the 89Y-NMR spectra 
shows two resonance peaks corresponding 
to the free yttrium at δ = 0 ppm and to the 
complexed yttrium [Y(DOTAM)(D

2
O)]3+

 
at δ = 123 ppm (Fig. 5a). 

The time evolution of the NMR signal 
integral of each peak was fitted (Fig. 5b) 
with the following equations. The free yt-
trium signal is determined by the kinetics 
of complexation (decreasing concentra-
tion) and by its spin-lattice relaxation time 
T

1Y
.(Eqn. (3)) where S

Y
 is the NMR signal 

of the free yttrium, N is the number of RF 
pulses applied at intervals Dt, b is the nuta-
tion angle, [Y] and [D] are respectively the 
yttrium and DOTAM concentrations, k is 
the formation rate constant and P

Y0
 is the 

initial 89Y spin polarization at time t = 0. 
The full derivation of Eqns. (3) and (4) is 
given in the supplementary information of 
ref. [15]. The NMR signal of the complexed 
form of yttrium depends on the complex-
ation kinetics, and on the spin-lattice re-
laxation times T

1Y
 and T

1YD
 of free yttrium 

and of yttrium complexed with DOTAM: 
(Eqn. (4)) where S

YD
 is the NMR signal of 

polarizer (T = 1.2 K and B
0
 = 3.35 T), and 

irradiated with ~30 mW of microwaves 
power at 93.89 GHz. The build-up of the 
nuclear spin polarization can be observed 
by ‘small angle’ pulsed NMR. 

NMR Measurement of the 
Hyperpolarized Sample

Apart from the measurement of the 
nuclear polarization that has been built-up 
in the solid state at T = 1.2 K, NMR does 
not provide sufficient resolution under 
DNP conditions due to the large dipolar 
couplings on the order of tens of kHz. The 
subsequent broadening masks chemical 
shift and scalar coupling information that 
is relevant for chemical structure determi-
nation. Therefore, the sample is rapidly 
brought back to the liquid state for normal 
high-resolution NMR measurements. This 
is performed by dissolving parts of the fro-
zen solution with a hot burst of deuterated 
water vapor (T = 400 K and P = 1 MPa) 
while preserving the high spin polariza-
tion. The produced liquid is transferred to 
a conventional NMR spectrometer at a few 
meters from the polarizer through a 2 mm 
PTFE capillary using helium gas under an 
overpressure of 0.2–0.6 MPa (Fig. 4). The 
polarization of the nuclear spins decreases 
exponentially with the longitudinal relax-
ation time T

1
 as time constant.

The overall procedure including DNP 
at low temperature and dissolution of the 
highly polarized sample (also called ‘hy-
perpolarized sample’) is called ‘dissolu-
tion DNP’.[9,10] Since its invention in 2005, 
it has found application in numerous NMR 
experiments where sensitivity is an issue 
that dissolution-DNP can overcome. 

DNP Enhanced NMR of Low-
sensitivity Nuclei

The gain in sensitivity induced by the 
DNP process allows the investigation of 
a class of low sensitivity nuclei that are 
poorly accessible to ‘standard’ NMR. Nu-
clei with a low γ and long T

1
 (normally S = 

½) are difficult to observe as they require 
the acquisition of numerous scans (>1000) 
and with a long relaxation delay (>100 s) 
between scans. The gain of several orders 
of magnitude in sensitivity obtained by 
DNP allows the acquisition of NMR spec-
tra with only one scan. After an NMR ex-
periment using an optimal excitation pulse 
of 90°, all the hyperpolarization is lost. The 
pulse angle used for NMR excitation can 
however be smaller than 90°, preserving 
partially the high nuclear spin polarization. 
In that way the NMR signal can be record-
ed more than once, thus allowing for ex-
ample relaxation time measurements. The 

very long T
1
 of the low γ nuclei becomes an 

advantage as it preserves the polarization 
for a long time and allows to follow the 
dynamics of chemical processes such as 
complexation. Some potentially interest-
ing S = ½ nuclei are 13C, 15N, 77Se (relative 
sensitivity to 1H Dp: 5.37 × 10–4, T

1 
: ~30 s), 

57Fe (Dp: 7.24 × 10–7, T
1 
: ~3 s) or 107Ag (Dp 

: 3.50 × 10–5, T
1 
: ~400s).

Examples of Applications

Many experiments have been per-
formed showing the interest of DNP, 
such as 129Xe hyperpolarization,[11] tumor 
cell detection via hyperpolarized 13C-
pyruvate,[12] or surface NMR in porous 
solids (MAS-DNP).[13] We demonstrate 
an application of DNP to the very insen-
sitive yttrium-89 nucleus. DNP-enhanced 
yttrium-89 (spin 1/2, T

1
 ~ 600 s)[14] 

is a very good model for paramagnetic 
gadolinium (same 3+ charge, similar ionic 
radius, same coordination number) used 
as contrast agent for Magnetic Resonance 
Imaging (MRI).[15] Hyperpolarized 89Y 
is a sensitive NMR probe and allows the 
kinetics of the formation of the complex 
[Y(DOTAM)(D

2
O)]Cl

3
 to be followed 

‘on the fly’ by dissolution-DNP. The ex-
periment described here consisted in po-
larizing a frozen solution of 1 M YCl

3
 in 

D
2
O/glycerol-d6 (40/60 w%) doped with 

30 mM of TEMPOL free radical at 1.2 
K and 3.35 T with microwave irradiation 
at f

μw
 = 93.89 GHz (P

μw
 = 30 mW). The 

polarized sample was rapidly dissolved 
with 5 mL of D

2
O pre-heated to T = 400 

K at a pressure P = 1 MPa and transferred 
to a 7.05 T Bruker NMR magnet (300 

Fig. 4. Dissolution 
DNP setup, a) NMR 
cryomagnet (7.05 
T); b) polarized 
solution injector; c) 
NMR tube sitting in 
the NMR probe; d) 
PTFE transfer line; 
e) DNP cryomagnet 
(3.35 T); f) cryostat; 
g) waveguide; h) 
microwave source.

Scheme 1. Scheme 
of the complexation 
reaction between 
yttrium and DOTAM.
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yttrium complexed with DOTAM and [YD] 
is the [Y(DOTAM)(D

2
O)]3+ concentration. 

With T
1Y

 = 1277 s and T
1YD

 = 300 s, the 
formation rate constant extracted from the 
fit gives k = 0.095 s–1M–1 which is close to 
the value of k = 0.097 s–1M–1 determined by 
Baranyai et al. in 2007.[16] This examples 
demonstrates that it is possible to follow 
chemical reactions using hyperpolarized 
slowly relaxing nuclei provided the char-
acteristic half-life t = 1/k is short compared 
to the longitudinal relaxation times T

1
.
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(3)

(4)

Fig. 5. a) Series of 89Y 
spectra measured 
at 296 ± 0.5 K after 
pre-polarization, 
transfer and mixing 
with the DOTAM 
solution inside in a 
pre-locked and pre-
shimmed 5 mm NMR 
tube showing two 
resonances at 0 ppm 
(free 89Y) and 123 
ppm (89Y DOTAM). 
b) Signals of free 
yttrium (black dots) 
and Y-DOTAM (grey 
stars). The lines are 
fits calculated using 
Eqns (3) and (4) for 
free yttrium (black 
line) and complexed 
yttrium (grey line), 
respectively. 
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