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A B S T R A C T   

Advances in liquid state hyperpolarization methods have enabled new applications of high-resolution NMR 
spectroscopy. Utilizing strong signal enhancements from hyperpolarization allows performing NMR spectroscopy 
at low concentration, or with high time resolution. Making use of the high, but rapidly decaying hyperpolar
ization in the liquid state requires new techniques to interface hyperpolarization equipment with liquid state 
NMR spectrometers. This article highlights rapid injection, high resolution NMR spectroscopy with hyperpo
larization produced by the techniques of dissolution dynamic nuclear polarization (D-DNP) and para-hydrogen 
induced polarization (PHIP). These are popular, albeit not the only methods to produce high polarization levels 
for liquid samples. Gas and liquid driven sample injection techniques are compatible with both of these hy
perpolarization methods. The rapid sample injection techniques are combined with adapted NMR experiments 
working in a single, or small number of scans. They expand the application of liquid state hyperpolarization to 
spins with comparably short relaxation times, provide enhanced control over sample conditions, and allow for 
mixing experiments to study reactions in real time.   

1. Introduction 

Liquid state NMR instruments are widely available for research in 
chemistry and the life sciences. They support applications from routine 
structure determination of small molecules, to investigations of macro
molecules that provide unprecedented views of molecular dynamics and 
its relationship to biological function [1]. The capabilities of the corre
sponding NMR methods are evolving on several fronts. Most visibly, 
higher-field magnets provide an increase both in the signal-to-noise 
ratio and the spectral resolution that is achievable. Barring cases with 
a strong magnetic field dependence of the spectral line width, the 
number of signals that can be resolved in a one-dimensional spectrum is 
approximately proportional to the NMR frequency. The achievable 
signal-to-noise ratio based on field strength considerations alone in
creases by a factor of three comparing an 11.7 T (500 MHz) magnet from 
the 1980’s to an ultra-high field 23.4 T magnet for 1 GHz NMR available 
in the 2010’s [2]. Designs of NMR detection probes offer versatility in 
the combinations of accessible nuclei and sample size. Cryoprobes 
provide additional sensitivity improvements though cooling of the 
receiver circuits. Liquid state NMR instruments are outfitted with 
application specific accessories, such as automation for high-throughput 

spectroscopy, inserts for flow NMR, imaging capabilities, and others. 
Spectrometer electronics presently contain digital pulse and frequency 
generators, which facilitate the application of NMR experiments that 
include techniques such as coherence selection, frequency selective ex
citations, frequency swept pulses, and spatially selective encoding and 
readout through pulsed field gradients. With these capabilities, the NMR 
field has seen an explosive expansion of the number of experiments and 
pulse sequences that have been developed in research groups around the 
world. These experiments are used to answer numerous questions 
related to molecular structure and dynamics. Modern NMR pulse se
quences contain dozens of pulses, grouped into elements with different 
functions, for precisely controlling and reading out nuclear spin 
coherences. 

Irrespective of the large amount of information that can be obtained, 
liquid state NMR does not favorably compete with other spectroscopies 
in the arena of sensitivity. For example, optical signals from fluorescence 
emissions can be measured from single molecules. Inductively detected 
NMR in a single scan requires on the order of nanomoles, i.e. 1014 copies 
of the same molecule [3]. In typical applications, even substantially 
larger amounts are needed. For many biological molecules, physiolog
ical concentrations are lower than what is practically detectable by NMR 
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experiments. Clearly, applications of NMR could be broadened with an 
increase in sensitivity. In recent years, advances in hyperpolarization 
technologies that typically enhance sensitivity by two to four orders of 
magnitude have pointed in this direction. For liquid state NMR, two 
methods that have gained a high level of popularity are dissolution 
dynamic nuclear polarization (D-DNP) [4,5] and para-hydrogen induced 
polarization (PHIP) [6]. A variation of the latter is the method of signal 
amplification by reversible exchange (SABRE) [7]. These above 
described techniques are the primary focus for this article. Other highly 
capable methods exist, such as the use of dissolved noble gases [8], 
chemically induced dynamic nuclear polarization (CIDNP) [9], Over
hauser dynamic nuclear polarization (ODNP) [117] and brute force 
polarization [10]. 

D-DNP and PHIP/SABRE enable similar usage scenarios, presenting 
opportunities for the study of molecules, molecular interactions and 
reactions in chemistry and biology by high-resolution NMR. D-DNP has 
been used to investigate time-resolved biological processes such as 
metabolism [11,12], enzyme catalysis [13,14], protein and nucleic acid 
folding [15–17], protein hydration [18]. It has been applied for the 
highly sensitive measurement of compounds pertaining to metabolomics 
[19,20], cellular properties [21], and for characterizing protein-ligand 
interactions [22–26]. It has also shown utility for the kinetic and 
mechanistic characterization of chemical reactions [27–30]. The PHIP 
technique presents unique opportunities for the characterization of 
organometallic complexes [31]. SABRE, the non-hydrogenative method 
of PHIP provides a different avenue for hyperpolarizing several types of 
small molecules that exhibit a binding site to a polarization transfer 
catalyst, such as drug compounds, on nuclei including 1H [32–34], 15N 
[35–37] and others. SABRE polarization can also be used for monitoring 
of chemical reactions [38], and is principally amenable to many of the 
other above mentioned topics as well. 

While various applications in different fields have been described, 
these techniques are at present primarily used by research groups 
specializing in hyperpolarized NMR. Their still limited adoption may be 
partially due to the fact that corresponding instrumentation is currently 
unavailable in typical facilities. Nevertheless, some user facilities now 
offer D-DNP. Para-hydrogen on the other hand can be produced inex
pensively, with a total set-up cost for hardware that is less than the 
typical cost of producing one or two biomolecular NMR samples. The use 
of para-hydrogen is compatible with shared NMR instrumentation such 
as that available in typical institutional facilities. Para-hydrogen based 
methods using the many polarization transfer catalysts that have been 
developed in recent years, are applicable to a broadened range of 
problems. The goal of this article is to describe options for interfacing 
these hyperpolarization methods with liquid state NMR. 

2. NMR sensitivity and hyperpolarization 

The basis for the utility of hyperpolarization methods lies in the 
population distribution of nuclear spins on the Zeeman energy levels, 
given by the energies of spin states in the magnetic field (Fig. 1). With 
the Zeeman energy difference of a spin-1/2 nucleus such as 1H, 13C, 15N 
or 19F,ΔE = γℏB and the Boltzmann distribution, n2/n1 = exp( −

ΔE /kT), it can immediately be found that 

P =
n1 − n2

n1 + n2
=

1 − exp( − ΔE/kt)
1 + exp( − ΔE/kT)

= tanh
ΔE
2kT

(1) 

Here, γ is the gyromagnetic ratio (γ1H = 267.522; γ13C = 67.2828; 
γ15N = −27.116; γ19F = 251.815•106 rad s−1 T−1), ℏ = 1.054571•10−34 

J s the reduced Planck constant, B the magnetic field, k =

1.380649•10−23 J K−1 the Boltzmann constant, and n1 and n2 the 
number of spins on the lower and the upper Zeeman energy levels, 
respectively. 

P is the fractional population difference, in other words the popu
lation difference of the two energy levels divided by the total number of 
spins. This parameter is referred to as the spin polarization. Because of 
cancellation between absorptive and emissive processes, the signal that 
is observed in an NMR experiment is proportional to the spin polariza
tion. Under thermal equilibrium at room temperature (298 K), Equation 
1 indicates that P = 4.0•10−5 for 1H and P = 1.0•10−5 for 13C in a 500 
MHz (11.7 T) NMR magnet. In other words, only a net of a few in every 
100,000 spins contribute the observed signal. By way of comparison, the 
involved energy differences are much larger in typical optical transi
tions. In thermal equilibrium for optical transitions, only the ground 
state is appreciably populated and the absorption or emission signal is 
not attenuated by the opposite process. 

Hyperpolarization methods prepare the nuclear spin system in a state 
with an enhanced population difference. A state with P = 1, where only 
the lower energy level is populated, would result in a signal enhance
ment of 5 orders of magnitude in liquid state NMR, in comparison to 
polarization at high field and room temperature. In practice, signal en
hancements of 2 to 4 orders are readily achieved with different hyper
polarization methods. 

The production of the hyperpolarized spin state requires a physical 
method other than equilibration of the spins in the magnetic field used 
for measurement. Excellent reviews describing different hyperpolar
ization methods are available [39,40]. The two methods of DNP and 
PHIP are briefly outlined in the following. The hyperpolarized spin state 
is a non-equilibrium state, which therefore relaxes to the thermal 
equilibrium polarization with the characteristic spin-lattice (T1) relax
ation time constant. The hyperpolarized sample must be prepared for 
measurement before relaxation has occurred. 

2.1. Dissolution dynamic nuclear polarization 

D-DNP is capable of producing liquid state spin polarization on the 
order of percent to tens of percent for nuclear spins that exhibit a suf
ficiently long spin-lattice relaxation [4]. Hyperpolarization is created in 
the frozen solid, where the Boltzmann distribution favors the lower 
energy level, after which the sample is brought to room temperature in a 
rapid dissolution process [41]. The generation of a near-unity nuclear 
spin polarization by equilibration high-field magnet alone requires a 
temperature in the milli Kelvin range (shown in Fig. 2a for 1H or 13C 
nuclei at a field of 11.7 T), as well as a long equilibration time due to 
spin-lattice relaxation time constants that can exceed days. The DNP 
process facilitates the generation of hyperpolarization through unpaired 
electron spins, which can reach a near unity polarization in the 1-Kelvin 
range (Fig. 2a, solid curve). Two example structures of free radicals used 
as polarizing agents are shown in Fig. 2b. The trityl radical OX63 is 
commonly employed for DNP of 13C and other nuclei in aqueous solu
tions [42,43]. The TEMPOL nitroxide radical is efficient for hyper
polarizing nuclei such as 1H and 19F [44,45]. DNP in frozen solids in 
general is described by different mechanisms that involve flipping 
interacting nuclear spins and electron spins through microwave radia
tion [46,47]. The microwaves are irradiated near the frequency of the 
electron spin transition. The action of microwaves in combination with 
electron spin relaxation re-populates energy levels to enhance the pop
ulation difference of nuclear spin energy levels. This process can be seen 
as using the higher polarization of electron spins to create nuclear spin 

Fig. 1. Schematic representation of Zeeman energy levels and populations for 
the spin-up (α) and spin-down (β) states of a spin-1/2. Left: Thermal equilib
rium polarization. Right: Hyperpolarization. 
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polarization. 
In practice, DNP requires electron spins that are unpaired and thus 

can be addressed using microwaves, as in electron paramagnetic reso
nance spectroscopy. For D-DNP, electron spins are mostly added to the 
sample as organic free radicals. The DNP mechanism is general in the 
sense that different nuclei can be hyperpolarized by a change in the 
microwave frequency. An important advantage of D-DNP is the ability to 
work with many different types of molecules. The primary limitation is, 
firstly, the solubility and the requirement that the molecule of interest 
and free radical are dispersed when frozen. The aliquot that is made for 
hyperpolarization can be a small volume, such as a microliter, and it 
becomes diluted upon dissolution. Secondly, the spin-lattice (T1) relax
ation of the sample should be sufficiently long for preserving the spin 
polarization during the dissolution process. Due to this consideration, D- 
DNP is primarily applied with spin-1/2 nuclei that are not subject to 
quadrupolar relaxation, with the exception of nuclei with long T1 
relaxation times such as 2H, 6Li [48] or 7Li [49]. Small molecules are 
most readily hyperpolarized because of reduced spin relaxation, 
although macromolecules such as unfolded proteins have also been 
directly hyperpolarized [15,50]. 

2.2. Para-hydrogen induced polarization 

The wave function of hydrogen molecules is composed of the elec
tronic, vibrational, rotational, translational, nuclear, and spin wave 
functions and follows the symmetry condition arising from the Pauli 
Principle. Para-hydrogen molecules have symmetric rotational wave 
functions with even rotational quantum number J, and consequently 
antisymmetric nuclear spin wave functions with total spin I = 0. The 

nuclear spin state of para-hydrogen is a singlet state. In contrast, the 
orthohydrogen with odd J contains a nuclear triplet spin state with I = 1 
[51]. The relative populations of the para and ortho states of hydrogen 
are dictated by Boltzmann’s distribution of the rotational energy levels, 

Npara

Northo
=

∑
even J(2J + 1)exp

(
−J(J+1)θR

T

)

3
∑

odd J(2J + 1)exp
(

−J(J+1)θR
T

) (2) 

The rotational temperature θR = 87.6 K depends on the moment of 
inertia of the hydrogen molecule Equation 2. can be used as a basis to 
calculate the fraction of para-hydrogen (Fig. 2b). The para-hydrogen 
fraction reaches ~99.9% at its boiling point of 20.3 K and ~50% at 
liquid nitrogen temperature of 77 K. 

In a hydrogenation reaction using a molecular catalyst, the singlet 
state of a para-hydrogen molecules is conserved in the hydrogenated 
products. A classical example of a hydrogenation catalyst to produce 
nuclear spin hyperpolarization is Wilkinson’s catalyst [52]. One of its 
active species shown in Fig. 2d has an octahedral geometry, with metal 
hydrides cis to a bound olefin substrate. This structure allows the hy
dride insertion at the olefin double bond. At a high magnetic field in the 
Tesla range, the singlet state of parahydrogen is distributed equivalently 
to two singlet states in the hydrogenated product by the Parahydrogen 
And Synthesis Allow Dramatically Enhanced Nuclear Alignment 
(PASADENA) process. If hydrogenation initially occurs at low field, 
Adiabatic Longitudinal Transport After Dissociation Engenders Nuclear 
Alignment (ALTADENA) produces only one αβ state with the lower en
ergy in the hydrogenated product. A non-hydrogenative method, named 
Signal Amplification By Reversible Exchange (SABRE) [7], 

Fig. 2. a) Temperature dependence of equilibrium spin polarization in a field of 11.7 T. Spins are 13C (- . -), 1H (- -), and electron (–). b) Free radicals used as 
polarizing agents for D-DNP. tris[8-carboxy-2,2,6,6-tetrakis(2-hydroxyethyl)benzo[1,2-d:4,5-d′]bis[1,3]-dithiol-4-yl]methyl free radical (OX63; left) for 13C DNP in 
aqueous samples. 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPOL; right) for 1H and 19F hyperpolarization in aqueous solution. c) Temperature dependence 
of equilibrium para-hydrogen fraction (–). The horizontal line is the asymptote for high temperature (- -). d) Catalysts for producing hyperpolarization derived from 
para-hydrogen. Wilkinson’s catalyst (shown as metal hydride with bound propene; left) for the hydrogenative PHIP. (1,3-bis(2,4,6-trimethylphenyl)imidazol-2- 
ylidene)IrH2L3 with three bound substrates L = nicotinamide; right) for SABRE polarization. * indicates the binding site of L to the iridium. 
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hyperpolarizes multiple classes of organic molecules such as nitrogen 
heterocycles, amines, and O-donors that bind reversibly to a polarization 
transfer catalyst (Fig. 2d) [53]. The principle of SABRE can be explained 
by the level anti-crossing (LAC) theory. In a spin system including the 
two hydride and a ligand spin, a singlet-to-triplet conversion of the 
hydride can occur simultaneously with polarization of the ligand spin. 
When the coupling between the hydride (JHH’) dominates, LAC occurs 
when the difference of the frequency of the two hydride spins and the 
ligand spins is νH – νX = JHH’ [54]. With typical constants, LAC of 1H 
SABRE occurs in the millitesla range, while other nuclei such as 15N and 
13C are polarized at magnetic fields below 1 µT. 

The implementations of all three para-hydrogen polarization mech
anisms described above present several advantages. First, the generation 
of para-hydrogen is achieved at low cost. Any equipment required can be 

set up in a non-specialized research lab. Second, para-hydrogen can be 
transported in a non-magnetic container, such as an aluminum bottle 
and used over the course of several days. Therefore, para-hydrogen 
production does not need to occur in the same location as NMR spec
troscopy. Third, the SABRE technique and to a limited extent also the 
hydrogenative PASADENA/ALTADENA experiments can be repeated 
multiple times for signal averaging or other purposes. In the case of the 
hydrogenative mechanisms, repetition is possible because reactions 
often do not complete within a single experimental time, so that addi
tional hyperpolarized product can be produced after re-introduction of 
hydrogen gas. A primary challenge in the application of para-hydrogen 
polarization is the need for a suitable hydrogenation or polarization 
transfer catalyst, and compatible substrate for hyperpolarization. Pres
ently, significant developments in the available SABRE catalysts for the 

Fig. 3. Instrumentation for producing hyperpolarization. a) D-DNP polarizer. ①–Superconducting magnet with variable temperature insert. ②–Sample holder in 
microwave cavity. The flow path for dissolution of the solvent after hyperpolarization is indicated. ③–Millimeter wave source. ④–Heated solvent vessel with 
discharge valve. ⑤–Access port for sample loading and dissolution apparatus. ⑥–Sample tube. b) Para-hydrogen polarizer. ①–Hydrogen gas gate valve with flow 
sensor. ②–Cryogenically cooled heat exchanger and spin-flip catalyst (black). ③–Selection valve for hydrogen or purge gas. ④–Sample tube with capillary. 
⑤–Bypass tubing and path selection valves. ⑥–Pressure gauge and flow control valve. c) and d) Illustration of instruments in a and b, respectively. 
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hyperpolarization of multiple types of substrates in different solution 
conditions are being made [55,56]. 

3. Instrumentation to produce hyperpolarized agents 

Both D-DNP and para-hydrogen polarization require cryogenic 
cooling, in the former case populating a lower of two electron spin 
Zeeman energy levels, and in the latter case populating the lowest 
rotational energy of H2. Requirements are less strict for the production 
of para-hydrogen, for which the maximum enrichment is achieved at a 
higher temperature around 20 K, in the absence of a high magnetic field 
and without the need for radio-frequency or microwave fields to saturate 
a spin transition. On the other hand, the para-hydrogen as a product of 
this procedure does not itself yield an NMR signal, but requires a reac
tion or molecular interaction for generating usable hyperpolarization. 
The following sections describe examples for instrumentation for both 
methods. 

3.1. Dissolution DNP 

D-DNP is achieved in a superconducting magnet, typically in the field 
range between 3.35 T and 11.7 T [5,57] (Fig. 3a). This magnet contains a 
variable temperature bore, which can be cooled to a temperature near 1 
K. To prevent contamination of the cold surfaces of this chamber with 
atmospheric gases and water, a strict access control is implemented, by 
an access valve at the top of the magnet. The superconducting magnet 
itself, as well as the sample chamber, are cooled by liquid helium or in 
some implementations by a closed cycle cryocooler [58]. D-DNP systems 
that cool the sample using liquid helium require a vacuum to reach a 
temperature below 4.2 K at atmospheric pressure, for example to reach a 
temperature of 1.4 K at a vapor pressure of 2.8 mbar. This cooling 
consumes helium through boiling. Microwaves are delivered through a 
waveguide from a source on the outside of the magnet, to the sample 
with in the cold bore. The sample is typically located in a non-resonant 
microwave cavity connected to the waveguide. The frequency of the 
microwave source is adjusted to the magnetic field, f = gBμB /h, with g ≈
2.0023 the electron g-factor and μB = 9.27401 J T−1 the Bohr magneton. 
The resulting frequency is in the range of 94 – 328 GHz for the magnetic 
fields stated above. At the temperature of ~ 1 K, the electron spin 
relaxation time is sufficiently long to enable saturation using a micro
wave power of < 100 mW. Microwaves with this power level can be 
generated using diodes. Therefore, D-DNP does not depend on 
high-power gyrotrons that would be needed to saturate electron spins at 
a higher temperature [59]. After polarization, D-DNP systems dissolve 
the sample in a stream of a heated solvent, and flush it out of the cold 
region of the instrument. After this step, the sample is ready to be used 
for liquid state NMR spectroscopy. The generated spin polarization is 
usable within 3 – 5 times of the T1 relaxation time, which requires 
spectra to be acquired rapidly. 

3.2. Para-hydrogen induced polarization 

The production of para-hydrogen is readily implemented in a labo
ratory without highly specialized instrumentation. Cryogenic liquid 
hydrogen spontaneously converts to the para spin isomer, a process that 
can be accelerated by the addition of a spin-flip catalyst with magnetic 
properties, such as iron(III) oxide. At the boiling point of 20 K, hydrogen 
gas has a para spin isomer content of 99.8 % (Fig. 2b). For safety reasons, 
most laboratories produce para-hydrogen from a source in the gas phase, 
which is cooled in a heat exchanger. An example implementation, which 
can be constructed portably and for a negligible cost, is shown in Fig. 3b. 
Hydrogen gas flows into the system through a gate valve, which again 
for safety reason is controlled by a flow sensor. The gas then passes 
through a coil of copper tubing serving as a heat exchanger, which in the 
diagram is immersed in liquid nitrogen to reach a temperature of 77 K. 
After cooling, the gas flows through a section of tubing containing a few 

grams of granular iron(III) oxide. At this temperature, the para- 
hydrogen content is enriched to 52%, up from 25 % at room tempera
ture. The gas subsequently exits the cold region. Stainless steel tubing is 
used as entry and exit point into the cold region to reduce heat transfer. 
In order to achieve a higher para spin isomer enrichment, the liquid 
nitrogen cooled heat exchanger can be replaced with a cryocooler that 
achieves a temperature of near 20 K [60]. Thereby, a three times higher 
deviation from the equilibrium para content is achieved. After 
para-hydrogen enrichment, the gas is delivered to a sample containing 
either a reaction mixture with a hydrogenation catalyst, or a mixture 
with polarization transfer catalyst for SABRE. As shown in the figure, the 
hydrogen gas is bubbled into the sample through a capillary. Two 
three-way valves with bypass tubing allow to switch the bubbling pro
cess on or off. At the outlet of the apparatus, a needle valve regulates the 
flow rate. The flow constriction introduced by the needle valve allows 
experiments at an elevated pressure of up to 10 bar or more. Likewise, 
the reaction mixture in the NMR tube can be left pressurized with 
hydrogen gas for catalyst activation prior to an experiment, as needed. 
The pressure is primarily limited by the NMR tube (a medium or high 
pressure NMR tube or other sample container is required), as well as by 
the flow path and the cooled container for the spin-flip catalyst. 
Optionally, in the system as drawn, nitrogen gas can be introduced for 
purging before introducing air sensitive catalysts. 

In the absence of a magnetic spin-flip catalyst, the para spin-state of 
hydrogen can persist for days [33]. Para-hydrogen gas that has been 
produced can be batch filled, stored and transported in a 
medium-pressure gas cylinder. This option is of interest for using 
para-hydrogen in conjunction with facility NMR instruments where 
cryogenic cooling would be difficult to set up. 

Safe handling of hydrogen gas requires precautions. Hydrogen gas is 
flammable, can spontaneously ignite after flowing through tubing and 
building up a static charge, and can form explosive mixtures with air. 
Electrically grounded metal tubing should be used with hydrogen gas. 
The gas should be vented to the outside of the building. If vented 
through building systems, it should first be diluted to well below the 
lower explosive limit of 4 % by volume in air. 

3.3. Signal enhancements 

Instead of the spin polarization, hyperpolarized liquid state NMR 
experiments are sometimes characterized with a signal enhancement 
parameter ε = Shp / Sthermal, where Shp is the signal integral with 
hyperpolarizaiton, and Sthermal a reference signal of the same sample 
without hyperpolarization, i.e. at a population distribution under ther
mal equilibrium. The signal enhancement of an experiment therefore 
depends on the magnetic field of measurement, as well as on the mea
surement temperature. In the case of a D-DNP experiment, this param
eter can be expressed as 

∈=
PLT

DNP

PLT
0

PLT
0

PHT
0

αloss (4) 

Here, LT and HT designate low and high temperature, respectively. 
PDNP is the polarization achieved with DNP, and P0 the polarization 
under thermal equilibrium. The first fraction is capped by the ratio of 
electron and nuclear spin frequencies, the second fraction is approxi
mately equal to the ratio of high and low temperatures, and the αloss 
factor describes the polarization losses during dissolution and sample 
transfer. Typical signal enhancements for DNP, for example for 13C, 
range from >1000 to values of 104 or more, in comparison to NMR 
signal at ~10 T and room temperature. These signal enhancements 
correspond to nuclear spin polarizations on the level of percent to tens of 
percent. 

Para-hydrogen based methods convert the spin order of para- 
hydrogen to spin polarization. The signal enhancement is in principle 
capped by ratio of the para-hydrogen fraction to the thermal polariza
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tion of proton. For example, the highest enhancement of PASADENA is 
formulated below [51]: 

∈=
kT

(
1 − 4fpara

)

6γℏB0
(5) 

In practice, the different para-hydrogen methods yield different 
signal enhancements. The hydrogenative methods of PASADENA / 
ALTADENA are often found to provide enhancements of >10,000, 
although these can be difficult to quantify because of the on-going re
action. SABRE readily provides signal enhancements of up to 1,000 or 
more, while requiring no modification of the molecules involved and 
being repeatable. 

4. Interfacing liquid hyperpolarization with high-field NMR 

The D-DNP and para-hydrogen polarization mechanisms ultimately 
both produce liquids with hyperpolarized solutes using agents that are 
external to the NMR magnet. These liquids are intended for a wide range 
of applications enhancing high-resolution NMR, including non- 
equilibrium reactions, molecular interactions in chemistry or biochem
istry, multidimensional NMR spectroscopy for targeted structure de
terminations in complex molecular systems, the solvation of 
macromolecules, protein folding, and others. Enabling these applica
tions requires interfacing the liquid state hyperpolarization equipment 
with an NMR spectrometer. This task involves similar requirements, and 
thus similar approaches for the described hyperpolarization techniques. 
The sample solutions delivered to the NMR spectrometer should be 
stable and homogeneous to allow for the acquisition of high-quality 
NMR spectra. The samples need to be delivered to the NMR spectrom
eter within a time frame that allows for acquisition of data before decay 
of the enhanced spin polarization. Mixing experiments for the mea
surement of molecular interactions or reactions additionally require 
accurate final concentrations and sample volumes. 

4.1. Direct sample transfer 

The most straight forward uses of a hyperpolarized sample can be 
grouped under the label of directly transferring a sample to the NMR 
spectrometer (Fig. 4a). D-DNP instruments generally flow the dissolved 
sample from the instrument, which can be captured in a vessel or 
deposited in an NMR tube that may already be installed in an NMR 
spectrometer. The dissolved sample contains a diluted form of the 
originally hyperpolarized sample. Despite dilution, the signal can be 
much stronger than that of a pure sample of the same compound. The 
dissolution process provides additional benefits in alleviating the effect 

of the free radical polarizing agents, by reducing the radical concen
tration to the micromolar level. Para-hydrogen polarization can be 
generated external to the magnet using the hydrogenative ALTADENA, 
or the non-hydrogenative SABRE methods. This task is achieved by first 
introducing hydrogen gas into a reaction mixture prepared in an NMR 
tube through bubbling or through pressurization and shaking. The NMR 
tube is then manually transferred into an NMR spectrometer. A third 
modality of para-hydrogen polarization, PASADENA, occurs when hy
drogenation is performed with the reaction mixture pre-installed at high 
field in the NMR magnet (Fig. 4b). 

Most of the hyperpolarized NMR experiments are best performed 
using a connection for remote control between the hyperpolarizer and 
the NMR spectrometer. In these experiments, time is of essence both for 
keeping a high polarization level and reproducibility in the face of 
relaxation losses. Signal loss due to spin relaxation starts as soon as the 
hyperpolarization has been generated, therefore, the NMR pulse pro
gram should be triggered soon after transfer of the sample. All common 
NMR spectrometers contain digital input and output lines, such as 
operating at TTL (0 – 5 V) signal levels, which are accessible on a 
connector within the console. The pulse programs can be written to 
either wait for an external trigger on an input line, or to give a signal to 
the hyperpolarizer. D-DNP instruments will typically provide a trigger 
signal that can be directly connected to the NMR console to start data 
acquisition after automatic sample transfer. The para-hydrogen polar
izer shown in Fig. 3b receives a signal from the NMR spectrometer 
console in order to control the path selection valves for starting and 
stopping the introduction of hydrogen gas to the sample tube. In the case 
of an instrument built by the researcher, it is recommended to electri
cally isolate the NMR console from the instrument by using an opto
coupler device. Electrical isolation prevents damage to the NMR console 
in case of a problem in a digital control circuit in the device. 

Because of the requirement to acquire signals immediately after 
hyperpolarization, the usual procedures for tuning and shimming of the 
NMR probe and spectrometer should be executed before the experiment 
using a different sample of similar composition and size. The hyper
polarized experiment can then be performed without time lost for tuning 
and shimming, as well as without locking. 

4.2. Injection and mixing devices 

While the above procedures present a means for performing exper
iments with liquid hyperpolarization using a minimal apparatus, accu
rate control over the sample transfer is best achieved using a separate 
injection device [62–66]. The procedures for hyperpolarization are the 
same as described above. After the hyperpolarization step, the sample is 

Fig. 4. Flow diagram for hyperpolarized NMR experiments. a) D-DNP or para-hydrogen polarization experiment, followed by transfer of the sample to a high-field 
NMR instrument. The para-hydrogen polarization in this experiment can occur through the ALTADENA (hydrogenative) or SABRE (non-hydrogenative) processes. b) 
Experiment employing the hydrogenative PASADENA process. 
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transferred to the injector device, instead of directly to the NMR in
strument Fig. 5. shows flow diagrams for devices, where the sample is 
subsequently injected into the NMR spectrometer either using a pres
surized gas or liquid. Implementations of these devices are compatible 
with both para-hydrogen polarization and D-DNP. These devices further 
facilitate admixing of another sample component during the transfer, 
which allows the use of hyperpolarization for the study of reactions or 
molecular interactions. Possible applications range from the study of 
biological processes and interactions to organic reactions and catalyzed 
organic or organometallic reactions. 

Two basic schemes for rapid injection of a hyperpolarized sample 
into a NMR spectrometer have been implemented by our group and 
others. In both instances, the hyperpolarized sample is for a short time 
stored in a sample loop, and is subsequently pushed into the NMR 
spectrometer. 

In a gas driven injector (Fig. 6a), the driving force for the injection is 
a pressurized inert gas, such as nitrogen or argon. In loading mode, the 
hyperpolarized sample is introduced into a sample loop (L3) and acti
vates an optical detector once the loop is full. After the loop is filled, a 
two-position, 10-port valve (V3) is switched from loading into injection 
mode. By choosing the timing of this switching, the 0.5 – 1 mL of the 
hyperpolarized sample with highest signal can be selected. This part of 
sample is pushed into the NMR tube by applied gas pressure such as 1.8 
MPa (Pf), against a back-pressure such as 1 MPa (Pb). The back-pressure 
serves to control the speed of injection, while keeping the overall pres
sure in the sample high. Thus, the formation of bubbles from gases that 
are dissolved in the liquid is suppressed. After an accurately timed 
completion of the injection sequence, typically requiring on the order of 
300 – 400 ms, a two-position, three-port valve (T) is switched to step up 
the pressure in the NMR sample [63]. The increased pressure serves to 
stop the flow of residual liquid into the tube, while suppressing bubble 
formation during the measurement time. An additional time delay of 
~100-500 ms should be included after injection and prior to triggering 
the NMR spectrometer to improve sample stability. This liquid motion 
can be quantified using pulsed gradient spin echo experiments [67]. 

Using this device, the hyperpolarized sample is delivered by means 
of gas pressure into the NMR tube, which is attached to the system 
through flexible tubing. The method can be applied with various NMR 
tube diameters, including the commonly used 5 mm and 10 mm NMR 
tubes. Because of elevated pressures during sample injection and mea
surement, the use of medium- or thick-walled NMR tubes is recom
mended. An advantage of this sample injection scheme is the ability to 
top-load the sample tubes as in a conventional NMR experiment. As 
the sample tubes are attached to flexible tubing for injection of the 
sample and for application of back-pressure, the samples are loaded 
manually. Appropriate personnel protection equipment, including 
gloves, goggles and a face shield should be worn at any time that a 
pressurized sample is handled. 

At the same time with the sample injection, up to approximately 50 
µL of a second liquid, which is pre-loaded in the NMR tube, can be mixed 
with the injected solution. Optimal mixing can be achieved in a 5 mm 

standard-walled (economy) NMR tube, to result in a final volume of the 
mixture of 450 – 550 µL, or in a 5 mm medium-walled NMR tube with a 
lower final volume of 350 – 400 µL. The significant turbulence of the 
injected fluid causes mixing within a time of on the order of 100 ms. The 
hyperpolarized sample component is thus marginally diluted, whereas 
the non-hyperpolarized component experiences a dilution of 10-fold or 
more, depending on the amount of solution pre-loaded in the NMR tube. 
Mixing of the non-hyperpolarized reagent with the hyperpolarized 
sample allows starting a reaction or causing intermolecular interactions, 
which can be characterized by NMR. 

A liquid driven injector (Fig. 6b) pushes the hyperpolarized sample 
into a flow cell installed in the NMR spectrometer. The driving force is a 
pressurized solvent, which is delivered by the syringe pump 1. As in the 
gas driven case, the hyperpolarized sample is initially delivered into a 
sample loop (L1). Sample injection automatically occurs after switching 
an injection valve (V1) once the sample loop is full [64]. The flow of 
sample into the flow cell stops after returning the injection valve to the 
original position. A non-hyperpolarized sample component may be 
manually pre-loaded in a second loop with a typical volume of 0.4 – 1 
mL (L2 attached to V2) and pushed by the syringe pump 2 during in
jection. This component can be mixed with the hyperpolarized sample in 
a Y-mixer. The duration that injector valves V1 and V2 are switched to 
injection position is optimized to capture the hyperpolarized sample 
with highest enhancement and non-hyperpolarized sample with highest 
concentration. The total transfer time should be as short as possible, on 
the order of 1000 ms, to preserve the signal enhancement from hyper
polarization. The flow-rates of the syringe pumps can be adjusted in a 
range of up to several hundred milliliters per minute, in order to mini
mize the total injection time while avoiding the injection pressure to 
exceed the limit of the flow cell. The use of the two sample loops and 
external mixer enables a broader control of mixing parameters 
compared to the gas driven injector. A volume ratio of 1:1 (v/v), or in 
principle even higher, mixing ratio between the non-hyperpolarized and 
the dissolved hyperpolarized sample can be achieved. This ratio is pri
marily limited by the achievable SNR from the diluted hyperpolarized 
sample. Since the liquid driven injector does not contain spaces pres
surized by gases, the risk from fragments in failures due to over pres
surization is reduced, but it is not eliminated. The same protective 
equipment should be worn as for operating the gas driven injector. 

For both injection methods shown in Fig. 6, additional instrumen
tation in the form of an injector device is needed when compared to a 
direct sample transfer (Fig. 4). This instrumentation however allows for 
a more precise delivery of the sample, where final sample concentrations 
are more reproducible. Further, the time spent for the injection process 
is reduced to a time on the order of seconds, which reduces losses of 
hyperpolarization due to spin relaxation. 

Injected or transferred samples present additional challenges, when 
compared to traditional NMR spectroscopy. The properties of the 
injected sample directly affect the quality of the NMR spectra that can be 
acquired. In both the liquid and gas driven injectors, the purpose of the 
loop is to select a part of the sample that contains a high concentration of 

Fig. 5. Flow diagram for experimental schemes employing liquid (top) or gas driven (bottom) injection of hyperpolarized samples into an NMR spectrometer.  
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the hyperpolarized compound. After injection, a sample that is free of 
gas bubbles is required, as the magnetic susceptibility difference be
tween liquid and gas would result in broad lines. Both the samples from 

D-DNP and from para-hydrogen polarization are prone to be saturated 
with gasses. In the case of D-DNP, the helium chase gas can become 
mixed with the sample during the dissolution process. In an experiment 

Fig. 6. Comparison of sample injection devices. a) Gas driven injector, comprising a two-position, 10-port injection valve (V3) for sample injection by applying 
forward pressure (Pf), sample loop (L3), two-position, 3-port valve (T) for application of back pressure (Pb). Solid lines represent loading mode (L), while dashed lines 
represent injection mode (I). b) Liquid driven sample injection. The hyperpolarized sample is taken into a loop (L1) as in (a), and injection is triggered. The figure is 
modified and reprinted from [64]. Copyright Wiley-VCH GmbH. Reproduced with permission. 

Fig. 7. Applications of rapid injection hyperpolarized NMR. a) In-situ NMR spectra of the polymerization reaction of isobutene catalyzed by the metallocene Cp2Zr 
(CH3). The graph to the right shows the time dependence of NMR signals for several catalyst concentrations. Isobutene was DNP hyperpolarized on 13C nuclei prior to 
injection and mixing with polymerization catalyst solution. b) Reaction catalyzed by the pseudouridine monophosphate glycosidase enzyme loaded with diamagnetic 
magnesium or paramagnetic manganese in the active site. The curves show the time dependence of the signals of 13C DNP hyperpolarized reactant (1), which is 
isotope labeled at the positions indicated, and product (3). c) Structure of 1H DNP hyperpolarized folic acid determined when binding to dihydrofolate reductase. The 
2D spectrum was Hadamard reconstructed from data sets recorded after 1H hyperpolarization of the folic acid ligand and NOE polarization transfer to the protein. d) 
Binding of the ligand 4-amidinopyridine to the trypsin protein identified by the change in the R2 relaxation rate. The ligand was hyperpolarized by SABRE through 
the heterocyclic N and mixed with bipyridine to deactivate the catalyst prior to data acquisition. The experiments in (a) – (c) were performed using a gas driven 
sample injector, whereas (d) used a liquid driven approach. The figures are modified and reprinted from the respective sources. The panels a,c, and d are reproduced 
from [26,68,74] with permission from the Royal Society of Chemistry. The panel b is reprinted with permission from [69]. Copyright 2022, American Chemi
cal Society. 
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with para-hydrogen, the hydrogen gas can be introduced during the 
polarization step at pressures that are as high as 10 bar. 

In the gas driven injector described above, gas bubbles and outgas
sing are suppressed by the application of back-pressure during injection, 
which can be stepped up after injection is complete. This last step further 
terminates the injection in a controlled way, to achieve reproducible 
sample volumes. A known sample volume is important to enable shim
ming on a reference sample prior to the experiment. With pre-set shims, 
the above-described gas driven injector is capable of achieving a line 
width as narrow as 1.5 – 2 Hz for 13C signals. Control over the injected 
sample volume is further required for quantitative mixing experiments. 
Examples of such experiments, including studies of reactions, are 
described below. 

In the liquid driven injector, the appearance of gas bubbles is less 
significant. Line shape issues are further alleviated by the absence of an 
air-liquid interface in the flow cell. Therefore, shimming is less of a 
concern in this application. On the other hand, the fraction and the 
amount of the sample that is in the active region of the NMR coil may be 
smaller in a typical flow cell, compared to an NMR tube. Quantification 
of sample concentrations for such experiments can further be achieved 
by including reference compounds in the hyperpolarized samples, which 
can subsequently be measured by NMR or other experiments. 

Apart from the different ways to achieve sample homogeneity, the 
liquid and gas driven injection schemes present specific advantages, and 
therefore specific application ranges. They are illustrated in the 
following Fig. 7 using selected examples from our own work. The gas 
driven injection in this implementation is the most rapid. Spectra can be 
measured after a stabilization time of on the order of 100 ms following 
the arrival of the sample in the NMR tube [14]. This feature can be 
exploited for measurements of reaction kinetics for reactions that would 
otherwise be too fast to be studied by NMR [28]. An example is shown in 
Fig. 7a, where the time course of NMR signals in a polymerization re
action of isobutene catalyzed by a metallocene catalyst is measured 
[68]. Signals are observed over a course of 5 s. In such experiments, a 
typical time resolution on the order of hundreds of milliseconds is 
achieved. Governed by the Nyquist sampling limit, spectra with 
resolvable chemical shifts could in principle be obtained in an acquisi
tion time as short as 10 ms, which is shorter than the dead time of mixing 
in the experiment. Contrary to conventional stopped-flow NMR experi
ments, the use of hyperpolarization allows 13C observation, in many 
cases without isotope labeling, which facilitates observing individual 
molecular sites due to the larger chemical shift dispersion compared to 
1H. In the data of Fig. 7a, a broadening in the well resolved C2 signal of 
isobutene was observed, which was interpreted as a result of the dy
namic process of monomer insertion. 

Also contrary to a conventional NMR experiment, spin relaxation 
that occurs at the same time as the reaction causes only a signal loss. 
Signals in the hyperpolarized experiment are approaching the typically 
unobservable signal level at thermal equilibrium, which can be 
approximated by zero. The effect of both reaction kinetics and these spin 
relaxation processes can be taken into account mathematically when 
analyzing data such as from Fig. 7a. 

Because the driving fluid is in a different physical phase than the 
sample, the hyperpolarized sample is subject to no additional dilution 
during this injection process, or subject to a low amount of dilution 
when mixed with the non-hyperpolarized compound. Note that in the 
case of D-DNP, dilution still occurs in the dissolution process before the 
sample reaches the injector device. The feature of the gas driven injector 
not causing additional dilution is beneficial in signal limited scenarios. 
In signal limited cases, the signals from low-abundance nuclei may be 
further enhanced by isotope labeling. This option is utilized in the ex
periments shown in Fig. 7b, which illustrates the use of D-DNP with a gas 
driven sample injection scheme for the measurement of an enzyme 
catalyzed reaction [69]. The reaction consists of the synthesis of pseu
douridine monophosphate (3) from uracil (1) and ribose-5-phosphate 
(2) by the action of the enzyme pseudouridine monophosphate 

glycosidase. The kinetic profile of the reaction is observed for enzyme 
that contained either magnesium or manganese in the active site. The 
additional paramagnetic relaxation enhancement in the presence of 
manganese is visible in the faster decay of the observed signals. The 
paramagnetic relaxation parameters from the measurements were used 
to calculate active site distances for the observed substrate atoms. This 
experiment illustrates the utility of determining both the kinetic and 
relaxation properties from the transient signals measured with the rapid 
injection method. 

Fig. 7c illustrates the use of transient signals arising from nuclear 
Overhauser effect (NOE) transfer after rapid injection of a DNP polarized 
ligand into a protein solution. The observed NOEs allow the determi
nation of the ligand structure in the binding site of the protein. The NOEs 
enhance specific protein signals in the binding site. The individual sig
nals are resolved in 2D heteronuclear multi-quantum (HMQC) NMR 
spectra measured within a total time of approximately 5 s after 
completion of the gas driven sample injection. Because of the fast un
binding and rebinding of the ligand, which can be chemically in equi
librium while the hyperpolarized spin states are still far from 
equilibrium, continuously renewed signal is available for multiple scans 
for a 2D NMR spectrum. In order to utilize the observed signals from the 
protein for the determination of a structure, both the origin and target 
spins of the transferred polarization should be identified. This infor
mation would commonly be obtained from a ligand filtered 3D NOESY 
spectrum. Here, target selectivity is achieved by the signal gain from 
hyperpolarization in combination with the fast 2D NMR. In order to 
determine the polarization origin, Hadamard encoding of ligand signals 
across multiple data sets was employed. The Hadamard reconstruction 
requires reproducible signal intensities in the original data sets, which 
was facilitated by the defined injection time and volume produced by 
the injection device. Other experiments have been described that simi
larly exploit continuous polarization transfer from hyperpolarized water 
for signal enhancements of exchangeable amide protons in proteins [18, 
70,71]. 

In contrast to the experiment in Fig. 7c, the identification of binding 
without structure determination can be achieved from one-dimensional 
NMR spectroscopy after rapid injection of a hyperpolarized ligand into a 
protein solution. This goal can be achieved with DNP hyperpolarization, 
for example using fluoridated ligands [72]. Quantitative analysis of 
relaxation rates under binding competition with a reporter ligand can 
further be used to determine the binding affinity of a ligand [73]. 

The measurement of biological interactions can benefit from specific 
properties of the liquid driven sample injection (Fig. 6b). Specifically, 
physiological conditions comprise low concentrations, such that addi
tional dilution of the hyperpolarized sample with the driving fluid 
(water) can easily be factored into the experiment. More importantly, 
the liquid driven sample injection allows for a higher mixing ratio than 
the gas driven experiment. For example, equal volumes of the hyper
polarized and the non-hyperpolarized sample components can be mixed. 
This property allows working with sample combinations where the non- 
hyperpolarized component has a low solubility, as can be encountered in 
protein solutions. 

Fig. 7d illustrates an application of liquid driven sample injection for 
the measurement of ligand binding [74]. Here, hyperpolarization 
occurred through the para-hydrogen based SABRE. Although liquid 
driven injection is compatible with either one of the described methods, 
SABRE provides for a fast signal generation with low instrumentation 
need and low cost. The ligand in the figure is engineered to be hyper
polarizable by SABRE through the inclusion of the nitrogen atom in the 
aromatic ring, which provides for binding to the polarization transfer 
catalyst. A two-step approach was used to first hyperpolarize this sub
strate under conditions that are conducive for the polarization transfer 
catalyst in methanol-d4 solution. Subsequently, the hyperpolarized 
sample was mixed with the target protein solution. Thus, the acquisition 
of a Carr-Purcell-Meiboom-Gill (CPMG) relaxation trace took place in a 
solution that is predominantly water, under biologically compatible 
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conditions. Secondly, relaxation effects from the polarization transfer 
catalyst could be neutralized using this mixing approach by including a 
chelating agent to trap the catalyst following the hyperpolarization step 
[75]. The binding of the ligand to the protein can clearly be identified by 
comparing the relaxation traces at the right of Fig. 7d, with the faster 
return to the nuclear spin state equilibrium due to the higher R2 rate 
appearing when the ligand binds to the macromolecule. 

The increased mixing ratio in liquid driven experiments is further of 
interest for the introduction of hyperpolarized compounds into cell 
suspensions, which can only be concentrated to a limited extent [76]. By 
virtue of introducing the sample through laminar flow into the flow cell, 
motion of the sample during the measurement time is minimized. A low 
amount of sample motion is important if the NMR pulse sequence makes 
extensive use of pulsed field gradients, such as for imaging or for spatial 
encoding in ultrafast pulse sequences. A rapidly abating sample motion 
after injection further enables the measurement of true diffusion co
efficients a short time after the injection is completed [77]. 

The application of the sample injection device is largely independent 
of the chosen liquid state hyperpolarization method. Conversely, the use 
of the liquid driven injection device broadens the application range of 
para-hydrogen based polarization methods. The organometallic cata
lysts for para-hydrogen polarization are incompatible with sample 
components containing various functional groups including, for 
example, biological macromolecules. In the two-step procedure with 
liquid driven sample injection, the initial hyperpolarization step occurs 
under optimal conditions. The hyperpolarized sample is then mixed with 
the solution containing the target, such as a protein. The dilution further 
enables a change of the sample conditions to be compatible with the 
application, such as creating a primarily water-based solution for bio
logical macromolecules even if the polarization step occurs in an organic 
solvent. In the same step, the polarization transfer catalyst may be 
inactivated to prevent interference with a reaction or other molecular 
process, as described above. 

4.3. Additional and Alternative Experimental Procedures 

The use of hyperpolarized species presents challenges that are spe
cific to the goals of each experiment [78]. Additional variations of the 
sample injection scheme are possible to address specific requirements. In 
the case of gas driven injection, a non-hyperpolarized component can be 
introduced after injection through a pump [28]. This allows the appli
cation of a preparatory pulse sequence, such as using selective 
radio-frequency pulses for addressing specific spins, before the start of a 
reaction. In the case of liquid driven injection an experiment executing 
multiple scans on a fresh sample bolus is possible by successively 
advancing the injected liquid through repeated switching of the injec
tion valve [79]. 

The flow injection systems are compatible with air and moisture 
sensitive samples. Samples can be loaded under air exclusion, in the case 
of using a para-hydrogen apparatus by transporting the sample 
container into a glove box and in the case of DNP by using capped 
sample holders for loading the DNP polarizer [68]. Once the sample is 
loaded, the injection process causes contact only with inert gases, or 
with solvents of desired composition. 

Techniques may be used to counteract spin relaxation during sample 
transfer. Under certain conditions, slow-relaxing singlet states may be 
produced for the injection period [80] or during the NMR experiment 
[81]. A magnetic tunnel constructed from permanent magnets, or coils 
surrounding injection tubing can be used to increase the magnetic field 
experienced by the sample during the transfer [82]. These strategies can 
reduce the polarization loss, especially in the case of a long injection 
distance or use of nuclei prone to relaxation. In combination with the 
DNP technique, a further effective way of counteracting liquid state 
relaxation is to transfer the sample as a frozen solid, preserving the 
nuclear spin polarization due to a prolonged T1 relaxation time. The 
DNP technique in any case produces a solid sample, which can be 

pneumatically pushed to the NMR spectrometer. The dissolution of the 
sample then occurs with predetermined volume of solvent at the site 
where NMR signals are acquired. This method for sample transfer can be 
achieved using a modified design of the insert used for DNP polarization 
[83]. 

The amount of sample recovered may be increased by the use of an 
immiscible liquid in the injection process. This option was demonstrated 
in ref [84]. for direct sample injection, but would be applicable to the 
liquid driven injector in Fig. 6b as well. In D-DNP experiments, the 
radicals that are required for the hyperpolarization step are typically 
unwanted during signal acquisition, as they can induce additional 
relaxation or potentially interact with other sample components. Due to 
dilution, these effects are often negligible. However, radicals may be 
removed by solvent extraction using the aforementioned scheme, by 
filtration [85,86], or non-persistent radicals may be used [87]. The 
development of alternative major instrumentation that brings the gen
eration of hyperpolarization closer to the location of the acquisition of 
NMR spectra may reduce relaxation losses during sample transfer. A 
magnet containing two homogeneous centers in its magnetic field places 
the microwave irradiation in the same instrument as the NMR spec
troscopy, thus achieving this goal [88]. 

Para-hydrogen polarization can be generated continuously, and thus 
allows for experiments requiring an on-going supply of hyperpolarized 
liquid. Recirculating a liquid between a hyperpolarization chamber for 
SABRE and a measuring flow cell permits a continuous NMR measure
ment [89]. A flow system that mixes para-hydrogen with a steady liquid 
flow of substrates over a heterogeneous hydrogenation catalyst cartridge 
can also constantly supply hyperpolarized substrates [90]. 

Another class of experiments utilizing hyperpolarized liquids aims at 
biomedical imaging. This modality has been applied extensively using 
DNP, and has been demonstrated by para-hydrogen polarization. D-DNP 
has been proposed for biomedical imaging applications since its incep
tion [91], and has been employed in human MRI studies [92]. Auto
mated injection devices have been developed for this application [93]. 
The use of para-hydrogen polarization was proposed for example for 13C 
MRI [94]. As requirements for invivo use of a hyperpolarized agent are 
different from the invitro NMR spectroscopy experiments described, 
these experiments are not the focus of this review. Invivo experiments 
may be less dependent on rapid transfer of samples, as the distribution of 
the imaging agent after injection itself is a slower process. On the other 
hand, stricter requirements on sample purity, composition and delivery 
exist. These applications are the subject of other reviews [95–97]. 

5. Adaptation of NMR experiments for rapid injection 

The use of liquid state hyperpolarization in combination with rapid 
injection techniques require adaptation of common high-resolution 
NMR experiments. Practical differences to conventional NMR pulse se
quences include the need for minor changes, such as triggering of signal 
acquisition, which can readily be realized in commercial NMR spec
trometers. More importantly, the non-renewable hyperpolarization of 
injected liquid samples limits the number of scans that can be executed. 
In contrast to conventional NMR, which allows signal averaging from 
hundreds of scans, these experiments need to be completed in a single 
scan or can be performed in a lower number of scans executed with small 
flip-angle excitation. 

Small filp-angle excitation pulses only consume a small fraction of 
polarization and make repeated detection possible. A series of 1D-NMR 
data over time can be obtained by this means for reaction monitoring 
studies. The choice of flip angle thereby is dictated by the required 
number of scans and the achievable signal-to-noise ratio. The sequential 
application of small flip angles successively depletes the remaining hy
perpolarization. A uniform distribution of signal intensities throughout a 
multi-scan experiment can be achieved by the application of a flip angle 
that increases in later scans [98]. 

Multi-dimensional NMR experiments can also be acquired using a 
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sequential scanning method. Unless the polarization is renewed by a 
process such as chemical exchange, the type of pulse sequence is limited 
to containing a single excitation pulse. Possibly, this pulse can be fol
lowed by one or more π pulses on the hyperpolarized nucleus. An 
application of a π/2 pulse on the other hand would destroy the hyper
polarization for subsequent scans. 

An elegant method to circumvent the need for multiple sequential 
scans is the application of a method that spatially encodes coherences 
within the sample volume [99–101]. Such ultrafast NMR methods can be 
acquired in as little as one or two scans. These experiments have been 
proposed for multiple applications, including the acquisition of protein 
spectra. Multi-dimensional experiments acquired in a small number of 
scans make extended use of pulsed field gradients for coherence selec
tion, as opposed to phase cycling. 

Single-scan multi-dimensional NMR is compatible both with D-DNP 
[99] and para-hydrogen induced polarization [102]. The 
non-hydrogenative SABRE technique provides an additional opportu
nity for multi-dimensional NMR. Using SABRE, the substrates remain 
chemically unchanged after the hyperpolarization process. Therefore, 
introduction of fresh para-hydrogen gas is possible to renew the hy
perpolarization [103,104]. SABRE requires specific magnetic field 
conditions for the hyperpolarization step, which may be achieved by 
shuttling of the sample outside of the high-field NMR magnet, or by the 
application of radio-frequency spin-lock techniques [105]. 

Spins on a target molecule, in particular a macromolecule such as a 
protein, can further be re-polarized by repeatedly binding hyper
polarized ligands (see Fig. 6c) or by proton exchange from hyper
polarized water. Thus, a multi-dimensional NMR spectrum can be 
acquired with renewed polarization in each scan. This technique re
quires a chemical equilibrium on a faster time scale than the spin- 
relaxation process. The technique can also be combined with excita
tion by a smaller flip-angle, such as 30◦ to maximize signals for a given 
number of scans [106]. 

Generally, hyperpolarization methods with rapid injection limit the 
number of scans, over which signals can be distributed. This limitation 
impedes the ability to acquire higher-dimensional spectra with three or 
four dimensions that are commonplace in high-resolution NMR. Pseudo- 
multidimensional experiments of hyperpolarized samples can be 
employed to provide similar information [26,107]. 

Hyperpolarization provides a contrast over non-hyperpolarized 
sample components such as solvents. Nevertheless, the high abun
dance of solvent spins, the chance of hyperpolarizing other compounds 
in the original sample mixture, as well as polarization transfer mecha
nisms that may occur during sample injection, may necessitate the 
suppression of large unwanted signals. Suppression techniques identical 
to those in conventional high-resolution NMR may be applied. These 
include saturation techniques, pulsed field gradient based methods, as 
well as selective excitation to avoid exciting solvent signals in the first 
place. 

6. Low-field and non-traditional NMR applications 

Hyperpolarization is independent of the magnetic field used for 
measurement of NMR signals. This property presents opportunities for 
using the described liquid hyperpolarization methods to extend appli
cations of NMR to lower fields or non-traditional detection methods. The 
sensitivity of inductively detected NMR with a tuned receiver coil still 
depends on the magnetic field B0, but this dependence is reduced from a 
factor of approximately B0

7/4 to B0
3/4 [2]. The reduction is because the 

hyperpolarization removes the field dependence of the spin polarization 
from the equation, while leaving the characteristics of the detection coil 
unchanged. Additionally to inductive detection, low-field NMR can 
benefit from measurement schemes involving non-inductive detection, 
using different types of magnetometers. These detection methods 
exhibit a field dependence that is more favorable to low-field mea
surements [108]. 

The application of both para-hydrogen polarization [109] and 
D-DNP [110] has been demonstrated in this context. Para-hydrogen 
polarization by the SABRE method was used for the acquisition of 
zero-field NMR spectra, which identifies molecules by J-coupling pat
terns [111,112]. The necessary spin polarization for zero- to 
ultralow-field (ZULF) NMR can also be provided by D-DNP [113]. The 
ZULF method produces information orthogonal to chemical shifts 
measured in high-field NMR. Similarly, nuclear spin optical rotation 
(NSOR) expands on the capabilities of NMR spectroscopy. NSOR is an 
optically detected NMR method, which relies on a nuclear spin induced 
rotation of the polarizaiton of a light beam to provide information on 
electronic states in the vicinity of a nuclear spin [114]. Measurements of 
NSOR at low magnetic field were achieved both using para-hydrogen 
polarization by SABRE [115], as well as using D-DNP [116]. 

Interest in low-field, ultralow-field and zero-field NMR is increasing 
for low-cost applications of imaging and spectroscopy, as well as the 
potential to enable the acquisition of new types of information with 
alternative detection methods. Liquid state hyperpolarization is poised 
to make inroads into the feasibility of these applications. 

7. Conclusions 

Liquid state nuclear spin hyperpolarization techniques have gained 
considerable attention in the NMR community during the past years. A 
host of applications has been demonstrated, ranging from the 
enhancement of the sensitivity for low-abundance compounds, such as 
metabolites, to the study of chemical reactions, macromolecular struc
ture and dynamics, intracellular processes, molecular interactions and 
many other topics. This discussion does not even include the large field 
of biomedical imaging, which stands to benefit substantially from 
hyperpolarized imaging agents and tracers. Liquid state hyperpolar
ization represents an additional step prior to the NMR signal acquisition, 
thus adding to the complexity of the experiment. In many cases, the 
hyperpolarization is performed outside of the NMR magnet, thus 
requiring a rapid and accurate sample transfer discussed in this article. 
The addition of sample transfer mechanisms at the same time provides 
opportunities for the design of different types of experiments. For 
example, sample injection devices can be made compatible with 
stopped-flow type experiments, where real-time signal changes of 
reacting compounds can be measured. 

With the utility of nuclear spin hyperpolarization demonstrated in 
principle for many fields, a broader adoption hinges on the accessibility 
of these techniques to interested researchers. Hyperpolarization by D- 
DNP, requires additional instrumentation, which is increasingly avail
able at dedicated user facilities. Other techniques, in particular some 
para-hydrogen based methods may be implemented even in existing 
facilities. This method primarily requires a mechanism for transferring 
hyperpolarized samples, while para-hydrogen can be produced off-site. 
In addition to the generation of hyperpolarization, new NMR techniques 
are required that are capable of obtaining chemical and structural in
formation from often short-lived signal enhancement. Many such tech
niques have been developed and can be implemented on modern NMR 
spectrometers, for example making extensive use of pulsed field gradi
ents for encoding of spin coherences. In addition, liquid state hyperpo
larization may enable a new emphasis on other experimental techniques 
such as low-field NMR, for which signal strength otherwise is a primary 
limitation. Overall, further improvements and developments that make 
these techniques most easily applicable, will be key to facilitate a broad 
range of applications. 
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[40] J.-B. Hövener, A.N. Pravdivtsev, B. Kidd, C.R. Bowers, S. Glöggler, K.V. Kovtunov, 
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