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Chapter 1
Introduction
The work presented in this thesis was performed in the context of the UltraSense
NMR project initiated in Nijmegen in 2011. The aim of this project was to improve
the sensitivity of nuclear magnetic resonance (NMR) spectroscopy for applications
in analytical contexts, such as the detection of biomarkers in urine, or the quality
control of food and beverages. In this chapter, advantages and limitations of NMR
in chemical analysis (section 1.1), and the fundamental basics of NMR (section
1.2) are discussed. An introduction to nuclear spin hyperpolarization techniques
that aim at enhancing NMR sensitivity is given in section 1.3. Finally, parahydrogen induced polarization methods are described (section 1.4), followed by a
detailed discussion of the non-hydrogenative variant SABRE that plays a central
role in this thesis (section 1.5).

Chapter 1

1.1 Chemical Analysis

Chemical analysis is applied throughout all fields of science, industry, and
medicine, where it is concerned with the separation, identification and
quantification of sample components. Chromatographic methods are often used
for partitioning of the sample, while spectroscopic and spectrometric techniques
provide information about the identity and quantity of the components.
Spectroscopic information is obtained as a result of the interaction of matter with
electromagnetic radiation. Methods such as ultraviolet-visible (UV-Vis), infrared
(IR), Raman, and nuclear magnetic resonance (NMR) spectroscopy operate in
different regions of the electromagnetic spectrum (Figure 1.1), thereby probing
different types of atomic and molecular transitions. Mass spectrometry (MS)
relies on ionization of molecules, after which the mass-to-charge (m/z) ratio of the
fragment ions is measured.

Figure 1.1 The electromagnetic spectrum. Reproduced from 1.

For the analysis of complex mixtures such as body fluids, cell extracts, and
natural products extracts, MS and NMR are the main analytical techniques.2-6 MS
is often used in combination with gas and liquid chromatography (GC-MS, LC-MS)
to separate the mixture components. Compared to NMR, these MS-based
methods are sensitive, with limits of detection typically in the low nanomolar
concentration regime.7-9 However, mass analysis strongly depends on the
8
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instrumentation and ionization conditions used. In fact, detection is not equally
sensitive for all classes of molecues2, especially in the case of GC-MS which is
limited to small volatile molecules and molecules that can be made volatile by
derivatization10. Furthermore, LC-MS suffers from alteration in ionization
efficiency when matrix molecules coelute, affecting detection accuracy and
precision.11,12 In contrast, NMR requires little or no sample preparation, is nondestructive, reproducible, unbiased, and intrinsically quantitative.2,4,13,14 However,
the major drawback of NMR is its low sensitivity, with detection limits in the low
micromolar concentration regime.4,15 This is further aggravated by the
nonselective character of NMR, which, combined with the low dispersion of 1H
NMR signals, results in an extensive signal overlap in acquired spectra of complex
mixtures (Figure 1.2).

Figure 1.2 The aromatic region of a 1D 1H NMR spectrum acquired at 600 MHz 1H resonance
frequency illustrates the limitations of NMR in chemical analysis: low sensitivity precludes the
detection of baseline-separated resonances at sub-micromolar concentrations (bottom left),
while the low dispersion of 1H resonances causes extensive signal overlap (bottom right),
already in this mixture of thirteen small molecules dissolved in methanol-d4.
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1.2 NMR spectroscopy*

Nuclear magnetic resonance spectroscopy (NMR) uses electromagnetic
radiation in the megahertz (MHz) frequency range of the electromagnetic
spectrum (Figure 1.1). These low-energy radio waves interact with the magnetic
moment originating from nuclear spin.
When placed in a magnetic field directed along the z-axis (B0), the z-component
of the magnetic moment of a nucleus with non-zero spin quantum number I
couples to the magnetic field with an energy given by:

E=
− µ z ⋅ B0

(1.1)

The magnetic moment µz is related to the spin angular momentum Iz via the
gyromagnetic ratio γ:

µ z= γ ⋅ I z

(1.2)

The value of Iz is quantized following magnetic quantum number m = (-I,-I+1,…,I1,I). Thus, in the presence of an external magnetic field, a nucleus with spin
quantum number I has 2I+1 different energy levels Em:

Em =−γ ⋅ I z ⋅ B0 =−γ ⋅ m ⋅  ⋅ B0

(1.3)

Several NMR relevant nuclei (including 1H, 13C, 15N, 19F, 31P) have spin quantum
number I = ½, resulting in two spin states that are generally referred to as α (m =
+½) and β (m = -½). From Equation 1.3 it follows that the energy difference
between these two states is:

∆E =
γ B0

(1.4)

Even in the high magnetic fields of modern NMR spectrometers (B0 up to 24 T),
this energy difference is much smaller than thermal energy (kBT) at room
temperature, with kB being the Boltzmann constant. As a result, the nuclear spin
states have almost equal populations Nm at thermal equilibrium, with the
population of the α energy level (Nα) being slightly higher than Nβ. Following
Boltzmann statistics, this is expressed as nuclear polarization P:

*

This section is in large part based on references
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P
=

ββ
 γ B0 
α − β
= tanh 

β
 2kBT 

(1.5)

where the total number of spins N is the sum of Nα and Nβ.18
The small difference in population of the α and β states leads to a net
macroscopic magnetization M0 (Figure 1.3) that can be estimated according to
Curie’s law:
M0 =

Nγ 2 2I(I + 1)B0
3kBT

(1.6)

For spin-½ nuclei in the high-temperature limit, this can be reduced to:
M0 =

γ
2

⋅N ⋅P

(1.7)

From Equation 1.7 it directly becomes clear that for samples at thermal
equilibrium, nuclear magnetization is linearly dependent on concentration,
making NMR an inherently quantitative technique.
M0 is manipulated in NMR experiments using electromagnetic pulses that
induce transitions between the nuclear spin energy levels (Equation 1.4). These
radio-frequency (RF) pulses match the Larmor frequency (ω0) of the nuclei:

ω0 = γ B0

(1.8)

In a classical view, M0 is represented as a magnetization vector aligned with B0
(Figure 1.3, right). An RF pulse rotates this vector from its initial position along the
z-axis into the xy-plane, where it precesses around the B0 field at the Larmor
frequency (Equation 1.8). This rotation of the magnetic vector is detected as a
free induction decay (FID) in the detection coil, and Fourier transformed to obtain
an NMR spectrum.

Figure 1.3 In the presence of an external magnetic field (Bo) α and β nuclear spin state
populations (left) will be slightly different (middle; the difference is greatly exaggerated),
leading to a net macroscopic magnetization M0 (right). Reproduced from 19.
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1.3 Hyperpolarization

According to Equation 1.7, NMR sensitivity can be improved by either increasing
the number of spins N, i.e. measuring at higher concentrations, or increasing the
polarization P. The polarization of proton spins in the magnetic field of a typical
NMR spectrometer (14.1 T, i.e. 600 MHz proton Larmor frequency) can be
estimated to be 0.0048% at room temperature (Equation 1.5). In other words only
1 in 20690 proton spins in the sample will contribute to the observed NMR signal,
while the remaining spins are effectively radio-silent.
To increase the number of radio-receptive spins, nuclear spin hyperpolarization
techniques aim at the transient overpopulation of a nuclear spin state.
Conceptually the simplest hyperpolarization technique is ‘brute-force’, in which
the relatively high thermal polarization at cryogenic temperatures and high
magnetic field, translates into hyperpolarization following rapid dissolution of the
sample to room temperature (Figure 1.4A).20 Lengthy polarization build-up times
(>100 hours) at sub-kelvin temperatures limits brute-force to polarization at 2 – 4
K, allowing only moderate polarizations levels of P(13C) < 0.2 % and P(1H) < 0.8 %.
Similar to brute-force, dissolution dynamic nuclear polarization (d-DNP) exploits
Boltzmann polarization at low temperature and high magnetic field. However, in
d-DNP the polarization of an unpaired electron is considered, which, due to its
high γ (γelectron = 660 ∙ γproton), already approaches unity at a few K (Figure 1.4B, red
trace). Under influence of microwave irradiation this polarization is transferred
from the unpaired electrons of a stable free radical, to the nuclear spins of a
molecule of interest. The sample is then rapidly dissolved and transferred to the
NMR spectrometer for detection. Because 1H polarization decays fast during
sample transfer, d-DNP is generally limited to heteronuclei, typically 13C. While 13C
polarization levels are high compared to brute-force, build-up times of several
hours are still required. However, polarization rates can be increased using cross
polarization (CP) from 1H to 13C.21 The generally long T1 relaxation times of 13C
nuclei allow preservation of polarization during the sample transfer, resulting in
net polarizations up to ∼40 % for 13C-labeled molecules such as urea, acetate and
pyruvate.21,22 The dissolution step in d-DNP unavoidably comes with some costs,
i.e. sample dilution precludes repolarization of the sample, limiting
multidimensional NMR applications.
Since its introduction in 2003,22 dissolution DNP has developed rapidly, leading
to a commercially available HyperSense® d-DNP polarizer (Oxford Instruments),
12
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and human diagnostic MRI studies with hyperpolarized 13C-pyruvate for
characterization of tumor metabolism23. While d-DNP is extensively used in
metabolic imaging studies, applications of more analytical nature include the
study of enzyme kinetics24, and the detection of drugs25 and reaction
intermediates26.

Figure 1.4 Polarization (P) temperature dependency curves and schemes for hyperpolarization
in brute-force and dissolution-DNP. (A) In the brute-force process depicted, protons are
polarized at ultralow temperature, then ejected through conditions for low-field thermal
mixing (LFTM), which transfers polarization from 1H to 13C spins. Next, dissolution and
measurement results in enhanced 13C signals when detected in detection fields ranging from
benchtop to high resolution NMR magnets (shaded green range). (B) In dissolution-DNP,
polarization is transferred from electrons to 13C spins, either directly, or via 1H-13C crosspolarization (CP) to significantly reduce build-up times. Adapted from 20.
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1.4 Para-hydrogen based hyperpolarization

Where d-DNP relies on the high polarization of electron spins, para-hydrogen
based hyperpolarization methods use the spin order of the para isomer of
molecular hydrogen. This spin order can be translated into hyperpolarization
when the symmetry of the para-hydrogen (p-H2) molecule is broken, either as a
result of hydrogenation or through the formation of (magnetically) non-equivalent
metal hydrides.

1.4.1 para-hydrogen (p-H2)
Molecular hydrogen (H2) occurs in four different nuclear spin configurations that
result from the combinations of the two proton spins. As the atoms of the
homonuclear diatomic molecule H2 are indistinguishable, the nuclear spin
configuration is given by nuclear triplet (αα, ββ, αβ+βα) and singlet (αβ-βα)
states. The former spin isomer is called ortho-hydrogen (o-H2) and has a
symmetric nuclear wavefunction, while the anti-symmetric singlet is called parahydrogen (p-H2). According to Pauli’s exclusion principle,27 the overall molecular
wavefunction has to be antisymmetric with respect to exchange of nuclei,
restricting the para and ortho spin isomers to antisymmetric (J = uneven) and
symmetric (J = even) rotational states, respectively (Figure 1.5A). The lowest
energy rotational state (J = 0) therefore corresponds to the para isomer, leading
to a Boltzmann distribution that at lower temperatures strongly favors p-H2 over
o-H2 (Figure 1.5B).
However, due to the magnetic dipole forbidden transition between singlet and
triplet states, interconversion between ortho- and para-hydrogen is extremely
slow. To produce para enriched hydrogen, normal hydrogen gas is cooled down in
the presence of a paramagnetic catalyst that allows a relatively fast
interconversion (∼ minutes) between both isomers. When the para enriched
hydrogen gas is then transferred to a catalyst free environment at room
temperature, it will remain in its para enriched state at least for several days to
weeks.

14
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Figure 1.5 (A) Energy diagram for the lowest spin-rotational states of H2. (B) % o-H2 for
decreasing temperature in the presence or absence of catalyst. Reproduced from 28.

1.4.2 p-H2 induced polarization (PHIP)
While the existence of para-hydrogen was already discovered in the 1920’s,29,30
it was not until 1986 that it was recognized as a source of polarization in NMR
experiments. In that year, Bowers and Weitekamp31 predicted that the parahydrogen spin order can be converted into a very large non-equilibrium spin
distribution, when the symmetry of the para-hydrogen molecule is broken
through addition to another molecule. When the addition of p-H2 occurs in a spin
correlated manner, the αβ and βα spin states of the product are selectively
populated (Figure 1.6D-E), resulting in strongly enhanced NMR signals compared
to when normal hydrogen is used (Figure 1.6C).

Figure 1.6 Nuclear spin states for H2 (A) and p-H2 (B). And for the two-spin system after
hydrogenation with: H2 (C); or with p-H2 at high (PASADENA, D) and low magnetic field
(ALTADENA, E). Thickness represents the relative populations of the energy levels.

Bowers and Weitekamp experimentally proved their theory a year later,32 when
they showed strongly enhanced antiphase NMR signals (Figure 1.6D) as a result of
the hydrogenation of acrylonitrile to propionitrile with p-H2. This hydrogenation
was catalyzed by Wilkonson’s catalyst, after bubbling 50% enriched p-H2 through
the sample inside the NMR spectrometer. They named the observed effect
PASADENA (para-hydrogen and synthesis allows dramatic enhanced nuclear
15
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alignment). By then, Eisenberg and coworkers had realized that the strange
effects they observed earlier in alkyne hydrogenation33 could be explained by the
p-H2 theory of Bowers and Weitekamp. This insight was communicated a few
months after the PASADENA paper, and referred to as para-hydrogen induced
polarization (PHIP).34
Shortly after these initial reports on enhanced NMR signals as a result of p-H2
hydrogenation at high magnetic field, Pravica and Weitekamp noted that when
hydrogenation with p-H2 is performed in a weak magnetic field outside the
spectrometer, followed by an adiabatic transfer to the high magnetic field of an
NMR magnet for detection, a different signal pattern is observed.35 In this socalled ALTADENA (adiabatic longitudinal transport after dissociation engenders
nuclear alignment) the initial p-H2 singlet state will transfer selectively to one of
the two levels αβ or βα of the product molecule at high magnetic field, resulting
in two enhanced in-phase signals with opposite sign (Figure 1.6E).
Signal enhancement factors obtained with PHIP † can be of several orders of
magnitude when compared to a thermally equilibrated reference spectrum at
high magnetic field, even up to a theoretical maximum of 31000 (P = 100%,
observed at 9.4 T)36. Such dramatic improvement in sensitivity is used in the study
of reaction mechanisms37-43 and for the production of hyperpolarized MRI
agents44-51. The former has provided detailed insights in catalytic cycles through
the structural investigation of catalyst complexes, the detection of short-lived and
low-concentrated reaction intermediates, and the analysis of reaction kinetics and
hydrogenation rates. In these studies metal hydrides prove to be a unique probe,
as they resonate in an otherwise empty region of the NMR spectrum, and can be
used to sensitize other nuclei in the coordination sphere of the metal.52-55
A biologically relevant analytical application of PHIP was proposed in 2007 by
the group of Duckett.56 In this work, the specificity of hydrides chemical shift for
the nature of catalyst-bound ligands was exploited for the detection of trace
amounts of the biologically relevant substrates pyridine, adenine and purine.56
Thanks to the high sensitivity gain provided by p-H2, the detection of 100 nM
pyridine was possible via its corresponding hydride signals in
[IrCl(H)2(PPh3)2(pyridine)] (Figure 1.7).
†

PASADENA and ALTADENA allow to distinguish between polarization at high and low magnetic field,
respectively. The acronym PHIP covers all p-H2 based hyperpolarization methods.
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Figure 1.7 (A) Formation of [IrCl(H)2(PPh3)2(pyridine)] through hydrogenation of complex
precursor [IrCl(CO)(PPh3)2] in d8-toluene in the presence of pyridine. (B) Hydride region of a 1H
NMR spectrum obtained from a sample containing 1.8 mM of the metal complex, 240 mM
pyridine and 3 bar p-H2 (fully enriched) at 325 K. Adapted from 56.

Two years later, the same metal complex (Figure 1.7A) was used to
hyperpolarize the substrate itself, via a pulse-based polarization transfer from the
p-H2-derived hydrides to the 15N-center of bound pyridine.57 As pyridine and p-H2
undergo reversible exchange at the metal complex, enhanced 15N signals of free
pyridine in solution were obtained as well. This form of PHIP without the
incorporation of p-H2 into the analyte was dubbed Signal Amplification By
Reversible Exchange (SABRE; Figure 1.8) later that year, when it was shown that a
spontaneous transfer of polarization to substrate protons occurs when p-H2 is
added to the sample at low magnetic field (∼ mT), resulting in enhanced signals
after sample transfer to the high magnetic field of the spectrometer.58

Figure 1.8 Schematic representation of SABRE. Blue and orange represent thermal- and
hyperpolarization, respectively. Adapted from 58.

In contrast to conventional PHIP, SABRE does not require the incorporation of pH2 into substrate molecules. This greatly expands the potential substrate scope
amenable to hyperpolarization via p-H2, and at the same time leaves the sample in
an unmodified state, which, due to SABRE reversible character, allows
repolarization by simply refreshing p-H2 in the NMR tube.
SABRE hyperpolarization research is rapidly progressing, with promising
developments toward the production of hyperpolarized agents for biomedical
imaging59-70, and the enhancement of NMR sensitivity and selectivity in the trace
analysis of complex mixtures71-79. In the next section a detailed description of
SABRE mechanism and developments will be given.
17
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1.5 Signal Amplification By Reversible Exchange (SABRE)

SABRE-derived hyperpolarization is based on the reversible association of both
p-H2 and a substrate molecule to a mediating metal complex. When such a
complex is formed at low magnetic field, a transient scalar coupling network
drives the transfer of spin order from the p-H2-derived hydrides to the nuclear
spins of the substrate molecule, resulting in strongly enhanced NMR signals.80
Because of the reversible character of the interaction, enhanced NMR signals are
also observed for substrate molecules free in solution. A schematic representation
of SABRE applied to pyridine (py) as substrate is shown in Figure 1.9.

Figure 1.9 Schematic representation of polarization transfer from p-H2 to pyridine (py) at a
metal complex (typically L is a N-heterocyclic carbene (NHC) or phosphine (PR3) ligand), and the
resulting proton hyperpolarization of py both bound and free in solution.

SABRE results from the combined effect of different processes: polarization
transfer via scalar couplings at low magnetic field, metal complex dissociation and
longitudinal relaxation. These processes are sketched in Figure 1.9. Long lifetimes
of the metal complex are not favorable because of the much faster longitudinal
relaxation of the substrate in the metal-bound form (R1bound >> R1free)81,82 and the
inefficient transfer of hyperpolarized substrate molecules to the solution. On the
other hand, SABRE efficiency of fast exchanging complexes is limited by the
reduced contact time within the transient scalar coupling network. Therefore, an
optimal dissociation rate (koff) of the mediating complex appears to exist,81-86
depending on the polarization transfer rate (khyper) and on the longitudinal
relaxation rates (R1bound, R1free).
18
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The dependency of SABRE efficiency on the aforementioned processes will be
described in sections 1.5.1 to 1.5.3, followed by a discussion about developments
toward SABRE applications in section 1.5.4.

1.5.1 scalar couplings & polarization transfer
The initial experimental observations of SABRE57,58 in 2009 were followed by a
theoretical description that same year, in which a coherent polarization transfer
mechanism through scalar coupling at low magnetic field was proposed.80 Herein,
the long-range scalar coupling between the p-H2 derived hydrides and their trans
located substrate protons (4JAM in Figure 1.10) in the metal complex drives the
transfer of polarization, although a far more inefficient transfer via crossrelaxation at high magnetic field has been demonstrated as well.87 We have
developed an experimental approach for the determination of such long-range
homonuclear scalar couplings in SABRE complexes (Chapter 5) which has led to an
estimated value of 1.2 Hz for the ortho-protons of pyridine-like substrates.88

Figure 1.10 (A) SABRE metal complex in which ‘s’ is a pyridine-like substrate. (B) The relevant
AA’MM’ spin system, thickness of the arrows corresponds to coupling strengths.

The spontaneous transfer of polarization via the scalar coupling between p-H2
and substrate is only possible under strong coupling conditions, i.e. when the
difference in chemical shift (∆δ) between the hydride and substrate protons is
smaller than or comparable to their J-coupling network. As the hydrides of typical
SABRE complexes resonate at far negative ppm, ∆δ generally is 25-35 ppm. To
match this frequency difference with the J-coupling network, a magnetic field in
the order of a few mT is required for coherent polarization transfer.
19
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Indeed, experimental field-dependency studies indicate an optimal polarization
transfer field (Btransfer) between 3 and 15 mT.89 A theoretical approach based on
level anti-crossings (LACs) developed by Ivanov and co-workers provides
simulated field-dependent curves that are in good agreement with these
experimental data.90 Such theoretical descriptions suggest that the hydridehydride coupling (2JAA in Figure 1.10) is dominant in the determination of a level
anti-crossing point, i.e. the value(s) of Btransfer at which maximum polarization
transfer occurs.
Note that a SABRE polarization transfer to heteronuclei requires entirely
different values of Btransfer, as demonstrated in the SABRE hyperpolarization of 15Npyridine using a µ-metal magnetic shield to obtain a µT Btransfer field.

1.5.2 dissociation & relaxation
During the lifetime of a SABRE complex at Btransfer, polarization is transferred
from p-H2 derived hydrides to substrate nuclei. At the same time this build-up of
hyperpolarization is counteracted by the fast T1 relaxation of substrate protons
bound to the iridium complex (T1py-bound ∼ 1.1 s at Btransfer)82. This decay of
hyperpolarization is significantly reduced after dissociation, due to T1py-free values
of ∼30 s for pyridine protons free in solution. This allows a build-up of
hyperpolarized substrate molecules in solution during the polarization step, as
shown by numerical simulation in Figure 1.11.

Figure 1.11 Build-up of hyperpolarized substrate in solution (S*, red line) and bound to the
complex (C*, blue line), with their respective build-up time constants Tb. Adapted from 82.

20
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The efficiency of this build-up is strongly dependent on the lifetime of the
SABRE complex, which should be long enough for sufficient polarization transfer
but not too long because of an unfavorable T1bound. Since the substitution of
substrate (Figure 1.12A) and hydrogen (Figure 1.12B) are assumed to be
dissociative and associative in nature, respectively, the complex lifetime
essentially is determined by the dissociation rate of the substrate (τcpx = 1/koffsub),
which strongly depends on the identity of axial ligand L.

Figure 1.12 Dissociative substrate exchange (A), and associative hydrogen exchange (B)
pathways. Adapted from 82.

The first SABRE studies were performed using iridium complexes with
phosphine ligands (L = PR3).83 However, the relatively slow pyridine exchange in
these complexes limits polarization build-up, with highest enhancements
observed for the kinetically most labile complex in a comparative series of
phosphine ligands.83 This led to the introduction of the more electron-donating Nheterocyclic carbene (NHC) ligands for SABRE complexes in 2011.84 The first NHCcomplex
used,
[Ir(IMes)(pyridine)3(H)2]Cl
(IMes
=
(1,3-bis(2,4,6trimethylphenyl)imidazole-2-ylidene), showed significantly higher pyridine
exchange rates (∼10 s-1 at 300 K), reflected by increased polarization levels up to
P(1H) = 8%84 for pyridine ortho-protons, and P(15N) = 10%69 for 15N-labeled
pyridine.
Further investigations of NHC-ligands for SABRE complexes by van Weerdenburg
et al.85 showed an increasing pyridine exchange rate for increasing NHC buried
volumes, consistent with a dissociative mechanism for substrate exchange. Four
of the most relevant NHC ligands are displayed in Figure 1.13, in order of
increasing buried volume: IMes, SIMes, IPr, and SIpr. It was found that the IMes
ligand gives the most efficient [Ir(NHC)(pyridine)3(H)2]Cl SABRE complex for
pyridine hyperpolarization, which was confirmed in a similar study by Lloyd et al.81
21

Chapter 1

Figure 1.13 Structures of NHC ligands with their buried volumes (%). Reproduced from 86.

These studies concerning different phosphine and NHC ligands for SABRE
complexes indicate an optimal substrate exchange rate.81,83-85 So far, highest
polarizations were obtained using the iridium-IMes complex. The pyridine
dissociation rate (∼10 s-1) in this complex appears to be close to the theoretical
optimum (Figure 1.14).82

Figure 1.14 Simulated dependency of SABRE signal enhancement on the substrate dissociation
rate (for 4JAM – 4JA’M = 1 Hz). Adapted from 82.

1.5.3 concentrations & ratios
In addition to the NMR and chemical parameters (scalar coupling, polarization
transfer field, relaxation, dissociation) described in the above, signal
enhancement factors obtained by SABRE depend on the concentrations of the
various species, and their mutual ratios.
First, as the rate of p-H2 supply to the complex increases with p-H2
concentration, increasing substrate signal enhancements are expected for higher
p-H2 pressures. This is indeed experimentally observed 71,81,84,91, and theoretically
substantiated by Barskiy82. While substrate exchange is concentration
22
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independent (dissociative mechanism), the relative concentration of substrate
with respect to the metal complex strongly influences SABRE efficiency, i.e.
substrate signal enhancement factors progressively increase for lower substrateto-catalyst ratios. 81,83,84,91,92 However, this ratio should be at least 3:1 because of
the formation of SABRE-inactive complexes at lower ratios,62 leading to a loss of
hyperpolarization (see Chapter 2).74

1.5.4 toward applications
In the previous sections the SABRE method is described based on NMR
parameters and chemical processes. An understanding of SABRE mechanism
allows optimization of the relevant parameters in order to obtain higher signal
enhancements. Here, the main challenges and developments related to possible
applications of SABRE-derived hyperpolarization will be discussed. These can be
divided in two categories: production of hyperpolarized agents for MRI, and
sensitization of NMR for chemical analysis.
A large part of SABRE research focuses on the former, aiming at the
hyperpolarization of a biologically relevant molecule at relatively high (millimolar)
concentrations. In order to use such hyperpolarized bolus for injection into an
animal or human, main challenges are found in the removal of the SABRE catalyst
prior to injection, and the biocompatibility of the solvent. Although progress has
been made in the development of immobilized61,68 and water-soluble64,93 SABRE
catalysts, and hyperpolarization in a 9:1 water/ethanol mixture appears to be
feasible59,60, these developments are still in an early stage.
The latter, i.e. SABRE employed for chemical analysis, aims at the detection and
quantification of dilute analytes in complex mixtures such as biofluids (for
diagnostics) and natural product extracts (for food analysis). For such applications,
an increased complexity of the system (e.g. multiple substrates) and experimental
setup (e.g. multi-scan NMR experiments) have to be considered. Progress in this
direction will be discussed below.

low concentrations
SABRE-derived signal enhancements result in signal-to-noise ratios (SNR) that
would otherwise require extensive signal averaging. This gain in sensitivity has
allowed the measurement of substrates at concentrations down to 100 µM in a
23
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single-scan 1D spectrum with a SNR of 60:1, or 1 mM in a single-scan 2D 1H-1H
COSY spectrum.73 However, when working on more dilute solutions the obtained
hyperpolarization is strongly reduced and eventually disappears. In Chapter 2 an
approach will be introduced that effectively restores hyperpolarization for low
substrate concentrations, which allows the detection of pyridine at nanomolar
concentrations in a single scan experiment.74

multi-scan experiments
Like d-DNP, SABRE relies on an ex-situ polarization step that is followed by
sample transfer to high magnetic field for detection. However, unlike d-DNP,
SABRE is reversible and sample repolarization is only a matter of seconds. This
enables multi-scan experiments through the implementation of an automated
polarization setup (Figure 1.15). Herein, a sample is shuttled between a mixing
chamber with a controllable Btransfer where fresh p-H2 is introduced, and a flow
probe head inside the high magnetic field of an NMR magnet.73,84,91 Although
repolarization is reproducible, the acquisition of multidimensional experiments is
rather time-consuming, with typical repetition times of several seconds per scan.

Figure 1.15 Scheme of the polarizer. The sample is hyperpolarized in the mixing chamber by
bubbling p-H2 through the solution at a controllable Btransfer (1), and subsequently transferred to
the flow probe head (2). After acquisition of the FID (3), the sample is returned to the mixing
chamber (4). Adapted from 81.
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Alternatively, a high-field SABRE method (RF-SABRE) has been developed in
which RF fields are used to match LAC conditions at high magnetic field, thereby
allowing an in situ polarization transfer.94 Several substrates have been
hyperpolarized using RF-SABRE, including pyridine with a signal enhancement
factor of 52 for its ortho-protons at 4.7 T (P(1H) = 0.08 %).95 In a similar approach,
Warren and co-workers used low-power CW irradiation to obtain in situ 15N
polarization levels of P(15N) = 1.5 % for 15N-labelled pyridine at 9.4 T.96
In Chapter 4 and 5 it will be shown that in an alternative high-field
hyperpolarization approach, pulse based transfer at high magnetic field is possible
in asymmetric SABRE complexes. While these methods rely on the same
reversible interactions as in SABRE, only bound substrates are detected.

substrate scope
In contrast to hydrogenative PHIP, SABRE does not require the incorporation of
p-H2 into a substrate. It still relies, however, on the ability of a substrate to
reversibly associate to the SABRE metal complex. Although substrates with basic
donor sites such as sulfur58 and oxygen77 have been used, aromatic N-heterocyclic
molecules appear to be the most suitable SABRE substrates. Nevertheless, the
scope of substrates amenable to p-H2 hyperpolarization is greatly expanded by
SABRE, with signal enhancements reported for nucleobases59, amino acids97,
drugs72,98 and tagged oligopeptides66. An approach that might expand the
substrate scope of SABRE relies on the hyperpolarization of solvent OH protons
that can subsequently hyperpolarize molecules having exchangeable protons, as
recently proposed by Moreno et al..99

substrate mixtures
So far we have only considered pure substrate solutions, in which substrate
signal enhancement factors were demonstrated to be strongly dependent on the
type of metal ligand L employed (section 1.5.2). When considering more complex
solutions, the three available binding sites on the SABRE complex can be occupied
by N different substrates (Figure 1.16), resulting in a total of M different metal
complex configurations (for N > 1):
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Figure 1.16 Metal complexes in the presence of N reversibly associating substrates.

Which complexes are preferred for a given set of substrates depends on the
relative free energies of the different complex configurations. Van Weerdenburg
et al. have shown that for a binary substrate mixture of pyridine (py) and 1methyl-1,2,3-triazole (mtz), a preference for complexes with an asymmetric
equatorial plane exists.100 A similar observation is made when pyridine and
acetonitrile are employed: when both are present in equimolar ratios an almost
exclusive formation of such an asymmetric complex is observed, a feature that
was exploited for the determination of 4JAM coupling constants in SABRE
complexes as described in Chapter 5.

Figure 1.17 Relative energies in kcalmol-1 calculated by DFT (bottom) of the six possible metal
complex configurations in the presence of pyridine (py) and 1-methyl-1,2,3-triazole (mtz).
Reproduced from 100.

The identity of the different substrates bound to a given complex have a strong
influence on the kinetic properties of this complex. For example, as will be shown
in Chapter 2, in the complex [Ir(NHC)(H)2(mtz)2(py)]Cl (Figure 1.17; 4th complex)
the pyridine exchange is considerably slowed down (koff = 0.23 s-1 when NHC =
IMes), resulting in higher pyridine signal enhancements when the SIMes NHCligand is employed (koff = 0.76 s-1).74
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1.6 Outline of the thesis

This thesis aims at the improvement of NMR sensitivity for the investigation of
dilute components of complex mixtures. Therefore, p-H2 based hyperpolarization
methods are employed, in particular SABRE.
In Chapter 2 it is shown that SABRE-derived hyperpolarization disappears when
substrate concentrations are lowered toward low-micromolar concentrations. To
restore polarization transfer in such dilute systems, an approach based on the
addition of a so-called ‘co-substrate’ is presented. This allows the detection of
sub-micromolar pyridine concentrations. Importantly, as a result of the cosubstrate approach, signals are linearly dependent on substrate concentrations.
This is exploited in Chapter 3, where the concentrations of several lowmicromolar analytes, present in mixtures of SABRE substrates, are determined via
the standard addition approach. Such quantitative mixture analysis is strongly
limited by the extensive overlap of proton NMR resonances. To resolve
overlapping substrate signals, an in situ hyperpolarization approach is presented
in Chapter 4. Continuous hyperpolarization provided by bubbling p-H2 at high
magnetic field allows quantitative analysis of sub-micromolar substrate mixtures
via 2D NMR spectra. A similar approach was used in Chapter 5 to determine the
long-range scalar couplings between p-H2 derived hydrides and bound substrate
nuclei responsible for polarization transfer in SABRE complexes.
In Chapter 6 a more detailed summary of the obtained results is given and put
in perspective of chemical analysis.
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Breaking the Sensitivity Limit *
SABRE is a nuclear spin hyperpolarization technique based on the reversible
association of a substrate molecule and parahydrogen (p-H2) to a metal complex.
During the lifetime of such a complex, generally fractions of a second, the spin
order of p-H2 is transferred to the nuclear spins of the substrate molecule via a
transient scalar coupling network, resulting in strongly enhanced NMR signals.
This technique is generally applied at relatively high concentrations (mM), in large
excess of substrate with respect to metal complex. Dilution of substrate ligands
below stoichiometry results in progressive decrease of signal enhancement, which
precludes the direct application of SABRE to the NMR analysis of low
concentration (µM) solutions. Here, we show that the efficiency of SABRE at low
substrate concentrations can be restored by addition of a suitable coordinating
ligand to the solution. The proposed method allowed NMR detection below 1 µM
in a single scan.

*

based on: N. Eshuis, N. Hermkens, B. J. A. van Weerdenburg, M. C. Feiters, F. P.J.T. Rutjes, S. S.
Wijmenga, M. Tessari, Toward Nanomolar Detection by NMR through SABRE Hyperpolarization, J.
Am. Chem. Soc. 2014, 136, 2695-2698.

Chapter 2

2.1 Introduction

With applications in chemistry, biology and medicine, NMR is a widespread
spectroscopic technique. It is often used in the analysis of complex mixtures (e.g.,
biofluids, food extracts, reaction mixtures, etc), mainly due to its aspecific
character and straightforward, nondestructive sample preparation. However,
because of NMR low sensitivity, analysis of dilute solutions is generally precluded.
Therefore, we often measure (and quantitate) samples at low millimolar
concentrations. One way of increasing the sensitivity of NMR is by inducing nonBoltzmann nuclear spin state populations with hyperpolarization techniques.
Para-hydrogen induced polarization (PHIP) is a hyperpolarization method based
on the incorporation of para-hydrogen (p-H2) into a molecule by catalytic
hydrogenation of an unsaturated moiety.1,2 Signal amplification by reversible
exchange (SABRE) is a variant of PHIP in which the NMR signals of small molecules
in solution are enhanced without any chemical modification, such as the
hydrogenation reaction which is essential in conventional PHIP.3-16 Therefore the
potential substrate scope in SABRE is much wider,3,9-11,16 and since it is based on
reversible interactions, repeated measurements of the same unmodified sample
are possible.7
SABRE-derived hyperpolarization is based on the reversible association of both
p-H2 and a substrate molecule to a mediating metal complex. When such a
complex is formed at low magnetic field, a transient scalar coupling network
drives the transfer of spin order from the p-H2-derived hydrides to the nuclear
spins of the substrate molecule, resulting in strongly enhanced NMR signals.5
Because of the reversible character of the interaction, enhanced NMR signals are
also observed for substrate molecules free in solution. A schematic representation
of SABRE applied to pyridine as substrate and [Ir(IMes)(H)2(py)3]Cl (2[Cl]) [IMes =
1,3-bis(2,4,6-trimethylphenyl)imidazole-2-ylidene; py = pyridine] as metal
complex is shown in Figure 2.1. Metal complex 2+ is formed by a reaction of the
complex precursor [Ir(COD)(IMes)Cl] (1) with p-H2 and py.6
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Figure 2.1 Schematic representation of spin order transfer from p-H2 to py at 2+ and resulting
proton hyperpolarization of py both bound and free in solution.

SABRE results from the combined effect of different processes: polarization
transfer via scalar couplings, metal complex dissociation and longitudinal
relaxation. These processes are sketched in Figure 2.1. Long lifetimes of the metal
complex are not favorable because of the much faster longitudinal relaxation of
the substrate in the metal-bound form (R1py-b ∼ 10-20 R1py-f) and the inefficient
transfer of hyperpolarized substrate molecules to the solution. On the other hand,
SABRE efficiency of fast exchanging complexes is limited by the reduced contact
time within the transient scalar coupling network. Therefore, an optimal
dissociation rate (koffpy) of the mediating complex appears to exist,4,6,8 depending
on the polarization transfer rate (khyper) and on the longitudinal relaxation rates
(R1py-b, R1py-f). Up to now, 2+ was found to be the most efficient mediating complex
for py, with a py dissociation rate constant (koffpy) of ∼10 s-1.6,8
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2.2 No hyperpolarization in dilute systems

2.2.1 dilution substrate and catalyst (constant ratio)
So far, optimization of metal complexes, pre-polarization field strength and
substrate-to-complex precursor ratio have been major concerns in SABRE
research in an attempt to maximize nuclear spin hyperpolarization.4,6,8,9 These
studies, however, have mostly been performed at concentrations in the millimolar
range and in large excess (usually ≥ 10:1 concentration ratio) of substrate with
respect to the complex precursor. In an attempt to perform SABRE experiments
on dilute solutions, we have found that at sub-millimolar concentrations of
substrate and complex precursor, hyperpolarization is strongly attenuated and
eventually disappears at low micromolar concentrations. This is illustrated in
Figure 2.2 for a series of samples at constant (12.5:1) py-to-1 concentration ratio,
dissolved in methanol in the presence of p-H2 (4 bar, 51% enrichment).

Figure 2.2 (A) Signals for ortho-protons of free py at thermal equilibrium (top, black) or
following SABRE hyperpolarization (bottom, red) as a function of py concentration (indicated).
The signals at thermal equilibrium are normalized with respect to the number of acquired
scans and py concentration. SABRE signals are normalized with respect to py concentration. In
all samples a concentration ratio of 12.5:1 of py with respect to complex precursor 1 was used.
(B) Plot of SABRE enhancement for ortho-protons (red) and percentage of free py (blue) as
function of py concentration. Note that in methanol the enhancement factors are reduced by
∼50% compared to methanol-d4 due to less favorable relaxation times.16 All spectra are
acquired at 600 MHz 1H resonance frequency (T = 298 K).
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Figure 2.2A displays the signals of the ortho-protons of free py at thermal
equilibrium (in black) after normalization with respect to total py concentration
and number of acquired scans. Such normalization allows to appreciate the effect
of dilution on the relative concentrations of free and bound py. The observed
increase of (normalized) signal intensity upon dilution indicates release of free py
in solution due to dissociation of complex 2+. Presumably, a py ligand is replaced
by a solvent molecule resulting in complex [Ir(IMes)(H)2(methanol)(py)2]Cl (3[Cl]).
This is supported by the small amounts (2+:3+ = 100:1) of such solvent complex
observed in concentrated (mM) solutions at 265 K.17 However, it should be
mentioned that DFT calculations also indicate the possibility of other stable
complexes, e.g. [Ir(IMes)(H)2(py)2]Cl, following the loss of a py ligand from
complex 2+.6 Nevertheless, here it will be assumed that solvent complex 3+ is
formed upon dissociation of complex 2+, although the exact nature of 3+ is not
relevant for the following discussion.
The dissociation process described above has a strong impact on
hyperpolarization by SABRE. This is evidenced by the signals displayed in Figure
2.2A (in red) after normalization with respect to py concentration. At
concentrations close to 25 µM all py is virtually free in solution and no SABRE
effect is observable, as summarized in Figure 2.2B. The rapid decrease of SABRE
hyperpolarization between 2.5 mM and 1 mM is concomitant with the
dissociation of mediating complex 2+, for which a dissociation constant of 1.7
(concentrations expressed in mM) was estimated (see section 2.6.5). Note that in
this concentration range, almost 20% of py in solution is still bound to the metal
center (see Figure 2.2B). The large drop in SABRE efficiency suggests therefore
that complex 3+ resulting from the dissociation of 2+ is not effective in polarizing
the nuclear spins of bound py and concurrently causes a decay of
hyperpolarization due to the unfavorable T1 relaxation rate of bound py (R1py-b >>
R1py-f). The ineffective polarization transfer in 3+ is probably related to its short
lifetime, as indicated by the linewidth of the proton NMR signals.

2.2.2 dilution substrate (constant catalyst concentration)
Loss of SABRE hyperpolarization was also observed at higher (mM)
concentrations, for py-to-1 concentration ratios below stochiometry (3:1). This is
summarized in Figure 2.3A, where the SABRE enhancement factor is plotted as a
function of py concentration for a series of samples containing 2 mM 1 dissolved
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in methanol-d4 together with p-H2 (4 bar, 51% enrichment). At large excess of py
(py-to-1 ratio of 9:1) the signal enhancement factor for the ortho-protons of free
py is 101 (0.48% polarization). As the ratio is lowered, a progressive decrease in
signal enhancement is observed (in red). Again, this negative trend follows the
decrease in concentration of mediating complex 2+ (in blue) and the concomitant
formation of metal complex 3+ (in orange) that is ineffective in polarizing the
nuclear spins of py, as noted above. Complete loss of hyperpolarization is
observed below the stochiometric ratio, due to the disappearance of the active
complex 2+. The formation of complex 3+ was monitored via IMes proton signals
(Figure 2.3B). An exchange between complex 2+ and 3+ was confirmed in a 2D
NOESY experiment (Figure 2.3C).

Figure 2.3 (A) Signal enhancements for the ortho-protons of free py (red) and relative
concentrations of complex 2+ (blue) and complex 3+ (orange) as a function of py-to-1 ratio, for
samples containing 2 mM 1 together with 4 bar p-H2 and increasing py concentrations in
methanol-d4. (B) Thermal 1H 1D reference spectra showing IMes proton signals (see Figure S2.1
for annotations) used in (A) (color coded). (C) 1H 2D NOESY spectrum showing exchange peaks
between c- and d-IMes protons of 2+ and 3+. Acquired with a mixing time of 500 ms for a
sample with a py-to-1 ratio of 3:1. All spectra are acquired at 600 MHz 1H resonance frequency
(T = 298 K).

2.3 Co-substrate approach
2.3.1 co-substrate requirements

The above described hyperpolarization loss upon dilution indicates that
formation of inactive complex 3+ must be prevented in order to obtain SABRE
hyperpolarization. The approach presented here shows that this can be achieved
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even at low substrate concentration, provided a second ligand, referred to as ‘cosubstrate’ in the following, is added to the solution.
The co-substrate should fulfill the following requirements:
a) It should bind to the metal complex with much higher affinity than the
solvent. Its binding affinity, however, should be lower than or
comparable to the affinity of the substrate under investigation;
b) it should be present in excess with respect to the concentration of the
complex precursor;
c) the asymmetric complex [Ir(IMes)(H)2(co-substrate)2(substrate)]Cl
(4[Cl]) should display a lifetime that is favorable for SABRE;
d) its 1H signals should not overlap with the resonances of the substrate of
interest.
If the concentrations of substrate (S), co-substrate (cS) and complex precursor
(M) satisfy the condition:
(2.1)

[ S ]  [M] < [cS ]

the distribution of substrate between free and bound forms is determined by the
chemical equilibrium:
K eq

→[Ir(IMes)(H)2 (cS)3 ]Cl + S
[Ir(IMes)(H)2 (S)(cS)2 ]Cl + cS ←

4[Cl]
8[Cl]

(2.2)

from which Equation 2.3 can be derived:

[ S ] free
[ S ]bound

= 3 × K eq

[cS ] free
[cS ]bound

≈ 3 × K eq

C cS − 3 × C M
3 × CM

(2.3)

Here, Keq indicates the relative affinity of substrate and co-substrate for the metal
center. The symbols CcS and CM denote the analytical concentrations in solution of
co-substrate and complex precursor, respectively. The numerical factor 3 in
Equation 2.3 derives from the number of co-substrate molecules bound to the
metal center. Equation 2.3 indicates that the distribution between the free and
bound forms of a dilute substrate is independent on its total concentration and is
essentially determined by the amount of co-substrate and complex precursor
present in solution.
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2.3.2 co-substrate 1-methyl-1,2,3-triazole
We have found that 1-methyl-1,2,3-triazole (mtz) satisfies the requirements (a–
d) above and therefore can be used as a co-substrate for several substrates that
are suitable for SABRE.3,9,11 The binding affinity of mtz for the metal center is
sufficiently high to prevent solvent binding at a mtz-to-1 ratio of at least 5:1, for
millimolar complex precursor concentrations. Furthermore, the value of Keq in the
case of py as (dilute) substrate and mtz as co-substrate is ∼0.09; this corresponds
to a fraction of bound py up to 80% (mtz-to-1 ratio of 5:1). As previously
mentioned, the fraction of bound py can be reduced by increasing the total
concentration of mtz (see Equation 2.3).
The effect of co-substrate (mtz) addition is shown in Figure 2.4A for a series of
samples containing 2 mM 1 dissolved in methanol-d4 together with p-H2 (4 bar,
51% enrichment) and a fixed py-to-1 ratio of 2:1. As previously shown in Figure
2.3A, at this py-to-1 ratio most of the bound py is found in the inactive 3+ complex
and no hyperpolarization is observed. However, by titrating mtz to the solution, a
progressive intensity decrease for signals from metal complex 3+ is observed,
while new signals for the complexes 4+ and 5+ ([Ir(IMes)(H)2(cosubstrate)(substrate)2]+) appear in the 1H NMR spectrum. Concomitantly,
restoration of py hyperpolarization is observed in the SABRE spectra, as shown in
Figure 2.4B. A maximal signal enhancement factor of 87 (P = 0.42%) on the orthoprotons of free py was found, which is comparable to what is shown in Figure
2.3A. However, the dissociation of mediating complexes 4+ and 5+ is a much
slower process than for 2+, as reflected in the low free-to-bound py ratio (60%
bound py, from Figure 2.4A) for which maximum signal enhancement is observed.
Note that the free-to-bound ratio of py in this series is not correctly described by
Equation 2.3 since the complex precursor is not present in large excess (py:1 =
2:1). In Figure 2.4B, the signals of ortho-protons of free py at thermal equilibrium
(top) and the corresponding SABRE signals (bottom) at different mtz-to-1 ratio are
shown. Note that the conditions for highest SABRE signal intensity and highest
enhancement factor do not coincide.
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Figure 2.4 (A) Signal integrals and SABRE enhancement factors for the ortho-protons of py as a
function of mtz-to-1 ratio (py:1 = 2:1). The following color coding is used: free (black), complex
3+ (orange), complex 2+ (blue), combined co-substrate complexes 4+ and 5+ (green). The signals
are normalized with respect to the cumulative ortho py integral. Signal enhancements are
reported as red squares. B) Signals of ortho-protons of free py at thermal equilibrium (top, in
black) and in SABRE experiments (bottom, in red) at different mtz-to-1 ratios.

2.4 Detection sub-micromolar concentrations

As summarized in Figure 2.4, addition of co-substrate allows to preserve SABRE
hyperpolarization by preventing the formation of inactive complex 3+. We have
tested the validity of this method by acquiring SABRE spectra on samples
containing trace amounts of substrate. The detection of 2 µM py (S/N ratio = 8:1)
was achieved with 2 mM complex precursor 1 and 13 mM co-substrate mtz (data
not shown). In an attempt to further improve SABRE efficiency, we have
employed a different mediating complex than the slow exchanging 4+ (koffpy = 0.23
s-1). For substrate concentrations down to 0.5 µM, complex precursor
[Ir(SIMes)(COD)Cl] (SIMes = 1,3-bis(2,4,6-trimethylphenyl)imidazolin-2-ylidene) (6)
was used. The p-H2 and py exchange processes in co-substrate complex
[Ir(SIMes)(H)2(mtz)2(py)]Cl (7[Cl]) were approximately three times faster than for
4+. Accordingly, a ∼3-fold increase in signal intensity was observed in the SABRE
spectra obtained with 7+.

The SABRE spectra of py at micromolar concentrations in samples containing 1
mM 6 dissolved in methanol-d4 together with p-H2 (4 bar, 51% enrichment) and 18
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mM mtz as co-substrate are shown in Figure 2.5A. The thermal equilibrium
spectrum (top trace, black) was acquired with 512 scans for the 5 µM sample. The
colored spectra were acquired at concentrations between 0.5 and 5 µM with a
single scan following SABRE hyperpolarization. By comparing the signal integrals
at thermal equilibrium and after SABRE, an enhancement factor of 121 (P = 0.58%)
is obtained for the 5 µM py sample.

Figure 2.5 (A) 1H NMR signals acquired at 600 MHz, at thermal equilibrium (black) or following
SABRE hyperpolarization (colored) of samples containing trace amounts of py together with 6
(1 mM), mtz (18 mM) and 4 bar p-H2 in methanol-d4. The displayed signals originate from the
ortho-protons of py in the free and bound form. (B) Plot displaying the signal-to-noise ratio of
the free py signals in (A) as a function of py concentration.

A detection limit <1 µM can be estimated based on the series of SABRE spectra
in Figure 2.5A. The plot in Figure 2.5B clearly shows a linear dependence of the
signal intensity on py concentration. This stems from the fact that at such low
concentrations the free-to-bound substrate ratio is essentially determined by the
concentration of co-substrate and it is, therefore, constant for all the spectra of
Figure 2.5A (see Equation 2.3). This linear dependence suggests a possible use of
the proposed approach for quantitative applications of SABRE at low substrate
concentration (see Chapter 3).
The approach here presented to extend SABRE applicability is obviously not
restricted to the model substrate py: comparable detection limits were found for
other substrates using co-substrate complex 7+ (see section 2.6.7).
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2.5 Conclusion

In conclusion, we have here demonstrated that SABRE can be successfully
applied at concentrations of only a few micromolars. Employing SABRE at low
substrate concentrations requires the addition of a more concentrated cosubstrate molecule to the solution. In the present study 1-methyl-1,2,3-triazole
was used as co-substrate, resulting in stable hyperpolarization transfer complexes
(4+, 7+) which gave reproducible signal enhancements for diluted substrates, even
a week after sample preparation by simply refreshing the p-H2 in the sample. As
illustrated by the plot in Figure 2.5B, a linear dependence exists between SABRE
signal intensity and substrate concentration in the low micromolar regime. This
result is important as it indicates that hyperpolarization does not a priori preclude
quantitative NMR applications. With the current experimental setting, a detection
limit lower than 1 µM was obtained for py as a substrate. A further reduction
down to ca. 100 nM should already be feasible in a single scan via the proposed
co-substrate approach, by using the automated polarization setup previously
described6 (gain: 7×), and fully enriched p-H2 (gain: 3×).
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2.6 Supporting Information
2.6.1 chemicals

[Ir(IMes)(COD)Cl] (1) (IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazole-2-ylidene;
COD = cyclooctadiene), [Ir(SIMes)(COD)Cl] (6) (SIMes = 1,3-bis(2,4,6trimethylphenyl)imidazolin-2-ylidene), and 1-methyl-1,2,3-triazole (mtz) were
prepared according to published methods.18,19 Pyridine (py), (-)-nicotine (ni),
pyrazole (pz), and methanol-d4 were obtained from Sigma-Aldrich, isoxazole (ix)
was obtained from Janssen Pharmaceutica. All chemicals were used as supplied.
Structures of IMes, SIMes and substrates are provided in Figure S2.1.
Para-hydrogen (p-H2) was produced by storing 4 bar of hydrogen gas at 77 K in
the presence of activated charcoal for approximately 2 hours. The resulting 51%
p-H2 was transferred to a glass bulb with an output-pressure gauge.

Figure S2.1 Structures of IMes, SIMes, py, ni, pz, ix and mtz. Relevant protons annotated in
blue.

2.6.2 complexes
Metal complexes 2+, 3+, 4+ and 5+ are formed upon hydrogenation of the
cyclooctadiene (COD) ligand of complex precursor 1. Hydrogenation of 1 in the
presence of an excess (> 10 fold) of substrate results in complex 2+. Lowering the
substrate concentration leads to a decrease of complex 2+ and the concomitant
formation of complex 3+, where presumably one substrate ligands is replaced by a
solvent molecule (Figure S2.2A). In the presence of an excess of co-substrate,
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complexes 4+ and 5+ are formed(Figure S2.2B). At low substrate concentrations
only complex 4+ will be present. Hydrogenation of complex precursor 6 in the
presence of an excess of co-substrate and a trace amount of substrate results in
complex 7+ (Figure S2.2C).
Note that Figure S2.2 only displays the complexes that are responsible for the
hyperpolarization of substrate molecules, i.e. where py is bound trans to the
hydrides. Cis-bound py in metal complexes 4+ and 7+ is observed, but does not
contribute to py hyperpolarization.

Figure S2.2 Reaction schemes of the formation of metal complexes 2+, 3+, 4+, 5+ and 7+ through
the hydrogenation of complex precursors 1 and 6 (COD=cyclooctadiene, COA=cyclooctane).

2.6.3 NMR experiments
All NMR spectra were acquired at 298 K on a Bruker AVANCEIII Spectrometer
operating at 600 MHz, proton resonance frequency, equipped with a cryo-cooled
HCN probe. NMR samples with a total volume of 600 µL were prepared in 5 mm
Wilmad quick pressure valve NMR tubes under an atmosphere of nitrogen.
Complex precursor concentrations were typically 1 (6) or 2 (1) mM, while cosubstrate and substrate concentrations varied dependent on the experiment.
Previous to a SABRE experiment the volume above the solution was evacuated,
after which p-H2 was introduced at a pressure of 4 bar. Nuclear spin
hyperpolarization was then obtained by shaking the sample for 10 seconds at a
magnetic field strength between 80 and 130 Gauss in the stray field of the
spectrometer, and rapidly inserting it into the bore. A 90° rf pulse was applied
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immediately after the sample rested in the spectrometer, which was
approximately 8 seconds after insertion. A SABRE and a reference spectrum of a
sample containing 2 mM 1, 13 mM mtz and 1 mM py are shown in Figure S2.3.
SABRE spectra have poor linewidths since a fraction of the solution is sinking
along the interior of the NMR tube at the moment of data acquisition. The spectra
were processed using an exponential window function with a line broadening of
2.5 Hz prior to zero-filling to 262144 data points.
Exchange rates were obtained by 1D EXSY experiments. A selective Gaussian
inversion pulse (60 Hz bandwidth for a duration of 36 ms) was applied on the
ortho- (8.54 ppm) or meta-proton signal (7.45 ppm) of free py, followed by a
mixing period ranging from 10 milliseconds to 150 seconds, and a hard 90° readout pulse. The integrals of free and bound py (ortho-protons in 4+: 8.73 ppm,
meta-protons in 7+: 6.95 ppm) were then fitted with an exchange equation for
two-site exchange with unequal populations and unequal relaxation rates.
All concentrations in solution were determined with respect to ethanol (10 mM)
as an internal standard.

Figure S2.3 Single scan 1H NMR spectra of 1 mM py together with 2 mM 1, 13 mM mtz and 4
bar p-H2 in methanol-d4, following SABRE hyperpolarization (red) and at thermal equilibrium
(black).
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2.6.4 enhancement factors and signal-to-noise ratios
The signal enhancement factors were calculated by dividing the signal integrals
of the hyperpolarized sample by those of a thermally equilibrated reference
spectrum. The reference spectrum was recorded for the same sample with
identical experimental parameters three minutes after the SABRE experiment, to
ensure full relaxation at high magnetic field. The signal enhancement factors
obtained can be compared to previously reported values by taken into account
the difference in magnetic field and p-H2 enrichment.
Signal-to-noise ratios were estimated by comparing the intensity of signals with
the RMSD of a region of the spectrum without signals.

2.6.5 complex 3+
The c-IMes signals of complex 2+ and complex 3+ from Figure 2.3B were fitted
for two-site exchange with unequal populations and unequal relaxation rates
(Figure S2.4), resulting in a dissociation constant of 1.7 (concentrations expressed
in mM):
K eq = 1.7

→[Ir(IMes)(H)2 (methanol)(py)2 ]Cl + py (S2.1)
[Ir(IMes)(H)2 (py)3 ]Cl + methanol ←

2[Cl]
3[Cl]

At low py-to-1 ratios, H/D exchange processes are observed via the formation of
dissolved HD gas and deuteration of the ortho-positions of py. A concomitant
increase in H/D exchange with increasing concentration of complex 3+ further
indicates the binding of methanol in 3+, since these processes are a result of the
interaction between deuterated methanol and H2 at the metal center.10
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Figure S2.4 Experimentally measured (A, in black) and simulated (B, in red) 1H NMR signals of cIMes for samples containing 2 mM 1 together with 4 bar p-H2 and increasing py concentrations
(indicated) in methanol-d4.

2.6.6 co-substrate complexes
The formation of complexes 4+ and 5+, with concomitant loss of complex 3+
upon addition of co-substrate mtz, is shown in Figure S2.5 by means of the signals
of py ortho-protons. The reported spectral intensities are corrected for
deuteration on the ortho-positions of py by the following factors (for samples at
increasing mtz-to-1 ratio): 1.8, 1.4, 1.3, 1.2 and 1.1 (Figure S2.5A). No deuteration
was observed for samples at mtz-to-1 ratios of 1.2 and higher (Figure S2.5B),
where complex 3+ was not present.
Generally, the formation of co-substrate complexes occurs according to the
equilibria:
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→[Ir(IMes)(H)2 (S)2 (cS)]Cl + S
[Ir(IMes)(H)2 (S)3 ]Cl + cS ←

2[Cl]
5[Cl]

→[Ir(IMes)(H)2 (S)(cS)2 ]Cl + S
[Ir(IMes)(H)2 (S)2 (cS)]Cl + cS ←

5[Cl]
4[Cl]

(S2.2)


→[Ir(IMes)(H)2 (cS)3 ]Cl + S
[Ir(IMes)(H)2 (S)(cS)2 ]Cl + cS ←

4[Cl]
8[Cl]

(the same equilibria apply for complex precursor 6)
Concentrations of free py, free mtz and complexes 4+, 5+ and 8+ (8[Cl] =
[Ir(IMes(H)2(cS)3]Cl) were determined for samples containing 2 mM 1 and 4 mM
py together with 4 bar p-H2 and increasing total mtz concentrations (2.4 to 7.4
mM). The c-IMes signals of complexes 4+, 5+ and 8+ were fitted, resulting in an Keq
of 0.09 for the latter of these three equilibria, also see below:
K eq = 0.09

→[Ir(IMes)(H)2 (mtz)3 ]Cl + py
[Ir(IMes)(H)2 (py)(mtz)2 ]Cl + mtz ←

4[Cl]
8[Cl]

(S2.3)

Figure S2.5 1H NMR reference spectra acquired 3 minutes after SABRE, for samples containing
2 mM 1, 4 mM py and 4 bar p-H2 together with increasing mtz concentrations methanol-d4
(color coded).
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2.6.7 detection trace amounts of (-)-nicotine, pyrazole, and isoxazole

Figure S2.6. Single scan 1H NMR spectra acquired at 600 MHz proton resonance frequency, at
thermal equilibrium (black) or following SABRE hyperpolarization (colored) of samples
containing trace amounts of; (A) (-)-nicotine together with 6 (1 mM), mtz (15 mM) and 4 bar pH2 in methanol-d4; (B) pyrazole together with 6 (1 mM), mtz (13 mM) and 4 bar p-H2 in
methanol-d4; and (C) isoxazole together with 6 (1 mM), mtz (10 mM) and 4 bar p-H2 in
methanol-d4. The lower plots display the signal-to-noise ratios of free substrate proton signals
as a function of total substrate concentration.
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Quantitative Trace Analysis*
Signal amplification by reversible exchange (SABRE) is an emerging nuclear spin
hyperpolarization technique that strongly enhances NMR signals of small
molecules in solution. However, such signal enhancements have never been
exploited for concentration determination, as the efficiency of SABRE can strongly
vary between different substrates or even between nuclear spins in the same
molecule. The first application of SABRE for the quantitative analysis of a complex
mixture is now reported. Despite the inherent complexity of the system under
investigation, which involves thousands of competing binding equilibria, analytes
at concentrations in the low micromolar range could be quantified from singlescan SABRE spectra using a standard addition approach.

*

based on: N. Eshuis, B. J. A. van Weerdenburg, M. C. Feiters, F. P.J.T. Rutjes, S. S. Wijmenga, M.
Tessari, Quantitative Trace Analysis of Complex Mixtures using SABRE Hyperpolarization, Angew.
Chem. Int. Ed. 2015, 54, 1481-1484. Very Important Paper

Chapter 3

3.1 Introduction

The last decade has witnessed a widespread interest in hyperpolarization
techniques as methods to overcome the intrinsically low sensitivity of NMR
spectroscopy. These include dynamic nuclear polarization (DNP),1,2 spin exchange
optical pumping (SEOP),3,4 para-hydrogen-induced polarization (PHIP),5,6 and,
more recently, signal amplification by reversible exchange (SABRE).7-14 However,
the large signal increase that results from nuclear spin hyperpolarization
unavoidably comes with some costs: particularly, the assumption of a linear
dependence of the nuclear magnetization on the concentration, as stated by
Curie’s law for samples at thermal equilibrium (Equation 1.7), is no longer
necessarily correct. As a consequence, the quantification of analytes in solution
from NMR spectra of hyperpolarized samples is not straightforward. Thus,
although hyperpolarization has proven effective in significantly lowering NMR
detection limits, its application to quantitative NMR analysis has thus far been
rather modest.15,16 Yet, in the investigation on the feasibility of SABRE for dilute
solutions presented in Chapter 2, we have found that under suitable conditions
the integrals of hyperpolarized signals depend linearly on the concentrations,17 an
essential requirement for quantitative NMR applications. Herein, we further
explore this finding and show that it is indeed possible to detect and quantify
analytes at low micromolar concentrations in complex mixtures using SABRE
hyperpolarization.
SABRE is a technique with which nuclear spin hyperpolarization can be obtained
for substrate molecules that weakly associate to a suitable metal complex
together with p-H2. This reversible association provides a transient scalar coupling
network through which the spin order of p-H2 can be transferred to the nuclear
spins of the substrate.18 Strongly enhanced NMR signals are then observed for
substrate molecules free in solution owing to the reversible character of the
interaction.
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3.2 Obtaining linearity: mixture as co-substrate

A conventional quantitative analysis of SABRE enhanced signals based on
integral comparison with an internal or external standard is not applicable as the
efficiency of SABRE depends on several molecular parameters (i.e., relaxation
times, scalar coupling constants, dissociation rates) that can strongly vary for
different proton spins.
However, for dilute substrates (referred to as analytes) in the presence of a
large excess of a co-substrate, a linear dependence of SABRE signal integrals on
concentration can be obtained.17 Herein, we show that such conditions can also
be realized in far more complex mixtures, where the co-substrate function is
fulfilled by a combination of substrates with total concentration (CcS), that largely
exceeds the concentration of the analyte and of the metal complex:
N

[ X ]  [M] < ∑[ Si ] =
C cS
i =1

(3.1)

where X, M and Si indicate the analyte, the metal complex, and the additional
substrates present in the mixture. In this concentration regime, where a linear
dependence between SABRE signal and concentration holds, calibration
techniques, such as standard addition,19 can be employed to quantitate dilute
analytes in solution.
We have tested the validity of this approach on a dilute solution (Cx = 8.5 µM) of
nicotinamide in the presence of metal complex precursor 1 (CM = 333 µM) and a
fifteen components mixture with a total substrate concentration (CcS) of 6 mM.
Activation of complex precursor 1 by molecular hydrogen (5 bar) in the presence
of this substrate mixture leads to the formation of thousands of possible metal
complexes of the formula [Ir(IMes)(H)2(Si)(Sj)(Sk)]Cl (2) (Figure 3.1).
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Figure 3.1. Formation of metal complexes 2 upon hydrogenation of the COD ligand of
precursor 1 (CM = 333 µM) in the presence of N substrates (N = 16, CcS = 6 mM) that reversibly
associate to 2.

A SABRE spectrum was acquired for such a mixture by applying a 90 degree
read-out pulse shortly after dissolution of p-H2 (5 bar) at a fixed position in the
stray field of the NMR spectrometer (Figure 3.2, red trace). Increased signal
intensity is observed in the aromatic region, as well as for the methyl groups of
acetonitrile, and 1-methyl-1,2,3-triazole (see Figure S3.2B for signal enhancement
factors). Note that only the signals of the substrates free in solution are observed
in the NMR spectra, as the bound form is distributed over the thousands of
different complexes, each with concentrations in the sub-micromolar range.
For comparison, a conventional 1H NMR spectrum of the original mixture was
acquired with 256 scans and a long recovery delay (5 × T1) resulting in a total
measuring time of approximately 11 hours (Figure 3.2, top). From this spectrum, a
concentration of 8.8 µM was estimated for nicotinamide, based on integral
comparison with the methylene signal of ethanol, which was added as an internal
reference.
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Figure 3.2. H NMR spectra acquired at 600 MHz at thermal equilibrium (top, 256 scans, x0.125 vertically scaled) or after SABRE hyperpolarization at
6.5 mT (bottom, red trace) on a sample consisting of nicotinamide as the analyte (Cx = 8.5 µM), together with complex precursor 1 and a mixture of
fifteen substrates present in high micromolar amounts (CM = 333 µM, Csub = 6 mM). Individual substrate concentrations and signal enhancements
(for peaks indicated in green) are provided in Figure S3.2. The SABRE spectra of samples after standard addition, with Cadd between 8 and 75 µM
(color coded), showed increases in the nicotinamide signals, while the signal integrals of other substrates remained constant. Inserts show the
resonance of proton d in nicotinamide (see Figure S3.1 for annotations) with a signal-to-noise ratio of 31:1 after hyperpolarization (red trace, x10
vertically scaled), and 15:1 after 256 scans at thermal equilibrium (black trace, x20 vertically scaled).
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3.3 Quantification by standard addition

Standard addition was performed on the original mixture, increasing the analyte
concentration in six consecutive steps. The single-scan SABRE spectra acquired
after each addition of nicotinamide are displayed in Figure 3.2 (color coded). In
the lower insert of Figure 3.2, the increasing SABRE signal of a well-resolved
nicotinamide resonance is shown. Note that all other substrate signals in the
SABRE standard addition series remain substantially unperturbed. The
corresponding linear plot of SABRE signal integral versus added analyte
concentration is shown in Figure 3.3A (red squares). The extrapolated value of the
concentration of nicotinamide (9.0 µM) is in good agreement with its nominal
concentration.

Figure 3.3. Standard addition curves for proton resonances (Figure S3.1) of nicotinamide (A),
pyrazine (B), isoxazole (C), and quinozaline (D) with nominal substrate concentrations of 8.5, 5,
8, and 10 µM respectively. Concentrations are estimated from the abscissa intercepts (circled)
of the standard addition curves (grey lines). Experimental uncertainties were derived by error
propagation.
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Comparable results were obtained for the diluted substrates pyrazine, isoxazole
and quinazoline in similar mixtures (Figures 3.3B-D). The converging trend lines for
the two nicotinamide resonances in Figure 3.3A and the two quinazoline
resonances in Figure 3.3D are noteworthy. This nicely confirms the validity of the
standard addition technique in combination with SABRE: different slopes are
obtained because the enhancement factors for these signals are different;
nevertheless, extrapolation of the curves leads to the same concentrations within
experimental error.
The relative error on the concentration obtained from the standard addition
experiments was found between 5% and 20% (Figure 3.3). A major contribution to
this uncertainty results from the limited reproducibility of SABRE performed by
manually shaking the sample in the stray field of the magnet, as previously
pointed out by Mewis et al..20 Variations of the polarization transfer field (Btransfer)
and of the sample insertion time into the magnet represent the main source of
scatter of the measured integrals. This is illustrated in Figure 3.4, by means of
normalized SABRE signal integrals in the nicotinamide standard addition series.
Note that the signal integrals show a very similar trend, in agreement with general
variations in SABRE efficiency during the standard addition series. The large
variation in dimethyl sulfoxide (dmso) SABRE signal is attributed to a low degree
of polarization (see Figure S3.2B) and relatively short T1 relaxation time. A better
precision should be achieved by performing SABRE with an automated
polarization setup to improve experimental reproducibility.8

Figure 3.4. Substrate proton signal integrals from the SABRE spectra of Figure 3.2, each
normalized with respect to its average value over the standard addition series.
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3.4 Conclusion

In conclusion, we have demonstrated that SABRE nuclear spin hyperpolarization
does not preclude a quantitative analysis of NMR spectra. The standard addition
method here employed is widely used for quantitative NMR applications; to the
best of our knowledge, this is the first time that such an analytical approach is
proposed in combination with hyperpolarization for the quantitative analysis of
complex mixtures. By exploiting the signal enhancement provided by SABRE, we
could determine the concentration of dilute species (in the low micromolar range)
in solution with a precision of approximately 1 µM. Furthermore, by comparison
with conventional NMR quantification methods, we have shown that the
proposed approach results in a dramatic reduction (ca. 100-fold) of the measuring
time. These results support possible applications of SABRE for the quantitative
determination of dilute components in complex mixtures, such as natural product
extracts, reaction mixtures, or biofluids.
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3.5 Supporting Information
3.5.1 chemicals

Complex
precursor [Ir(COD)(IMes)Cl] (1) (IMes = 1,3-bis(2,4,6trimethylphenyl)imidazole-2-ylidene; COD = cyclooctadiene) and substrate 1methyl-1-2-3-triazole (mtz) were synthesized according to published methods.21,22
All other chemicals were purchased from Sigma-Aldrich (pyridine (py), (-)-nicotine
(ni), pyrazole (pz), 2-aminopyridine (ap), quinoxaline (qx), quinozaline (qz),
pyrazine (pz), acetonitrile (mecn), quinine (qi), and nicotinamide (na)), Merck
Schuchardt OHG (quinoline (qu) and dimethyl sulfoxide (dmso)), Acros Organics
(3-methylpyrazole (mp) and 3-fluoropyridine (fp)), Janssen Pharmaceutica
(isoxazole, (ix)), or Cambridge Isotope Laboratories (methanol-d4) and used as
supplied. Substrate structures and relevant proton chemical shifts are provided in
Figure S3.1. Para-hydrogen (p-H2) was produced by cooling normal hydrogen
(purity 5.0) down to 77K in the presence of activated charcoal. The resulting 51%
p-H2 was transported to an aluminum cylinder, with an adjustable outputpressure valve.

3.5.2 sample preparation
Complex precursor 1 was dissolved in a methanol-d4 solution containing 16
substrates, one of which was the analyte at a low micromolar concentration
(obtained by gravimetric dilution; see section 3.5.5). The analytical concentrations
of the complex precursor (CM) and all substrates together (CCs) were maintained
constant at a ratio of 1:18. Equal amounts of this mixture were diluted with
solutions of increasing analyte concentrations to obtain samples for the standard
addition series.
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Figure S3.1. Substrate structures. Abbreviations given in parentheses, relevant protons
annotated in blue, and 1H chemical shifts given on the right hand side of the figure.

3.5.3 NMR experiments
All NMR spectra were acquired at 298.2 K using a Bruker AVANCEIII 600 MHz
spectrometer equipped with a cryo-cooled TCI probe. Samples were transferred
to 5 mm Wilmad quick pressure valve NMR tubes and degassed in three ‘cool’pump-thaw cycles (cooled to 195 K in an acetone/dry ice bath). Hydrogen gas was
introduced at 5 bar, after which the sample was vigorously shaken for several
seconds to saturate the solution, allowing the formation of metal complexes
[Ir(IMes)(H)2(Si)(Sj)(Sk)]Cl (2) via hydrogenation of the COD ligand of 1. After full
activation, monitored by increasing cyclooctane (COA) signal intensity, the volume
above the solution was evacuated and p-H2 was introduced at a pressure of 5 bar.
Samples were shaken for 10 seconds at a fixed position in the stray field of the
spectrometer, resulting in a polarization transfer field (PTF) strength of
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approximately 6.5 mT, and rapidly inserted into the bore after which a 90° rf pulse
was applied to obtain a SABRE spectrum. Reference spectra for signal
enhancement determination were recorded 8 minutes after the SABRE
experiment using the same NMR parameters as for each SABRE spectra. Signal
enhancements were obtained by comparing the signal integrals between the
SABRE and reference spectra. The signal enhancements for the nicotinamide
resonances were calculated using a 256 scans reference spectrum to obtain an
acceptable signal-to-noise ratio for this dilute analyte.

3.5.4 hyperpolarization of mixtures
The mixture used in the nicotinamide standard addition series contains a low
micromolar concentration of nicotinamide, in the presence of fifteen substrates Si
with individual concentrations around 400 µM (Figure S3.2A) and total
concentration CcS = 6 mM. SABRE hyperpolarization was applied to this mixture
using complex precursor 1 (CM = 333 µM) and 5 bar p-H2, resulting in the
hyperpolarized spectrum shown in Figure 3.2 (red trace). The signal enhancement
factors for non-overlapping substrate protons in this mixture are shown in Figure
S3.2B. Substrate structures and relevant proton chemical shifts are provided in
Figure S3.1.
Hyperpolarization experiments were performed on pure substrate solutions
under similar conditions (CM = 333 mM, CS = 6 mM) for some of these substrates.
The resulting signal enhancement factors are compared to their corresponding
values in the mixture in Figure S3.2C. No clear correlation is apparent between the
enhancement factors in the mixture and in pure substrate solutions: some
substrates show similar enhancement factors, while for others the outcome of
SABRE in mixtures is strongly increased or reduced. Noteworthy in this respect are
the methyl groups of acetonitrile and dimethyl sulfoxide, which do not show any
SABRE activity as pure substrates, but are hyperpolarized in the mixture.
The complex interplay between scalar coupling, relaxation, affinity and
exchange rate for the numerous substrates and complexes in the mixture results
in too many undefined parameters for any quantitative predictions about
differences in signal enhancement factors with respect to pure substrate
solutions, where only one symmetric complex is present.
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Figure S3.2. (A) Relative proton concentrations of substrates in the mixture that is used in the
nicotinamide standard addition series (Figure 3.2). Concentrations are determined from
thermally equilibrated 1H NMR spectra using ethanol as an internal standard. (B) Signal
enhancement factors for resolved signals in the SABRE spectrum (Figure 3.2, red trace). (C)
Comparison of substrate signal enhancement factors in the mixture (εmix) and in pure substrate
solutions (εpure). In all samples: CM = 333 µM, CcS = 6 mM (CS in case of pure substrate), p-H2 = 5
bar . [a]No signal enhancement, however, SABRE effect is observed by the emission character of
the signal. [b]No hyperpolarization observed.

3.5.5 standard addition experiments
Gravimetric standard addition was performed based on the theoretical
description by Hauswaldt et al.19 This involves adding fixed amounts (madd) of
standard solutions with known analyte mass fractions (wadd) to fixed amounts of
the original mixture (mx) with an unknown analyte mass fraction (wx). As long as
all experimental parameters are kept constant during the establishment of the
standard addition curve, the signal integral of the analyte (I) shows a linear
dependence with respect to the mass fraction of the added analyte (wadd):

I =k

mx wx + madd wadd
mT

(S3.1)

where mT is the total sample mass. Since all masses (mx, madd, mT) are kept
constant, the original analyte mass fraction wx is given by the abscissa intercept of
the linear regression of I versus wadd.
Equation (S3.1) can be rearranged to a linear equation where signal integral (I) is
a function of mass fraction of added analyte (wadd):

I=
a ⋅ wadd + b
68

m
mw
with: a =
k add , b =
k x x
mT
mT

(S3.2)
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A linear least square regression analysis is used to determine a and b, after
which the analyte concentration Cx can be determined by the abscissa intercept.
Note that analyte mass fractions in the original and standard solutions (wi = wadd,
wx) are directly related to concentrations (Ci) in the final solutions:

Ci = wi

ρ mi

(S3.3)

M mT

where M is molar mass, and ρ the density of the final solutions, which can be
safely assumed to be equal to that of methanol-d4 (0.888 g/mL at 25 °C).
The relative error in Cx is calculated through propagation of uncertainty:23

scx
=
cx

2

 sa   sb 
  + 
a b

2

(S3.4)

where sa and sb are the standard deviations of slope a and intercept b.
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Chapter 4
Resolving Signal Overlap*
Nuclear magnetic resonance is often the technique of choice in chemical analysis
because of its sensitivity to molecular structure, quantitative character, and
straightforward sample preparation. However, determination of trace analytes in
complex mixtures is generally limited by low sensitivity and extensive signal
overlap. Here, we present an approach for continuous hyperpolarization at high
magnetic field that is based on signal amplification by reversible exchange
(SABRE) and can be straightforwardly incorporated in multidimensional NMR
experiments. This method was implemented in a 2D correlation experiment that
allows detection and quantification of analytes at nanomolar concentration in
complex solutions.

*

based on: N. Eshuis, R. L. E. G. Aspers, B. J. A. van Weerdenburg, M. C. Feiters, F. P. J. T. Rutjes, S.
S. Wijmenga, M. Tessari, 2D NMR Trace Analysis by Continuous Hyperpolarization at High
Magnetic Field, Angew. Chem. Int. Ed. 2015, 54, 14527–14530. Very Important Paper

Chapter 4

4.1 Introduction

Although NMR has gained a prominent role in chemical analysis over the last
decades, investigation of dilute components still suffers from the relatively poor
sensitivity of the technique. This limitation is further aggravated by the low
dispersion of proton NMR resonances, which, in the case of complex mixtures,
results in extensive signal overlap. As of today, NMR investigation and
quantification of analytes below 20 µM remains a difficult task for challenging
systems such as biofluids and natural extracts. Nuclear spin hyperpolarization
methods in solution, such as dissolution dynamic nuclear polarization (dissolution
DNP),1-3 and signal amplification by reversible exchange (SABRE)4-12 have been
previously exploited in the context of mixture analysis to boost NMR sensitivity.1315
However, fast 1H relaxation has so far limited the application of dissolution-DNP
to heteronuclear NMR (mainly 13C), which, for natural systems, requires relatively
high analyte concentrations (typically millimolar). In contrast, as shown in Chapter
2, SABRE allows NMR detection at sub-micromolar concentration,16 albeit limited
to species that can reversibly bind to an iridium-based metal complex in solution,
as already shown for nucleobases,17 amino acids,18 drugs,19,20 and tagged
oligopeptides.21 Furthermore, as SABRE relies on the reversible interactions of
para-hydrogen (p-H2) and substrate molecules at the metal complex, fast sample
repolarization is possible by bubbling p-H2 through solution.17,22
Here, we employ continuous hyperpolarization at high magnetic field for
acquisition of 2D NMR spectra of complex mixtures in the nanomolar
concentration regime. This experiment is fundamentally different from recently
proposed high-field SABRE methods,22-25 as it targets exclusively bound substrate
molecules, and it does not require the matching of stringent conditions by
selective radiofrequency irradiation.22-24 Therefore, it can provide the correlations
of all SABRE complexes in solution at once, in a single spectrum. The combination
of enhanced sensitivity from p-H2-derived hyperpolarization and increased signal
dispersion from multidimensional NMR spectroscopy, allows investigation of
complex solutions far below conventional 2D NMR detection limits.
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4.2 Asymmetric complex

In Chapter 2 we have demonstrated that a large excess of metal ligand (referred
to as “co-substrate”) is necessary to preserve the efficiency of SABRE when the
substrate under investigation is highly dilute.16 The approach we here present
depends on the structural asymmetry of co-substrate complexes (Figure 4.1).

Figure 4.1. (A) Schematic representation of the asymmetric [Ir(IMes)(H)2(mtz)2(sub)]Cl complex
for a pyridine-like substrate (sub) in the presence of a large excess of 1-methyl-1,2,3-triazole
(mtz) as co-substrate. Only hydride HA, trans with respect to the substrate, displays an
appreciable scalar coupling interaction with substrate protons HM, indicated by the red arrows.
(B) Corresponding four-spin system, with relevant couplings indicated by solid arrows.

For such asymmetric complexes, the two hydride ligands resulting from p-H2
binding (HA and HX in Figure 4.1) are not chemically equivalent, which determines
fast singlet-triplet mixing at high magnetic field. Since p-H2 binding and
dissociation occur asynchronously for the metal complexes in the sample,
oscillating components of the hydrides’ singlets (i.e. zero-quantum coherence) are
rapidly dephased.26,27 The surviving singlet term, longitudinal spin order, can be
converted to enhanced hydride NMR signals, as previously proposed by Wood et
al.28 Alternatively, enhanced hydride magnetization has been exploited to
characterize metal dihydride complexes by 2D heteronuclear NMR spectroscopy.
29-31
Here, the spin-order of the hydrides is used to enhance the NMR signals of
substrate protons in the metal complex by long-range scalar couplings. Being
performed at high-field, no sample transfer is required, which allows for rapid
acquisition of multiple scans of continuously hyperpolarized spectra.
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4.3 Hyperpolarized 2D

This approach is illustrated by the 2D NMR spectrum in Figure 4.2A recorded in
23 minutes for a mixture of thirteen SABRE substrates at concentrations between
250 nM and 2 µM. All overlapping substrate resonances are nicely resolved in the
2D correlation spectrum thanks to the high dispersion of the hydride signals. Note
that 2D SABRE experiments reported so far operate at concentrations that are
approximately two orders of magnitude higher than in the present case.8,32

Figure 4.2 (A) 2D 1H-1H correlation spectrum between enhanced hydrides and aromatic
protons of a mixture of thirteen SABRE substrates with concentrations between 250 nM and 2
µM (see Figure S4.2A). The spectrum was recorded in 23 minutes at 25 °C in the presence of 2
mM metal complex, 30 mM mtz, 5 bar 51% enriched p-H2. (B) 1D spectrum of the same
substrates mixture, in the absence of metal complex, mtz and p-H2. This spectrum was
acquired with 32768 scans in 9.5 hours using a 30-degree pulse and a recovery delay of 1 s.
Both spectra were acquired at 500 MHz, 1H resonance frequency.
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The conventional 1H spectrum in Figure 4.2B illustrates the sensitivity gain
offered by our high-field hyperpolarization approach. This spectrum was acquired
on the same substrate mixture employed for the 2D experiment. However, for the
fairness of the comparison, it was recorded in the absence of catalyst and without
de-oxygenating the sample to shorten longitudinal relaxation times. Nevertheless,
it took 9.5 h to achieve a signal-to-noise ratio sufficient for spectral analysis. Still,
extensive signal crowding prevents a reliable identification and quantification for
most resonances. All signals observed in this 1D reference spectrum derive from
protons of the substrates free in solution. Therefore, their resonance frequencies
differ from those observed in the 2D correlation spectrum.

4.4 Pulse sequence

The pulse scheme sketched in Figure 4.3 was used to acquire the 2D NMR
correlation spectrum between hydrides and substrate protons. Bubbling p-H2 at
high magnetic field results in hydride longitudinal spin order (time point “a” in
Figure 4.3) that is converted into antiphase coherence by the first selective 90degree pulse (point “b”). Offset and bandwidth of this pulse are optimized to
selectively excite only hydride HA that is trans with respect to the substrate
(Figure 4.1).33-35

Figure 4.3 Pulse scheme used for the hyperpolarization transfer from the hydrides (I) to the
protons of the substrate (S). Shaped pulses are eburp-1 for excitation and reburp for
refocusing/inversion (see section 4.8.4 for pulse parameters). The delay τIS is taken as an odd
multiple of 1/(2*JAX), where JAX (∼ 8 Hz) is the (average) hydride-hydride coupling constant. The
duration here employed (185 ms) allows for an efficient coherence transfer to the substrate
protons in ortho. Relevant terms of the density operator at time points “a”, “b”, “c”, and “d”
are indicated. Bubbling p-H2 in the sample (typically 1 s) occurs under spectrometer control, at
the beginning of each transient. Phase cycling is implemented as follows: φ1 = x,-x; φ2 = x,x,-x,-x;
φ3= x,x,x,x,-x,-x,-x,-x; φreceiver = x,-x,-x,x,-x,x,x,-x.
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During the constant-time evolution period τIS this antiphase term is refocused,
while antiphase with respect to the substrate protons HMi is created by long-range
couplings (point “c”). A pair of 90-degree selective pulses transfers the coherence
to the substrate protons for detection (point “d”). Because of the sine-modulation
of the acquired signal, these correlation spectra should be processed in
magnitude-mode for a quantitative analysis. In summary, the coherence flow
from hydride HA (IA) to substrate proton HMi (SMi) can be described by means of
product operator formalism as Equation 4.1:
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where JAX is the hydride-hydride coupling, while JAMi and JAMj indicate the longrange active and passive couplings between hydride HA and substrate proton spins
HMi and HMj, respectively. The symbols T2hydr and τcpx refer to hydride transverse
relaxation time and complex lifetime, respectively.

4.5 Quantification

In Chapter 3 it was shown that calibration techniques can be used in
combination with SABRE hyperpolarization for a quantitative determination of
dilute analytes in solution via 1D NMR.15 Also for the proposed high-field
approach, the 2D signals are linearly dependent on substrate concentration,
provided a large excess of co-substrate is present. However, the antiphase
character of the acquired signals requires particular consideration, since
variations in peak linewidths because of instrumental instabilities might affect
resonances integrals thus potentially compromising a quantitative NMR analysis.36
Nevertheless, from the comparison of a series of repeated measurements we
found that the variations in signals integrals are essentially random (Figure 4.4),
and consistent with the root-mean-square-deviation (RMSD) noise of the spectra,
suggesting negligible effects of magnetic field inhomogeneity.
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The robustness of our approach is likewise reflected in the accuracy of the
concentrations obtained via standard addition method for four substrates in the
dilute mixture previously employed. The linear plots of the 2D signal integrals
versus added substrate concentration are shown in Figure 4.5. Substrate
concentrations, estimated from the average value of the abscissa intercepts, are
in good agreement with the nominal values. As shown in Equation 4.1, the
coherence transfer efficiency is determined by the interplay of scalar couplings,
relaxation and dissociation rates. In addition, signal integral is influenced by
substrate binding affinity: for the mixture under investigation, the molar fraction
of bound substrates varied between 0.25 and 0.65. The combined effect of these
variables is reflected in the different slopes observed in the standard addition
experiments.

Figure 4.4 Signal integrals of non-spiked substrate protons from the 2D spectrum of Figure 4.2A
(sample 0) and the subsequent spiking samples (sample 1-4). Each signal is normalized with
respect to its average value. The legend of peaks is ordered from lowest (mOP, 3%) to highest
RMSD (NI-2d, 15%). Signals with highest and lowest SNR (mOP, 83; mPN-c, 16) are shown in
bold.
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Figure 4.5 Standard addition curves for (-)-cotinine (A), methyl nicotinate (B), nicotinic acid (C),
and quinazoline (D). Experimental uncertainties were derived by error propagation. The
symbols used in the graphs refer to different protons, as indicated on the molecular structures.
Note that each (-)-cotinine proton results in two resonances when bound to iridium because of
formation of diastereomeric complexes (see Figure S4.3B).

4.6 Temperature dependency

The high-field hyperpolarization experiment presented here correlates hydrides
and substrate resonances in the bound form only. It is, therefore, dependent on
the same binding equilibria as low-field SABRE, but it has different requirements
in terms of p-H2 and substrate exchange kinetics. In the first place, the lifetime of
the complex should not be too short compared to the duration of the pulse
sequence to allow an appreciable coherence transfer via the weak long-range
couplings. On the other hand, continuous binding of fresh p-H2 is required on a
time scale shorter than NMR relaxation of the hydride spin order (ca. 1 s-1).
Generally, it is sufficient to change the sample temperature to extend or reduce
the lifetime of the complex6 and maximize the sensitivity of the experiment. This
80

Resolving Signal Overlap
temperature dependence is clearly illustrated for the signal integrals of the
asymmetric complex [Ir(IMes)(H)2(mtz)2(nicotinamide)]Cl in Figure 4.6, using
nicotinamide as a model system.
Not surprisingly, the hydride (black trace) and substrate protons (red traces)
display different temperature dependencies. At lower temperatures, slow
chemical exchange impedes binding of fresh p-H2 to the complex, which
negatively affects the hydride hyperpolarization and, consequently, substrate
protons signals. At higher temperature faster chemical exchange allows
continuous binding of fresh p-H2 to the complex, as evidenced by the large signal
increase for the hydride. However, such fast exchange lowers the efficiency of the
coherence transfer to the substrate protons, due to the reduced lifetime of the
complex.
This results in a maximum substrate proton signal integral at approximately 30
°C. Temperature profiles of several other substrates show optimal substrate signal
enhancement between 25 and 35 °C (see section 4.8.5).

Figure 4.6 Temperature profiles of signal integrals for hydride HA (black) and bound
nicotinamide ortho protons (red) in a sample containing 2 mM metal complex, 30 mM mtz, and
100 µM nicotinamide in the presence of 5 bar of 51% enriched p-H2.
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4.7 Conclusion

In conclusion, we have presented a method to detect and quantitate SABRE
substrates at sub-micromolar concentrations in solution, by 2D NMR correlations
with hydride ligands. Because of their superior dispersion, hydrides allow to
efficiently spread overlapping substrate resonances in two dimensions, which is of
crucial importance for quantitative analysis in complex mixtures. The continuous
signal enhancement provided by p-H2 at high magnetic field depends on the
asymmetric structure of the SABRE hyperpolarization transfer complex, and
allows rapid, in situ acquisition of 2D spectra at nanomolar concentrations. Note
that an additional threefold sensitivity increase could be achieved by using fully
enriched p-H2, which should further reduce the experimental time.37 However,
single-scan 2D acquisition will be limited to samples at higher concentrations,
because of the high sensitivity requirements of the ultrafast method.8,13,32,36 The
previously demonstrated linearity of SABRE signals with concentration15 applies
also to the present 2D approach, and provides an accurate concentration
determination in the nanomolar regime.
We believe that this combination of p-H2-based signal enhancement and 2D
NMR resonance dispersion offers a powerful tool for trace analysis of complex
mixtures.
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4.8 Supporting Information
4.8.1 chemicals

Complex
precursor [IrCl(COD)(IMes)] (1) (IMes = 1,3-bis(2,4,6trimethylphenyl)imidazole-2-ylidene; COD = cyclooctadiene) and co-substrate 1methyl-1-2-3-triazole (mtz) were synthesized according to published methods.38,39
All other chemicals were purchased from Sigma-Aldrich (pyridine (PY), (-)-nicotine
(NI), (-)-cotinine (CT), nicotinamide (NA), pyrazine (PN), quinazoline (QZ), 2methylpyrazine (mPN), para-phenylpyridine (pPPY), methyl nicotinate (mNA), 3methoxypyridine (mOP), and 3-acetylpyridine (mAPY)), Acros Organics (3fluoropyridine (FP)), Janssen Pharmaceutica (nicotinic acid (NIA)) or Cambridge
Isotope Laboratories (methanol-d4) and used as supplied. Substrate structures are
provided in Figure S4.1. Para-hydrogen (p-H2) was produced with an in-house
designed 2 L vessel embedded in a liquid nitrogen bath. Normal hydrogen (purity
5.0) was cooled down to 77 K in the presence of 100 mL of 4-8 MESH charcoal
(Sigma-Aldrich). The resulting 51% p-H2 was transported to an aluminum cylinder
(Nitrous Oxides Systems, Holley Performance Products, Bowling Green, KY, USA),37
with an adjustable output-pressure valve.

Figure S4.1 Substrate structures with relevant protons annotated in blue.
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4.8.2 sample preparation
Complex precursor 1 was dissolved in a methanol-d4 solution containing a 15fold excess of co-substrate mtz and thirteen substrates (solution X). Neat
methanol-d4 was added in a 1:1 ratio with solution X to obtain the original mixture
with 2 mM and 30 mM of 1 and mtz, respectively, while the final concentrations
of the thirteen substrates are between 250 nM and 2 µM (Figure S4.2A). To obtain
the spiking samples (sample 1 to 4, Figure S4.2B) methanol-d4 solutions containing
the four spiking substrates in increasing concentrations were added in a 1:1 ratio
with solution X. All substrate concentrations were determined gravimetrically.

Figure S4.2 Substrate concentrations in the original mixture (A) and spiking samples (B).

Samples were transferred to 5 mm Wilmad quick pressure valve (QPV) NMR
tubes and degassed in three ‘cool’-pump-thaw cycles (cooled to 195 K in an
acetone/dry ice bath). Molecular hydrogen was dissolved in the samples to form
asymmetric metal complexes of the formula [Ir(IMes)(H)2(mtz)2(sub)]Cl (2) (Figure
S4.3A). Complete catalyst activation required typically a period of 45 minutes.
Chemical shifts of relevant bound substrate protons and corresponding hydride
ligands are listed in Table S4.1. Note that both (-)-nicotine and (-)-cotinine have a
chiral center resulting in diastereomeric 2 complexes, annotated by NI-1/NI-2, and
CT-1/CT-2 respectively (Figure S4.3B).
Upon hydrogenation of the solutions described above also the symmetric
complexes 3 and 4 are formed (Figure S4.3A). However, as these do not contain
substrate molecules bound trans to the hydrides, they do not provide any
substrate signal enhancement.
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sub
PY
NI-1

NI-2

CT-1

CT-2

1

H
a
HA
HX
d
a
HA
HX
d
a
HA
HX
d
a
HA
HX
d
a
HA
HX

δ
8.74
-22.79
-22.11
8.92
8.45
-22.52
-22.21
8.72
8.66
-22.62
-22.15
9.05
8.31
-22.81
-22.10
8.89
8.44
-22.73
-22.14

sub
NA

PN
FP

QZ

mPN

1

H
d
a
HA
HX
a
HA
HX
d
a
HA
HX
a
b
HA
HX
a
c
HA
HX

δ
9.18
9.02
-22.99
-21.85
8.77
-22.72
-21.69
8.75
8.49
-23.29
-21.89
9.65
9.45
-22.61
-21.50
8.78
8.55
-22.64
-21.77

sub
pPPY
mNA

mOP

mAPY

NIA

1

H
a
HA
HX
d
a
HA
HX
d
a
HA
HX
d
a
HA
HX
d
a
HA
HX

δ
8.77
-22.59
-21.97
9.36
8.98
-23.08
-21.74
8.43
8.43
-22.92
-22.16
9.44
8.92
-22.99
-21.85
9.39
8.63
-22.87
-21.90

Table S4.1 1H chemical shifts (δ) of substrate protons in metal complexes 2 and the
corresponding hydride ligands. Annotations and abbreviations given in Figure S4.1.

Figure S4.3 (A) Formation of metal complexes 2, 3 and 4 through the hydrogenation of complex
precursor 1 in the presence of an excess of mtz and trace amounts of a substrate (sub << 1 <
mtz). (B) Diastereomeric 2 complexes (sub = (-)-cotinine).
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4.8.3 bubbling setup
The sample cell, illustrated in Figure S4.4, consists of a 7 inch QPV NMR tube
fitted into a PEEK (polyether ether ketone) headpiece. Three parallel holes were
drilled, of which the center one was bored-through, and each was connected via
PEEK tubing to solenoid valves located outside the 5 Gauss line of the NMR
magnet. The valves are controlled via TTL-pulses generated by the pulse program.
A low-pressure adjustable relief valve is connected to valve 1 and calibrated to a
pressure of 4 bar to increase the solubility of hydrogen in solution.40 Line 2 and 3
are connected via PEEK tubing from the solenoid valves to an aluminum cylinder37
supplying p-H2 at 5 bar. Line 2 runs through the headpiece down to the bottom of
the NMR tube, while line 3 acts above the liquid level. An inline check valve is
mounted in the supply line 2, to prevent back flow of the solution.
The tube is pressurized outside the magnet to check that no leakages are
present. A regular spinner turbine serves as a sample holder and the sample cell is
lowered into the probe head by hand. Next, regular sample handling is performed
such as tuning and matching, shimming and pulse calibration.
The first step of the sequence of supplying p-H2 is to relieve the pressure in the
sample cell against a variable pressure valve. Next, the reactant gas is supplied via
the PEEK tubing into the solution. The difference between the supply pressure
and the pressure in the sample cell (1 bar) results in moderate mixing of p-H2 and
the solution. The supply valve is closed after a defined period (typically 1 s) and a
backpressure is applied thereafter. The final step is the closure of the
backpressure valve prior to acquisition. The duration of supplying p-H2, the
duration of the applied backpressure as well as the time needed for stabilization
before starting the NMR experiment can easily be screened to establish the
optimal combination of signal intensity and linewidth.
The solenoid valves (Valcor Scientific Springfield, NJ, USA) were connected via
1/16” outer diameter (O.D.) PEEK tubing with 0.030” inner diameter (I.D.) to the
aluminum cylinder and the outlet/vent of the PEEK headpiece. PEEK tubing with
0.010” I.D. was connected to the center inlet of the headpiece. A low-pressure
adjustable relief valve (Swagelok, The Netherlands) was connected via 0.030” I.D.
PEEK tubing to the solenoid valve. The solenoid valves are connected to TTL
outputs of the Agilent Unity INOVA console.
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Figure S4.4 Schematic representation of the set-up (A) and sample cell (B); (a) p-H2 supply
cylinder; (b) variable pressure relief valve; (c) solenoid valves controlled via TTL-lines; (d) check
valve; (e/f) 1/16” O.D. PEEK tubing with 0.010” and 0.030” I.D., respectively for the center and
outer lines; (g/h) tube fittings UNF 10-32 connection; (i) bored-through connection; (j) UNF
7/16-20 thread; (k) 2 mm. silicon disc; (l) 7” thin wall QPV NMR tube; (m) area of detection.
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4.8.4 NMR experiments
All NMR spectra were acquired on an Agilent Unity INOVA spectrometer,
operating at 500 MHz 1H frequency, equipped with a cryo-cooled HCN probe.
Bubbling p-H2 through the NMR sample takes place under spectrometer control
at the beginning of each scan for 1 s. The pulse scheme shown in Figure 4.3
provides coherence flow from hydrides (I) to substrate protons (S), and is
described by means of product operator formalism in Equation 4.1.
The first shaped 90-degree pulse is optimized to selectively excite the hydrides
HA (bandwidth = 500 Hz, offset = -22.9 ppm) since these all resonate at higher field
than corresponding hydrides HX (Table S4.1). The frequency separation of
hydrides HA and HX in two distinct regions is clearly visible in the 2D COSY
spectrum shown in Figure S4.5. The refocusing pulses applied during constanttime evolution period τIS selectively cover the complete hydride region (HA and HX)
and the aromatic substrate protons with a bandwidth of 2000 Hz, and offsets of 22.9 ppm and 8.9 ppm, respectively. The same bandwidth and offsets apply for
the pair of 90-degree selective pulses that transfer the antiphase coherence to the
substrate protons (time points “c” to “d” in Figure 4.3), and for the refocusing
pulse (offset = 8.9 ppm) prior to acquisition. Quadrature detection in the indirect
dimension is achieved via States (thus incrementing by 90 degree the phase φ1).
The 2D 1H-1H correlation spectrum shown in the main text (Figure 4.2A) was
recorded with spectral widths of 500 Hz and 4000 Hz in the indirect (t1) and
acquisition (t2) dimension, respectively. 32 increments and 8 transients were
collected. All 2D data sets were processed with NMRPipe41 using 72° shifted
squared sine-bell apodization in the direct dimension and squared cosine
apodization in the indirect dimension, prior to zero filling to 256 (t1) × 8192 (t2)
complex points, and Fourier transformation. The software iNMR
(http://www.inmr.net) was used for 2D analysis of all spectra.
The software ACD/NMR Processor Academic Edition (http://www.acdlabs.com)
was used for processing and analysis of all 1D spectra. The reference spectrum in
Figure 4.2B was processed using an exponential window function with a line
broadening of 1 Hz prior to zero filling to 32768 data points.
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Figure S4.5 2D 1H-1H COSY spectrum of the hydride region of a mixture of pyridine-like
substrates with concentrations around 100 µM in the presence of 2 mM metal complex and 30
mM mtz and 5 bar p-H2. Hydrides trans to the substrates (HA) are circled in red, hydrides trans
to mtz are circled in blue, COSY cross peaks between HA and HX hydrides are circled in purple.
The large signal at -21.79 ppm stems from the abundant symmetric co-substrate complex 4.

4.8.5 temperature dependency
The temperature profile displayed in Figure 4.6 was obtained using 1D spectra
of bound nicotinamide and its corresponding hydride (HA) in a sample containing 2
mM metal complex, 30 mM mtz, 4 bar 51% p-H2 and 3 substrates (nicotinamide,
3-fluoropyridine, and quinazoline) each at a concentration of 100 µM. 1D spectra
of the substrate protons were measured using the pulse sequence provided in
Figure 4.3, selectively exciting hydrides HA with the first 90-degree selective pulse
with a bandwidth of 700 Hz, and using 4000 Hz bandwidths for the remaining
pulses. The SEPP (selective excitation of polarization using PASADENA)33 pulse
sequence provides in-phase hydride signals by selective excitation of HA
resonances (bandwidth = 700 Hz) followed by refocusing (bandwidth = 4000 Hz) of
the antiphase coherence with respect to hydrides HX.
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Temperature profiles of the other two substrates (3-fluoropyridine and
quinazoline) and their respective hydrides are shown in Figure S4.6A-B, while a
second sample containing substrates methyl nicotinate and 2-methylpyrazine was
used to obtain the profiles in Figure S4.6C-D.
All temperature profiles show a substrate-dependent optimum between 25 and
35 °C, presumably reflecting differences in substrate dissociation between the cosubstrate complexes 2. The hydride profiles follow that of the corresponding
substrate, as hydride exchange is dependent on substrate dissociation. Note that
hydride signal integrals show optima at temperatures that are approximately 10
°C higher than those of the substrate protons, illustrating the different
requirements in terms of complex kinetics for substrate and hydride
hyperpolarization.

Figure S4.6 Temperature profiles of hydrides HA and bound substrate protons in asymmetric
metal complexes 2.
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4.8.6 reproducibility and quantification
Gravimetric standard addition was performed based on the theoretical
description by Hauswaldt et al.42, as previously described section 3.5.5.
Concentrations were estimated from the abscissa intercepts of the standard
addition curves of each substrate proton (Tables S4.2).
CT

CONC.
(µM)
per
proton:

mNA

NIA

QZ

CT1-a

CT2-a

CT2-d

CT1-d

mNA-a

mNA-d

NIA-a

NIA-d

QZ-a

1.81 ±
0.17

1.64 ±
0.13

2.00 ±
0.22

2.22 ±
0.18

0.46 ±
0.08

0.59 ±
0.07

0.78 ±
0.11

0.67 ±
0.07

0.40 ±
0.04

average:

1.92 ± 0.18

0.53 ± 0.07

0.78 ± 0.09

0.40 ±
0.04

nominal:

1.81

0.53

0.77

0.35

Table S4.2. Estimated substrate concentrations based on the abscissa intercepts of the
individual standard addition curves as shown in Figure 4 (main text) compared to the nominal
substrate concentrations obtained by gravimetric dilution.

Because of the small magnitude of the scalar couplings involved in the transfer,
the intensity of the acquired antiphase signals is potentially sensitive to
instrumental instabilities that might affect peak linewidths. We have analyzed the
variation of the non-spiked signal integrals in the standard addition series and
found that the variation is essentially random (see Figure 4.4) and it is therefore
concluded that the effects of variations in the sample homogeneity are well
within the measurement uncertainty.
When employing 2D spectra in magnitude mode for quantitative analysis, a
second concern is represented by the divergence of the peak integrals with the
integration region. According to previous analyses36 this problem can be
minimized by carefully defining constant integration limits to obtain the same
level of truncation for all peaks. The dispersion of the signals in the 2D spectra
allowed integration regions sufficiently large to avoid severe peaks truncations.
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Chapter 5
SABRE Coupling Constants*
SABRE (Signal Amplification By Reversible Exchange) nuclear spin
hyperpolarization method can provide strongly enhanced NMR signals as a result
of the reversible association of small molecules with para-hydrogen (p-H2) at an
iridium metal complex. The conversion of p-H2 singlet order to enhanced
substrate proton magnetization within such complex is driven by the scalar
coupling interactions between the p-H2 derived hydrides and substrate nuclear
spins. In the present study these long-range homonuclear couplings are
experimentally determined for several SABRE substrates using an NMR pulse
sequence for coherent hyperpolarization transfer at high magnetic field. Pyridine
and pyrazine derivatives appear to have a similar ∼1.2 Hz 4J coupling to p-H2
derived hydrides for their ortho protons, and a much lower 5J coupling for their
meta protons. Interestingly, the 4J hydride-substrate coupling for five-membered
N-heterocyclic substrates is well below 1 Hz.

*

N. Eshuis, R.L.E.G. Aspers, B. J. A. van Weerdenburg, M. C. Feiters, F. P.J.T. Rutjes, S. S. Wijmenga,
1 1
M. Tessari, Determination of long-range scalar H- H coupling constants responsible for
polarization transfer in SABRE, J. Magn. Reson. 2016, 265, 59–66.

Chapter 5

5.1 Introduction

The inherent low sensitivity of NMR has driven the development of nuclear spin
hyperpolarization techniques over the past few decades.1-3 A major advancement
was introduced in 2009 in the field of Para-Hydrogen Induced Polarization
(PHIP4,5), when a non-hydrogenative variant was introduced6 which greatly
expands the applicability of PHIP - until then almost exclusively limited to
irreversible hydrogenation reactions. This so-called Signal Amplification By
Reversible Exchange (SABRE)7 method enhances the NMR signals of small
molecules based on their reversible interaction with para-hydrogen (p-H2) at an
iridium metal center.8-19 When such transient metal complex is formed at low
magnetic field (Btransfer), spontaneous conversion of p-H2 spin order to enhanced
longitudinal magnetization of the nuclear spins of the substrate occurs.
Subsequent complex dissociation results in hyperpolarized substrate molecules in
solution.
Theoretical work of several groups has provided useful insight into SABRE
mechanisms. An initial description based on density matrix theory by Adams et al.
indicated the importance of complex lifetime and Btransfer for hyperpolarization
transfer efficiency.20 An alternative approach based on level anti-crossings (LACs)
developed by Ivanov and co-workers provides simulated field-dependent curves
that are in good agreement with experimental data,21 and was recently applied in
a high-field SABRE method in which strong RF fields were used to match LAC
conditions at high magnetic field (RF-SABRE).22,23 In a similar approach, Warren
and co-workers used low-power CW irradiation to obtain in situ 15N
hyperpolarization (LIGHT-SABRE).24
From these theoretical descriptions it appears that for polarization transfer to
substrate protons, the hydride-hydride scalar coupling determines the position of
a level anti-crossing point - i.e. the value(s) of Btransfer at which maximum
polarization transfer between the hydride and substrate proton occurs - while the
long-range hydride-substrate coupling drives this polarization transfer within the
metal complex.18,20-26 However, such descriptions are based on unsubstantiated
values of the 4J coupling between pyridine ortho-protons and their trans-oriented
hydride, that range from 126,27 to 320,21,23,25 Hz. Note that in the case of 15N labeled
pyridines18,28-30 and phosphines31 heteronuclear 2J couplings drive SABRE
polarization transfer to the substrate.
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Here, we provide experimental evidence that the homonuclear hydridesubstrate 4J coupling is ∼1.2 Hz for pyridine-like substrates. We have accurately
determined long-range hydride-substrate homonuclear coupling constants using
an in situ hyperpolarization approach based on bubbling p-H2 at high magnetic
field. Enhanced signals are obtained after a forth-and-back coherence transfer
between hyperpolarized hydrides and substrate protons. In order to measure the
long-range coupling constants, we have followed a J-modulation approach,
implemented along the lines of the homonuclear INEPT block.32-36 Accurate values
of the couplings were obtained by fitting the signal integrals in a series of Jmodulated spectra to a known transfer function. This approach requires the
proton coherence to survive sufficiently long to observe at least once the sign
inversion of the signals in the J-modulation series. A screening of the experimental
conditions has led to an optimal sample temperature of 268 K, in which the
complex dissociation rate is strongly slowed down, while the hydrides T2
relaxation time is still sufficiently long.
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5.2 Theory

5.2.1 spin system
The most commonly used SABRE complex [Ir(IMes)(H)2(s1)3]Cl (IMes-1) is
formed upon hydrogenation of complex precursor [Ir(IMes)(COD)Cl] (IMes-p) in
the presence of an excess of substrate (s1). The octahedral structure of IMes-1
possesses a symmetric equatorial plane, with two chemically equivalent hydrides
(Figure 5.1). Due to different scalar couplings with the equatorial ligands (4JAM ≠
4
JA’M), the magnetic equivalence within p-H2 is broken upon association to this
metal complex, allowing the conversion of p-H2 singlet order into enhanced
longitudinal magnetization on the substrate protons. This coherent transfer
mechanism is only effective under proper ‘matching’ conditions, i.e. when Btransfer
∼ mT as in the original low-field SABRE experiments,20 or under RF irradiation in
the high-field SABRE approaches of Ivanov23 and Warren24.

Alternatively, in Chapter 4 it was shown that a COSY-type polarization transfer
to substrate protons is possible at high magnetic field within asymmetric SABRE
complexes.37 Such asymmetric complexes can be formed upon metal binding of a
second substrate (s2), resulting in an asymmetric equatorial plane (Figure 5.1;
IMes-2 and IMes-3) with the hydrides NMR signals consisting of two doublets split
by 2JAX. This hydride inequivalence allows the 4JAMi coupling to be probed by
selective excitations of hydride HA and substrate proton Mi, using a
straightforward homonuclear HSQC-type NMR pulse sequence (vide infra).

Figure 5.1 Symmetric (IMes-1) and asymmetric (IMes-2, IMes-3) SABRE active metal complexes
(top) and their corresponding proton spin systems (bottom) with ‘active’ and ‘passive’ spins Mi
and Mj.
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5.2.2 NMR
P-H2 spin order can be converted into enhanced in-phase hydride signals using a
SEPP38 (selective excitation of polarization using PASADENA39) pulse scheme,
where hydride HA (spin IA) is selectively excited with a shaped 90-degree pulse
followed by a period of τH (Figure 5.2A) to refocus the antiphase coherence with
respect to hydride HX (spin Ix) producing in-phase enhanced magnetization.

Figure 5.2. Pulse sequences that provide enhanced in-phase hydride signals: (A) The SEPP
experiment, with τH = 1/(2∙2JAX). (B) The SEPP-HoSQC experiment, where n can be implemented
for evolution in the indirect dimension (incrementing t1), or acquiring a series of J-modulated
1D spectra by varying δ1. Phase cycling: φ1 = x,-x; φ2 = 2(y),2(-y); φ3 = 4(x),4(-x); φ4 = 8(x),8(-x);
φrec = x, -x, -x, x,2(-x, x, x, -x), x, -x, -x, x. Shaped pulses are eburp-1 for excitation, and reburp for
refocusing/inversion. Squared blocks depicted in grey indicate pulse-field gradients.

We have previously shown (Chapter 4) that it is straightforward to transfer this
enhanced hydride HA magnetization to the substrate protons M.37 Here, a
different homonuclear single-quantum correlation experiment (SEPP-HoSQC) is
presented, displayed in Figure 5.2B. This pulse scheme realizes a forth-and-back
coherence transfer pathway, similar to a conventional HSQC experiment.40 Since
at high-field hydrides and substrate protons resonate in two well-separated
regions of the spectrum (25 – 35 ppm distance), it is possible to drive the
coherence transfer using shaped selective pulses. After bubbling p-H2 through the
solution at high magnetic field, the coherence flow can be described by means of
product operator formalism as:
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The shaped π pulses on the hydrides during both homonuclear INEPT transfers
(depicted in gray in Figure 5.2B) should be selective for HA to prevent the
evolution due to 2JAX during δ1 and δ2, resulting in a modulation of the detected
signal as a function of only the active and passive long-range scalar couplings JAMi
and JAMj (Figure 5.1).
Four situations can be distinguished, concerning the active spin(s) (Mi) and the
passive spin(s) (Mj):
a) Two spins Mi are chemically equivalent and can be selectively
excited/refocused, while excluding the passive proton spins Mj. The signal
modulation due to scalar couplings reduces to sin(2π∙JAMi∙δ1). This is
typically the case for ortho-protons in symmetrical substituted pyridines
or pyrazines.
b) A single active spin (Mi ) can be selectively excited/refocused, while
excluding the passive proton spins Mj. The signal modulation due to scalar
couplings reduces to: sin(π∙JAMi∙δ1).
c) At least one of the passive proton spins Mj impedes a reliable selective
excitation/refocusing of active spin Mi because of close proximity in
chemical shift. The signal modulation due to scalar couplings reduces to
sin(π∙JAMi∙δ1)∙cos(π∙JAMj∙δ1) in case of a single active and passive coupling.
This is often the case for ortho-protons in meta-substituted pyridines or
pyrazines.
d) Two spins Mi are chemically equivalent, while at least one of the passive
proton spins Mj impedes a reliable selective excitation/refocusing of spins
Mi because of close proximity in chemical shift. The signal modulation due
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to scalar couplings reduces to sin(2π∙JAMi∙δ1)∙cos(π∙JAMj∙δ1) in case of a
single passive coupling.
Note that for chemically equivalent spins Mi (case (a) and (d)) cosine and sine
factors in Equation 5.1 combine to sin(2π∙JAMi∙δ1), while in case (b) through
selective refocusing of only spin Mi the cosine term in Equation 5.1 disappears. In
the (a) – (b) cases, a 1D version of the SEPP-HoSQC experiment suffices to
determine the JAMi coupling constant. In case (c) and (d) the experiment should be
performed in 2D fashion to independently follow the signal modulations for both
Mi and Mj so that both JAMi and JAMj coupling constants can be determined.

1D SEPP-HoSQC
p-H2 lifetime at 268 K amounts to ca. 30 – 90 s for the samples examined in this
study. Therefore, after bubbling p-H2 through the solution for ca. 2 s, N
consecutive 1D SEPP-HoSQC spectra can be acquired corresponding to N different
durations of the period δ1. Such an arrayed experiment (p-H2 bubbling followed by
multiple acquisitions) is repeated several times to implement the phase cycling
described in the legend to Figure 5.2B so that selection of the desired coherence
transfer pathway can be achieved.

2D SEPP-HoSQC
For non-equivalent Mi and Mj spins resonating close to each other, a 2D
correlation spectrum is necessary to separate the Mi and Mj resonances in the
indirect dimension. Modulation of the signal integrals for both Mi and Mj is
obtained by recording a series of 2D correlation spectra at different duration of δ1.
After bubbling p-H2 through the sample, a full 2D dataset can be acquired for a
given δ1 value by recording the complete set of t1 increments before consumption
of p-H2 in solution. The slow decay of p-H2 concentration appears as a
contribution to the signal linewidth in the indirect dimension. The whole
operation (bubbling and complete 2D acquisition) is performed a second time to
achieve quadrature detection in the indirect dimension via States (thus
incrementing by 90 degree the phase φ1) or echo/anti-echo (inverting the sign of
gradient G1). This is then repeated several times to implement phase cycling for
selection of the desired coherence transfer pathway.
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5.3 Analysis

5.3.1 1D SEPP-HoSQC
The scalar coupling modulation of the hydride signals acquired in the 1D SEPPHoSQC experiment (Figure 5.2B) is described in Equation 5.1. The signal
dependence on δ1 is further influenced by two additional processes: transverse
relaxation/chemical exchange and p-H2 decay with rate constant Tp-1. These
additional contributions are described in Equation 5.2 and 5.3, respectively:

 −δ 
S ∝ exp  1 
 Trelax 

(5.2)

 −t 
S ∝ exp  p 
 Tp 

(5.3)

where (Trelax)-1 = (T2)-1 + (Texchange)-1 and tp represents a generic time interval
following bubbling.
Combining these exponential dependencies (Equations 5.2 and 5.3) with the
scalar coupling modulation leads to Equations 5.4a and 5.4b, which apply in
previously discussed cases (a) and (b), respectively:

 tp 
 δ 
S (δ1 ) =⋅
c1 sin 2p J AM i δ1 + φ ⋅ exp  − 1  ⋅ exp  −  + c2
 Tp 
 Trelax 

)

(5.4a)

 t 
 δ 
S (δ1 ) =⋅
c1 sin p J AM i δ1 + φ ⋅ exp  − 1  ⋅ exp  − p  + c2
 Tp 
 Trelax 

(5.4b)

(

(

)

where c1, c2, and φ are constants.
Equations 5.4 indicate that for long durations of the variable delay δ1, a strong
signal decrease due to chemical exchange as well as T2 relaxation (i.e. Trelax) is to
be expected. In order to compensate for this attenuation, the series of 1D spectra
is measured starting from the longest duration of the delay δ1, and progressively
decrementing it. In this way, the largest attenuation due to Trelax is partially
balanced by the highest p-H2 concentration in solution (and therefore the highest
signal enhancement).
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Both equations can be rewritten by expressing δ1 and tp in terms of an
increment counter n:
 ( nT0 + 12 n ( 2 N - n + 1) ∆ ) 
 ( N - n) ∆ 
(5.5a)
S ( n ) =⋅
c1 sin 2p J AM i ( N - n)∆ + φ ⋅ exp   + c2
 ⋅ exp  T
T
relax
p





(

)

 ( nT0 + 12 n ( 2 N - n + 1) ∆ ) 
 ( N - n) ∆ 
(5.5b)
S ( n ) =⋅
c1 sin p J AM i ( N - n)∆ + φ ⋅ exp   + c2
 ⋅ exp  Trelax 
Tp




(

)

in which ∆ is the (constant) increment in the series of δ1 values, N is the total
number of increments, and T0 is the duration of the pulse scheme between the
square brackets (see Figure 5.2B), excluding the variable delay δ1. A non-linear
regression analysis of hydride 1D signal integrals with respect to the independent
variable n allows the determination of the JAMi coupling constant.

5.3.2 2D SEPP-HoSQC
For case (c) and (d) previously discussed, the signal dependence on the delay δ1
is given by Equations 5.4c and 5.4d, respectively:

 δ 
S (δ1 ) = c1 ⋅ sin p J AM i δ1 + φ ⋅ cos p J AM j δ1 + φ ⋅ exp  − 1  + c2
 Trelax 

(

(

)

)

(5.4c)

 δ 
S (δ1 ) = c1 ⋅ sin 2p J AM i δ1 + φ ⋅ cos p J AM j δ1 + φ ⋅ exp  − 1  + c2 (5.4d)
 Trelax 

(

)

(

)

Note that the decay of p-H2 does not contribute to the signal dependence on δ1.
Non-linear regression of the signal integrals from the series of 2D spectra with
respect to the independent variable δ1 allows the determination of the coupling
constants. Note that a simultaneous fit of the two 2D signals is necessary in order
to extract reliable values of JAMi and JAMj.
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5.4 Results and Discussion

The present study provides experimentally determined values of the long-range
homonuclear hydride-substrate coupling constants (JAM) in SABRE complexes. The
SEPP-HoSQC experiment is employed for this purpose and illustrated by means of
model substrate pyridine, providing couplings for the ortho- (4JAM), and metaprotons (5JAM). Subsequently, 4JAM couplings of other six-membered N-heterocyclic
substrates are determined, which generally requires a 2D SEPP-HoSQC approach.
Finally, it is shown that five-membered N-heterocyclic substrates have
significantly smaller 4JAM couplings than the six-membered analogues.

5.4.1 pyridine
Asymmetric SABRE complexes with pyridine (py) are obtained by dissolving
complex precursor [Ir(IMes)(COD)Cl] (IMes-p) in methanol-d4 in the presence of
an excess of equal amounts of the substrates py (s1) and acetonitrile (mecn; s2).
This results in the almost exclusive formation of complex IMes-2 upon dissolution
of molecular hydrogen at 5 bar, as demonstrated by the thermal 1H spectrum of
the hydride region of this sample in Figure 5.3A (black trace).
A signal enhancement of two orders of magnitude is obtained by selective
excitation of hydride HA, after bubbling 51% enriched p-H2 through the sample at
high magnetic field (Figure 5.3A, red trace). At 298 K, this enhanced coherence
does not survive a subsequent forth-and-back transfer to the two ortho-protons
of py (equivalent spins Mi) in a 1D SEPP-HoSQC experiment (Figure 5.3A, green
trace), due to the relatively short lifetime of IMes-2 at this temperature (∼0.1 s).27
However, extended complex lifetimes can be obtained by operating at a lower
temperature (268 K), which allows efficient coherence transfer in the 1D SEPPHoSQC experiment, as evidenced by the enhanced NMR signal for hydride HA in
Figure 5.3B. Furthermore, this slowed chemical exchange ensures a slow decay of
the p-H2 concentration in solution as shown in Figure 5.3B, providing significantly
enhanced hydride signals over a complete array of δ1 increments (1D SEPPHoSQC), or t1 increments (2D SEPP-HoSQC).
Note the sudden drop in signal in Figure 5.3B after the first scan (n = 0). This is a
result of incomplete refreshment of p-H2 at the metal complex during the SEPPHoSQC block (∼1 s) for all n ≥ 1, compared to the first scan which benefits from a
maximal build-up of longitudinal spin order during bubbling (2 s). The first
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increment (n = 0) is therefore always discarded in a series of 1D SEPP-HoSQC Jmodulation spectra.

Figure 5.3 Hydride region of 1H NMR spectra acquired at 500 MHz of a sample containing 4 mM
IMes activated with 5 bar H2 in the presence of substrates py and mecn, 40 mM each. A) In
black: Hydrides of asymmetric complex IMes-2 (HA and HX) and symmetric complex IMes-1 (HAA’
at -22.8 ppm) at thermal equilibrium. In red: Hyperpolarized spectrum obtained by selective
excitation of HA in a SEPP experiment (τH = 62.5 ms). In green: No HA signal enhancement is
observed in a 1D SEPP-HoSQC experiment (τH = 62.5 ms, δ1 = δ2 = 160 ms) at 298 K. B)
Enhanced hydride HA resonances obtained with the same 1D SEPP-HoSQC experiment yet at
low temperature (T = 268 K), repeated n times after a single bubbling event.

A series of 1D SEPP-HoSQC spectra is acquired for this sample at 268 K, in which
coherence is transferred from hydride HA to the ortho-protons of pyridine and
back while decrementing δ1 (Figure 5.4A). From the resulting plot of signal
integrals versus n (Figure 5.4A, inset), a 4JAM coupling constant of 1.13 Hz is
determined using Equation 5.5a.
While the J-modulated coupling profile for ortho-py protons crosses the x-axis
twice before complete relaxation by Trelax, only a single abscissa intercept (δ1 ∼
1.35 s) can be identified for the 1D SEPP-HoSQC spectra modulated by the 5JAM
coupling to the meta-py protons (Figure 5.4B). The resulting coupling profile
(Figure 5.4B, inset) allows the determination of 5JAM (0.37 Hz). An estimation of
the even smaller 6JAM coupling to the single para-proton using this SEPP-HoSQC
approach was not possible.
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As shown in Table 1, the 4JAM coupling for pyridine appears insensitive to the
various ligands at the metal center, as similar values are found for pyridine in
complex with different substrates s2 and different N-heterocyclic carbene (NHC)
ligands IMes, SIMes, and IPr.

Figure 5.4 Series of J-modulated 1H NMR spectra and associated plots (insets) of hydride HA in
complex IMes-2 (s1 = py, s2 = mecn), acquired at 268 K by selectively exciting/refocusing either
the ortho (A) or meta (B) pyridine protons using the 1D SEPP-HoSQC sequence. δ1 is
decremented from 1.15 to 0.05 s (∆ = 0.05 s, (A)), or from 1.65 to 0.05 (∆ = 0.1 s, (B)),
respectively, after bubbling p-H2 followed by a dummy scan (n = 0). Plots were fitted with
Equation 5.5a (R2 = 0.99961 (A), R2 = 0.99935 (B)).

s1
py (ortho)
py (meta)

s2
mecn
mecn

NHC-ligand
IMes-2
IMes-2

JAM (Hz)
1.13 ± 0.01
0.37 ± 0.02

py (ortho)
dmso
IMes-2
1.19 ± 0.02
py (ortho)
fp
IMes-2
1.06 ± 0.01
py (ortho)
mecn
IPr-2
1.15 ± 0.01
py (ortho)
mecn
SIMes-2
1.19 ± 0.02
Table 1. JAM coupling constants obtained with NHC-2 complexes, where: NHC = IMes, IPr, or
SIMes; s2 = acetonitrile (mecn), dimethyl sulfoxide (dmso), or 3-fluoropyridine (fp); and s1 =
pyridine (py).
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5.4.2 six-membered N-heterocycles
For meta-substituted pyridine-derivatives, inequivalent ortho-protons Mi and Mj
often resonate too close to each other for selective excitation, necessitating a 2D
SEPP-HoSQC approach (‘case (c)’). A series of such 2D spectra, showing the
correlation between hydride HA and ortho-protons M1 and M2 of (-)-nicotine in
complex IMes-2 (s2 = mecn), is shown in Figure 5.5A. Note that two epimeric
complexes (denoted as ‘I’ and ‘II’) are formed upon binding of (-)-nicotine,
resulting in four similar coupling profiles modulated by sin(4JAMi∙δ1)cos(4JAMj∙δ1)
(Figure 5.5B). A simultaneous fit of the two profiles derived for each complex
yields a 4JAM constant of 1.2 Hz for both ortho-protons of (-)-nicotine, irrespective
of the complex isomer.

Figure 5.5 (A) J-modulated 2D SEPP-HoSQC spectra acquired by selective excitation of both
ortho-protons (denoted as M1 and M2) of (-)-nicotine in epimeric complexes I and II (s2 =
mecn). (B) The resulting plots for complexes I and II were fitted simultaneously using Equation
5.4c (R2 = 0.99777 (I), R2 = 0.99896 (II)).

A similar 2D approach was used for the determination of the 4JAM and 5JAM
couplings of pyrazine (pn) in asymmetric complex IMes-2 (s1 = pn, s2 = mecn), in
which the two equivalent ortho-protons (M1) resonate too close to the two
equivalent meta-protons (M2) for selective excitation (‘case (d)’). The resulting
coupling profiles of the ortho- and meta-protons are simultaneously fit (Figure
5.6), resulting in 4JAM and 5JAM coupling constants of 1.26 Hz and 0.54 Hz,
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respectively. Note that due to the presence of two equivalent passive spins Mj,
the modulation in Equation 5.4d is given by sin(2∙JAMi∙δ1)cos2(JAMj∙δ1).

Figure 5.6 (A) J-modulated 2D SEPP-HoSQC spectra (signals with negative sign in red) acquired
by selective excitation of the ortho- (M1) and meta- (M2) protons of pyrazine (pn) in complex
IMes-2 (s1 = pn, s2 = mecn). (B) The resulting plots were fitted simultaneously using Equation
5.4d (R2 = 0.99992).

5.4.3 five-membered N-heterocycles
J-modulated spectra of 1-methyl-1,2,3-triazole, pyrazole and isoxazole do not
show an abscissa intercept for δ1 < 1.5 s (S ∝ sin(4JAMi∙δ1)). This indicates a
significant smaller hydride-substrate scalar coupling for five-membered Nheterocyclic substrates compared to six-membered analogues such as pyridine
and pyrazine, whose J-modulated spectra (Figures 4-6) show a sign inversion at δ1
∼ 0.4 s (S ∝ sin(2∙4JAMi∙δ1)). Of the investigated five-membered N-heterocycles,
only isoxazole shows a sign inversion before the signal disappears at high δ1 values
due to Trelax. From the resulting plot of signal integral versus n, a 4JAM coupling of
0.61 Hz is obtained (Figure 5.7).
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Figure 5.7 Series of 1H NMR spectra of hydride HA in complex IMes-2 (s1 = ix, s2 = mecn),
acquired at 268 K using the 1D SEPP-HoSQC sequence where δ1 is decremented from 2.1 to
0.05 s (∆ = 0.1 s) after bubbling p-H2 followed by a dummy scan (n = 0). Fitting was performed
with Equation 5.5b (R2 = 0.99879).
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5.5 Conclusion

We have presented an experimental approach for the determination of the
long-range homonuclear JAM coupling responsible for polarization transfer in
SABRE complexes. The SEPP-HoSQC pulse sequence exploits the chemical
inequivalence of hydrides in asymmetric SABRE complexes to probe the hydridesubstrate scalar couplings, enabling determination of their values through the
resulting J-modulated spectra.
Employing pyridine as model substrate and iridium-IMes as metal complex we
have found a value of ∼1.2 Hz for the 4JAM coupling between hydride HA and the
pyridine ortho-protons, which is in agreement with a recently reported estimation
based on hydride splitting.27
The 4JAM coupling to ortho-pyridine was found to be independent of the type of
NHC-ligand and co-substrate (s2) employed (section 4.1; Table 1). Likewise, the
same value was found for other six-membered N-heterocyclic substrates (section
4.2). It is therefore safe to assume very similar 4JAM couplings for pyridine and
pyrazine derivatives bound to SABRE complexes.
Long-range 5JAM couplings were also determined between hydride HA and the
meta-protons in pyridine and pyrazine. Not surprisingly, much lower values were
found, suggesting that these interactions are less important in the
hyperpolarization transfer process.
Interestingly, five-membered N-heterocyclic substrates show a 4JAM coupling
that is well below 1 Hz (section 4.3), presumably close to the value of 0.6 Hz that
was found for isoxazole in the present study. This suggests that polarization
transfer to five-membered N-heterocycles in SABRE generally is less efficient than
to six-membered N-heterocycles, indicating a difference in optimal complex
lifetime for these two classes of SABRE substrates.25,26
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5.6 Experimental
5.6.1 Chemicals

[Ir(IMes)(COD)Cl] (IMes-p), [Ir(SIMes)(COD)Cl] (SIMes-p), [Ir(IPr)(COD)Cl] (IPr-p),
and 1-methyl-1,2,3-triazole (mtz) were synthesized according to published
methods.41,42 All other chemicals were purchased from Sigma-Aldrich (pyridine
(py), acetonitrile (mecn), pyrazine (pn), pyrazole (pz) and (-)-nicotine (ni)), Janssen
Pharmaceutica (isoxazole (ix)), Acros Organics (3-fluoropyridine (fp)), Merck
Schuchardt OHG (dimethyl sulfoxide (dmso)), or Cambridge Isotope Laboratories
(methanol-d4) and used as supplied. Para-hydrogen (p-H2) was prepared by
cooling normal hydrogen gas (purity 5.0) down to 77 K in the presence of
activated charcoal. The resulting 51% enriched p-H2 was transferred to an
aluminum cylinder with an adjustable output-pressure valve.

5.6.2 Sample preparation
Active SABRE complexes [Ir(IMes)(H)2(s1)3]Cl (IMes-1), [Ir(IMes)(H)2(s1)2(s2)]Cl
(IMes-2), and [Ir(IMes)(H)2(s1)(s2)2]Cl (IMes-3) (see Figure 5.1) are formed upon
hydrogenation of IMes-p, dissolved in methanol-d4 to a concentration of 4 mM, in
the presence of a 20-fold excess of a s1/s2 mixture. The two other metal
complexes (SIMes-2 and IPr-2) used in this study are formed in a similar manner
upon hydrogenation of complex precursors SIMes-p and IPr-p.

5.6.3 Bubbling setup
Samples are transferred to a 5 mm Wilmad quick pressure valve NMR tube
sealed with an in-house built headpiece to which three PEEK tube lines are
connected. The headspace above the sample is depressurized to 4 bar through a
vent line (250 ms), allowing efficient bubbling of p-H2 (2 s) through the solution to
a final pressure up to 5 bar. A backpressure is applied to quickly stop the bubbling
(100 ms), followed by a recovery delay of 500 ms prior to acquisition. The vent-,
bubble-, and backpressure delays are spectrometer-controlled through solenoid
valves connected to the console.
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5.6.4 NMR experiments
NMR experiments were carried out on a Varian Unity INOVA spectrometer,
operating at a proton resonance frequency of 500 MHz. After full activation of the
complex precursor, monitored by the decreasing hydride signal intensities of
hydrogenation intermediate [Ir(IMes)(H)2(COD)(s1)]Cl,43 SEPP and SEPP-HoSQC
pulse sequences are applied as described in section 3.2. Signal integral plots were
fitted with Equations 5a-b and 4c-d using the Origin 9.1 (OriginLab, Northampton,
USA) software.
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Chapter 6
Summary
Perspective & Outlook
The research presented in this thesis concerns the improvement of NMR
sensitivity for applications in chemical analysis. Signal enhancements are obtained
through para-hydrogen induced polarization (PHIP), in particular via signal
amplification by reversible exchange (SABRE). In this chapter, the main results
from Chapter 2-5 are highlighted and placed in the broader perspective of
chemical analysis combined with an outlook for further research.

Chapter 6

6.1 Summary

SABRE is commonly performed by hyperpolarization of concentrated substrate
solutions at low magnetic field, after which the sample is transferred to the NMR
magnet for acquisition of strongly enhanced signals in a single-scan NMR
spectrum. While such hyperpolarized solutions of substrates at millimolar
concentrations are of interest for molecular imaging purposes, far more dilute
situations have to be considered for applications in chemical analysis. However, as
shown in Chapter 2, SABRE efficiency progressively decreases toward submillimolar substrate concentrations. This can be attributed to dissociation of
SABRE-active metal complexes, resulting in complete loss of polarization transfer
at low micromolar substrate concentrations. The polarization transfer can be
restored in such dilute systems by addition of a so-called ‘co-substrate’ as this
prevents formation of SABRE-inactive complexes. This co-substrate approach
allows detection of low- and sub-micromolar substrate concentrations in singlescan SABRE experiments. In addition to restoring polarization transfer, it also
ensures a linear dependency of the enhanced signals on the analytical substrate
concentration.
In Chapter 3 it is demonstrated that this linear dependency can also be realized
in far more complex mixtures, i.e. in the presence of multiple substrates. In the
particular demonstration example, the co-substrate function is fulfilled by a
combination of fifteen substrates with a total concentration that largely exceeds
that of an analyte of interest. The linearity at low analyte concentrations allows
then quantification with good accuracy using a standard addition approach.
However, as hyperpolarization occurs at low magnetic field with subsequent
sample transfer to the NMR magnet, only acquisition of single-scan 1D NMR
experiments is allowed. This limits the analysis of complex mixtures, as their 1D
proton NMR spectra suffer from extensive signal overlap.
In Chapter 4, continuous hyperpolarization provided by bubbling p-H2 at high
magnetic field is employed. Rapid and highly reproducible repolarization of the
sample allows recording of multi-scan experiments. The presented approach
relies on the same reversible interactions as in SABRE and employs a pulse-based
polarization transfer that allows the acquisition of 2D hydride-substrate
correlation spectra. The high dispersion of the hydride chemical shifts efficiently
resolves overlapping substrate resonances, allowing the detection and
quantification of substrates mixtures at nanomolar concentrations via 2D NMR.
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In Chapter 5, a similar high-field hyperpolarization approach was used to probe
long-range scalar coupling interactions between p-H2-derived hydrides and bound
substrate protons in SABRE complexes. A J-modulation NMR pulse-method was
implemented for the determination of these couplings, responsible for
polarization transfer in SABRE experiments. It was shown that pyridine and
pyrazine derivatives have very similar scalar coupling interactions with p-H2 when
bound to SABRE complexes, while five-membered N-heterocyclic substrates show
significantly smaller 4JAM values.

6.2 Perspective & Outlook

Chemical analysis of complex mixtures such as biofluids and natural product
extracts generally involves NMR, LC-MS, GC-MS, or a combination of these
techniques. While NMR is arguably the most comprehensive approach, since it
usually requires minimal sample preparation, is nondestructive, quantitative,
reproducible, and unbiased, it has one major drawback: its low sensitivity. This
results in a limit of detection in the low micromolar concentration regime for
conventional 1D proton NMR investigations of complex mixtures,1-3 while even
higher concentrations are required for most heteronuclear and multidimensional
experiments.
The p-H2 based hyperpolarization approaches presented in this thesis increase
NMR signal strengths up to two orders of magnitude. Low-field SABRE
hyperpolarization in combination with the co-substrate approach allows for
detection of substrates at low- and sub-micromolar concentrations in a singlescan 1D proton NMR experiment. Continuous high-field hyperpolarization enables
multi-scan experiments and was employed for the acquisition of 2D NMR hydridesubstrate correlation spectra that allow quantitative determination of substrates
at nanomolar concentrations. Note in passing that alternatively, this signal
enhancement could be translated into a dramatic reduction of measurement
time, as several days of spectrometer time would be needed to achieve
comparable signal-to-noise ratios in thermally polarized NMR experiments.
Nevertheless, one might fear that this NMR signal enhancement by p-H2 based
hyperpolarization would come at the expense of NMR advantages, such as
mentioned above. However, this is not necessarily the case as shown in the pointby-point discussion presented below.
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sample preparation & non-destructiveness
Sample handling in SABRE based hyperpolarization methods is relatively
straightforward. It involves the addition of the complex precursor and cosubstrate to the sample, and the subsequent polarization by dissolving p-H2 either
at low or high magnetic field. NMR nondestructive character is largely retained as
SABRE substrates are chemically unmodified, allowing repeated measurements
and storage of the sample. While SABRE extends sample preparation times only
by a few minutes, complex activation times in the presence of a co-substrate can
be up to one or two hours. However, considering the stability of the metal
complexes, activated stock solutions of complex and co-substrate could be
employed for high-throughput analysis. The main drawback for sample
preparation is the so far limited SABRE activity in water, precluding a direct
measurement of aqueous solutions like biofluids. For example, a hyperpolarized
analysis of urine required exchange of solvent by solid phase extraction, although
such extraction has the additional advantage of removing macromolecular
aggregates, salts and urea.4

quantification
So far, applications of hyperpolarization in quantitative analysis are limited
because a direct comparison of signal integrals with an internal or external
standard is not possible. This is a result of non-uniform hyperpolarization of
different molecules, or even different spins within the same molecule. However,
by following the co-substrate approach, we have obtained highly reproducible
polarization levels that are independent of substrate concentration. The resulting
linear dependency of enhanced NMR signals on dilute substrate concentrations
allows quantitative analysis based on well-known calibration techniques such as
standard addition.

reproducibility
Conventional NMR measurements are robust, resulting in highly reproducible
spectra that allow data comparison, utilization of libraries and inter-laboratory
validation studies. While the reproducibility of SABRE performed by manually
shaking the sample in the stray field of the NMR magnet is hardly better than 1020 %, the high-field hyperpolarization method presented in Chapter 4 is far more
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robust, allowing multidimensional NMR experiments and a reliable comparison of
multiple samples in a standard addition approach. This could be extended to the
investigation of samples of similar origin, as analyte hyperpolarization efficiencies
in a given matrix are essentially determined by the concentrations and ratio of the
metal complex and co-substrate that are employed. Thus, for example in a
comparative study of different types of ground coffee, direct comparison of
hyperpolarized spectral profiles (‘fingerprints’) would be allowed. Furthermore,
we expect that for quantitative analysis in such series a single calibration curve
per analyte will suffice, which would significantly reduce measurement time
compared to a per-sample standard addition approach.

selectivity
NMR unbiased character allows detection of virtually all molecules in a solution,
as long as they contain NMR active nuclei and their concentrations are above the
limit of detection. As a result however, 1D proton spectra of complex mixtures
generally show an extensive signal overlap. The presented approach for
continuous p-H2 hyperpolarization at high magnetic field enhances signals of
specific dilute analytes, while removing all background signals originating from the
complex matrix. This selectivity is exploited in subsequent studies by our group, in
which the quantification of several flavor compounds in coffee extracts5 and the
detection of a doping substance in urine4 are demonstrated.
While selectivity proves to be very useful in these cases, it also reflects an
important downside of SABRE based hyperpolarization: the restriction to certain
classes of molecules. In fact, although SABRE expands the substrate scope of p-H2
induced polarization beyond hydrogenable molecules, it is at present still limited
to ligands of iridium metal complexes that have an appreciable scalar coupling
interaction with the hydride ligands. This is reflected in the substrates that are
employed in SABRE research being mostly aromatic five- or six-membered Nheterocycles. Only few exceptions, including acetonitrile6-8, triphenylphosphine
(PPh3)9, and dibenzothiopene10, are reported. Furthermore, although
hyperpolarization of amino acids was reported in a low-field detection study11,
signal enhancements were not observed when detection was performed at high
magnetic field12.
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Labeling strategies have been employed to produce hyperpolarized molecules
that would otherwise be not available for p-H2 hyperpolarization, e.g. by
covalently functionalizing amino acids and small peptides with SABRE-active
substrates13, or via substrate precursors with a hydrogenable functionality that,
after transfer of polarization to the target nuclei, is cleaved to obtain the molecule
of interest14. These strategies, however, are directed toward the production of
hyperpolarized probes for applications in molecular imaging.
An analytically more interesting development is that of SABRE hyperpolarization
of solvent OH protons under slightly acidic conditions.15 The suggested
mechanism for solvent hyperpolarization involves protonation of pyridine, after
which polarization is transferred from hyperpolarized ring protons to the labile NH
proton which exchanges with methanol OH.15 This provides opportunities for the
hyperpolarization of analytes that do not directly interact with the metal complex,
via exchange of protons with the solvent OH or pyridinium NH protons.
Other anticipated strategies addressing SABRE substrate scope involve the
development of new polarization transfer catalysts. These might include metal
complexes that bind other substrate classes, or metal complexes that partially
align with the external magnetic field, allowing polarization transfer via residual
dipolar couplings to substrates that lack a scalar coupling interaction with the
hydrides. One could also think of catalysts that reversibly bind substrate π-bonds,
but are inefficient in performing hydrogenation, i.e. incorporation of p-H2 in the
molecule does not occur. This would then allow SABRE polarization transfer to
chemically unmodified substrates via their π-interaction with the metal complex –
provided an appreciable hydride-substrate scalar coupling existed.
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6.3 Concluding Remarks

Altogether, the analytical application of p-H2 induced polarization is greatly
expanded with the introduction of SABRE. As shown in this thesis, implementation
of a co-substrate approach allows quantitative analysis of sub-micromolar
mixtures, while the selectivity of binding and polarization transfer in SABRE
complexes provides opportunities for multidimensional analysis of complex
mixtures via continuous hyperpolarization at high-field. While this selectivity can
be exploited, as shown in the analysis of urine4 and coffee5 extracts, it also
denotes the main limitation of SABRE, namely its presently limited substrate
scope. Therefore, approaches toward substrate hyperpolarization via
exchangeable protons, and the development of new classes of polarization
transfer complexes are of particular interest for applications of SABRE-derived
hyperpolarization in chemical analysis.
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Hoofdstuk 6
Samenvatting
Perspectief & Vooruitzicht
Het onderzoek dat in dit proefschrift wordt beschreven is gericht op een
verbetering van de gevoeligheid van NMR voor toepassingen in de analytische
chemie. Er zijn versterkte signalen verkregen met behulp van para-waterstof
geïnduceerde polarisatie (PHIP), in het bijzonder door signaal versterking op basis
van reversibele interacties (SABRE). In dit hoofdstuk worden de belangrijkste
resultaten van de hoofdstukken 2-5 uitgelicht, in het bredere perspectief van
chemische analyse geplaatst en gecombineerd met een vooruitblik op toekomstig
onderzoek.

Hoofdstuk 6

6.4 Samenvatting

SABRE wordt normaal gesproken uitgevoerd door een geconcentreerde
substraat oplossing te hyperpolariseren bij een laag magnetisch veld, waarna het
monster verplaatst wordt naar de NMR magneet voor het verkrijgen van sterk
vergrote signalen in een NMR spectrum van één scan. Hoewel zulke oplossingen
van gehyperpolariseerde substraten met millimolaire concentraties interessant
zijn voor moleculaire imaging, heeft men in analytisch chemische toepassingen
vaak te maken met veel lagere concentraties. Echter, zoals beschreven in
Hoofdstuk 2, neemt de efficiëntie van SABRE gestaag af met het verdunnen van
substraat richting sub-micromolaire concentraties. Dit kan verklaard worden door
de dissociatie van SABRE-actieve metaal complexen waardoor de overdracht van
polarisatie bij laag micromolaire substraat concentraties geheel verloren gaat.
Polarisatie overdracht in zulke verdunde systemen kan worden hersteld door een
zogenoemd ‘co-substraat’ toe te voegen waarmee voorkomen wordt dat er
SABRE-inactieve complexen gevormd worden. Deze co-substraat aanpak maakt
het mogelijk om laag- en sub-micromolaire substraat concentraties te detecteren
in een SABRE experiment van één enkele scan. Naast het herstellen van
polarisatie overdracht zorgt deze aanpak ook voor een lineaire afhankelijkheid van
de versterkte signalen en de analytische substraat concentratie.
In Hoofdstuk 3 wordt aangetoond dat deze lineaire afhankelijkheid ook
gerealiseerd kan worden in veel complexere mengsels, oftewel in de
aanwezigheid van een verscheidenheid aan substraten. In de gegeven
voorbeeldsituatie wordt de co-substraat functie vervuld door een combinatie van
vijftien substraten met een totale concentratie die vele male hoger is dan dat van
het relevante molecuul (het ‘analiet’). De lineairiteit bij lage analiet concentraties
maakt het mogelijk om accuraat te kwantificeren met behulp van de standaard
additie methode. Echter, omdat hyperpolarisatie plaatsvindt bij een laag
magnetisch veld met een daaropvolgende verplaatsing van het monster naar de
NMR magneet, kunnen uitsluitend 1D NMR experimenten van één enkele scan
uitgevoerd worden. Dit limiteert de analyse van complexe mengsels, aangezien de
1D proton NMR spectra van deze mengsels een enorme overlap van signalen
vertonen.
In Hoofdstuk 4 is continue hyperpolarisatie verkregen door het bubbelen van pH2 bij een hoog magnetisch veld. Snelle en zeer reproduceerbare her-polarisatie
van het monster maakt experimenten van meer dan één scan mogelijk. De
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gepresenteerde aanpak is gebaseerd op dezelfde reversibele interacties als die in
SABRE en bewerkstelligt een polarisatie overdracht met behulp van RF pulsen
waardoor het mogelijk is 2D spectra van hydride-substraat correlaties op te
nemen. De hoge dispersie van de hydride signalen zorgt er op een efficiënte
manier voor dat de overlappende substraat signalen uit elkaar worden getrokken,
waardoor met 2D NMR de detectie en kwantificatie van substraat mengsels bij
nanomolaire concentraties mogelijk is.
In Hoofdstuk 5, werd een vergelijkbare hoog-veld hyperpolarisatie benadering
gebruikt om de langeafstand scalaire koppeling interacties te bepalen tussen de
hydrides afkomstig van p-H2 en de gebonden substraat protonen in SABRE
complexen. Een J-modulatie NMR puls methode werd geïmplementeerd voor de
bepaling van deze koppelingen, welke verantwoordelijk zijn voor de polarisatie
overdracht in SABRE experimenten. We hebben laten zien dat derivaten van
pyridine en pyrazine een vergelijkbare scalaire koppeling interactie met p-H2
hebben wanneer deze zijn gebonden in een SABRE complex, terwijl vijfledige Nheterocyclische substraten beduidend lagere 4JAM waardes vertonen.

6.5 Perspectief & Vooruitzicht

De chemische analyse van complexe mengsels zoals lichaamsvloeistoffen en
natuurlijke extracten wordt vaak uitgevoerd met NMR, LC-MS, GC-MS, of een
combinatie van deze technieken. Hoewel NMR misschien wel de meest complete
techniek is - omdat het doorgaans slechts minimale monstervoorbereiding vereist,
en het non-destructief, kwantitatief, reproduceerbaar en onbevooroordeeld is –
heeft het één groot nadeel: haar lage gevoeligheid. Hierdoor ligt de detectie limiet
voor conventionele 1D proton NMR van complexe mengsels in het laag
micromolaire concentratie gebied,1-3 en zijn voor heteronucleaire en
multidimensionale experimenten zelfs nog hogere concentraties nodig.
De hyperpolarisatie methoden gebaseerd op p-H2 die in dit proefschrift zijn
gepresenteerd vergroten NMR signaalsterktes tot twee ordes van grootten. Laagveld SABRE hyperpolarisatie in combinatie met de co-substraat aanpak maakt de
detectie van substraten met laag- of sub-micromolaire concentraties in een 1D
proton NMR experiment van één enkele scan mogelijk. Continue hoog-veld
hyperpolarisatie maakt multi-scan experimenten mogelijk en werd gebruikt voor
het opnemen van 2D NMR spectra van hydride-substraat correlaties waardoor
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substraten van nanomolaire concentraties kwantitatief bepaald kunnen worden.
Let wel dat deze signaalversterking ook vertaald zou kunnen worden in een
dramatische vermindering van meettijd, aangezien in een thermisch gepolariseerd
experiment de NMR spectrometer meerdere dagen nodig heeft om een
vergelijkbare signaal-ruis verhouding te verkrijgen. Niettemin zou men kunnen
vrezen dat deze NMR signaalversterking door hyperpolarisatie op basis van p-H2
ten koste gaat van de voordelen van NMR zoals hierboven genoemd. Dit is echter
niet noodzakenlijkwijs het geval zoals hieronder puntsgewijs wordt besproken.

monstervoorbereiding & non-destructiviteit
De behandeling van monsters voor SABRE gebaseerde methoden is relatief
simpel. De complex precursor en een co-substraat worden aan het monster
toegevoegd, waarna door het oplossen van p-H2 bij hoog- of laag-magnetisch veld
het monster gepolariseerd wordt. Het non-destructieve karakter van NMR wordt
grotendeels behouden aangezien SABRE substraten chemisch niet gemodificeerd
worden, waardoor metingen herhaald kunnen worden en opslag van het monster
mogelijk is. Ondanks dat SABRE de monstervoorbereiding met slechts enkele
minuten verlengt, kan de activatie van het complex in de aanwezigheid van een
co-substraat oplopen tot een à twee uur. Echter, vanwege de stabiliteit van de
metaal complexen is het mogelijk op voorhand geactiveerde stock oplossingen
van complex en co-substraat te gebruiken voor analyses met een hoge
doorstroom van monsters. Het grootste nadeel met betrekking tot
monstervoorbereiding is de tot dusver beperkte SABRE activiteit in water,
hetgeen een directe meting van waterige oplossingen zoals lichaamsvloeistoffen
in de weg staat. Voor de gehyperpolariseerde analyse van urine was bijvoorbeeld
de uitwisseling van oplosmiddel met behulp van vastefase-extractie nodig,
hetgeen dan wel het bijkomende voordeel heeft van het verwijderen van
macromoleculaire aggregaten, zout en urea.4

kwantificatie
Tot dusver zijn hyperpolarisatie toepassingen in kwantitatieve analyse
gelimiteerd omdat een directe vergelijking van signaalintegralen met een interne
of externe standaard niet mogelijk is. Dit komt door een ongelijkmatige
hyperpolarisatie van verschillende moleculen, en zelfs van verschillende kernspins
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binnen één en hetzelfde molecuul. Echter, door het volgen van de co-substraat
aanpak, hebben we zeer reproduceerbare polarisatie niveaus verkregen welke
onafhankelijk zijn van substraat concentraties. De resulterende lineaire
afhankelijkheid van versterkte NMR signalen op verdunde substraat concentraties
staat een kwantitatieve analyse toe die gebaseerd is op bestaande kalibratie
technieken zoals standaard additie.

reproduceerbaarheid
Conventionele NMR metingen zijn robuust, met als resultaat zeer
reproduceerbare spectra waardoor het vergelijken van data en het gebruik van
databanken en validatie studies tussen laboratoria mogelijk zijn. Terwijl de
reproduceerbaarheid van SABRE uitgevoerd door het handmatig schudden van
het monster in het strooiveld van de NMR magneet nauwelijks beter is dan 10-20
%, is de hoog-veld hyperpolarisatie methode die beschreven wordt in Hoofdstuk 4
veel robuuster, hetgeen multidimensionale NMR experimenten en een
betrouwbare vergelijking van monsters in een standaard additie aanpak mogelijk
maakt. Dit zou uitgebreid kunnen worden naar het vergelijken van verschillende
monsters met een soortgelijke oorsprong, aangezien de efficiëntie van analiet
hyperpolarisatie in een gegeven matrix in essentie bepaald wordt door de
concentraties en de ratios van het metaal complex en co-substraat dat gebruikt
wordt. Dus zou er - bijvoorbeeld in een vergelijkingsstudie van verschillende
soorten gemalen koffie - een directe vergelijking van gehyperpolariseerde
spectrale profielen (‘fingerprints’) mogelijk zijn. Bovendien verwachten wij dat
voor een kwantitatieve analyse van zo’n serie één kalibratie curve per analiet
volstaat, hetgeen de meettijd ten opzichte van een per-monster standaard additie
aanpak significant zou verminderen.

selectiviteit
Het onbevooroordeelde karakter van NMR houdt in dat vrijwel alle moleculen in
een oplossing gedetecteerd kunnen worden, zolang deze een NMR actieve kern
bevatten en de concentraties boven de detectielimiet liggen. Echter, een gevolg
hiervan is dat 1D proton spectra van complexe mengsels doorgaans enorme
signaaloverlap vertonen. In de gepresenteerde methode van continue p-H2
hyperpolarisatie bij hoog-magnetisch veld worden de signalen van specifieke
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verdunde analieten versterkt, terwijl alle achtergrond signalen uit de complexe
matrix verdwijnen. Deze selectiviteit is benut in recent onderzoek binnen onze
groep, waarbij de kwantificatie van verschillende smaak componenten uit koffie
extracten5, en de detectie van een doping substantie in urine4 gedemonstreerd
worden.
Ondanks dat selectiviteit in deze voorbeelden erg nuttig blijkt te zijn, reflecteert
het tegelijkertijd een belangrijk minpunt van hyperpolarisatie op basis van SABRE:
het is beperkt tot een bepaalde klasse van moleculen. In feite is het momenteel
nog steeds beperkt tot liganden van iridium metaal complexen die een
significante scalaire koppeling interactie met de hydride liganden hebben. Dit is
terug te zien in de substraten gebruikt in SABRE onderzoek, welke overwegend
vijf- of zesledige N-heterocyclische aromaten zijn. Slechts enkele uitzonderingen
zijn gerapporteerd, waaronder acetonitril6-8, trifenylfosfine (PPh3)9, en
dibenzothiopene10. En ondanks dat de hyperpolarisatie van aminozuren vermeld
werd in een laag-veld detectie onderzoek11, zijn er geen signaalversterkingen
geconstateerd voor aminozuren wanneer detectie uitgevoerd werd bij hoogmagnetisch veld12.
Er zijn labeling strategieën gebruikt voor het hyperpolariseren van moleculen
die anderszins niet bruikbaar zijn voor p-H2 hyperpolarisatie, bijvoorbeeld door
aminozuren en kleine peptiden op een covalente manier te functionaliseren met
SABRE-actieve substraten13, of via substraat precursors met een hydrogeneerbare
functionaliteit die, na de overdracht van polarisatie naar de juiste kernen,
afgesplitst worden om het molecuul van belang te verkrijgen14. Deze strategieën
zijn echter gericht op de productie van gehyperpolariseerde sondes voor
applicaties in de moleculaire imaging.
Een vanuit analytisch oogpunt interessantere ontwikkeling is die van de SABRE
hyperpolarisatie van de OH protonen van het oplosmiddel onder licht zure
omstandigheden.15 In het voorgestelde mechanisme voor de hyperpolarisatie van
het oplosmiddel wordt pyridine geprotoneerd waarna polarisatie overgedragen
wordt van de gehyperpolariseerde ring protonen naar het labiele NH proton dat
uitwisselt met de OH protonen van methanol.15 Dit biedt mogelijkheden voor de
hyperpolarisatie van analieten die geen directe interactie hebben met het metaal
complex via de uitwisseling van protonen met de OH’s van het oplosmiddel of met
pyridinium NH protonen.
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Andere verwachte strategieën met betrekking tot het soort substraten dat
beschikbaar is voor SABRE zijn de ontwikkeling van nieuwe katalysatoren voor
polarisatie overdracht. Hieronder zouden metaal complexen kunnen vallen die
andere soorten substraten binden, of metaal complexen die zich gedeeltelijk
richten naar een extern magnetisch veld waardoor polarisatie overdracht naar
substraten zonder scalaire koppeling interactie met de hydriden mogelijk is via
residuele dipolaire koppelingen. Men zou ook kunnen denken aan katalysatoren
die een reversibele binding aangaan met π-verbindingen, maar inefficiënt zijn in
hydrogenatie, oftewel, er wordt geen p-H2 in het molecuul geïncorporeerd. Dit
zou de SABRE polarisatie van chemisch ongewijzigde substraten via hun πinteracties met het metaal complex mogelijk maken - er van uitgaande dat er een
significante scalaire koppeling tussen hydride en substraat bestaat.

6.6 Afsluitende opmerkingen

Al met al zijn de analytische toepassingen van p-H2 geïnduceerde polarisatie
aanzienlijk uitgebreid met de introductie van SABRE. Zoals dit proefschrift laat
zien maakt de implementatie van de co-substraat aanpak het mogelijk om
mengsels met sub-micromolaire concentraties op een kwantitatieve manier te
analyseren, en biedt de selectiviteit van binding en polarisatie overdracht in
SABRE complexen mogelijkheden voor multidimensionale analyse van complexe
mengsels via continue hyperpolarisatie bij hoog-veld. Deze selectiviteit is zowel
een groot voordeel, zoals al aangetoond in de analyse van urine4 en koffie5
extracten, als een van de grootste beperkingen van SABRE, namelijk het tot
dusver beperkt aantal geschikte substraten. Ontwikkelingen in de richting van
substraat hyperpolarisatie via uitwisselbare protonen en de ontwikkeling van
nieuwe klassen van complexen voor polarisatie overdracht zijn daarom uitermate
relevant voor toepassingen van hyperpolarisatie op basis van SABRE in de
analytische chemie.
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