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Abstract
There are two fundamental limitations in magnetic resonance: the poor signal
amplitude and the short duration before the system return to equilibrium.
Hyperpolarization methods solve the problem of signal amplitude, however, the
duration of the hyperpolarized signal is still limited by the spin-lattice relaxation time,
T1. Disconnected eigenstates provide a mechanism by which hyperpolarization can be
stored for several times T1. This thesis contributes to the knowledge of these states in
four important ways. First, the decay of hyperpolarized magnetization of gas is
simulated in lung tissue with a contrast agent, yielding insights about the optimal field
strength for imaging. Second, I show that it is possible to rapidly discover and
characterize disconnected eigenstates by showing that they can be measured without
synthesizing the isotopically labeled compound. Third, I extend the spin systems that
can support disconnected eigenstates by expanding the theory to include spin-1 nuclei.
Finally, I show that disconnected states with long lifetimes can be populated in
conjunction with hyperpolarization techniques to simultaneously yield large signal
amplitudes for long durations.
Applications of hyperpolarized spin order are likely to be in complex
geophysical or biological structures. Understanding the effect of the inhomogeneous
fields created when such structures are placed in a magnetic field on hyperpolarized
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spin order is a necessity to characterize the experimental signal. An example case of
hyperpolarized 3He and 129Xe diffusing through lung tissue is examined. In particular a
Monte Carlo simulation tool, combined with a magnetic field map of the
inhomogeneous field created by mouse lung tissue, is used to determine the dephasing
rate of hyperpolarized 3He and 129Xe in the presence of SuperParamagnetic Iron Oxide
Nanoparticles (SPION). Contributions to the dephasing rate include the inhomogeneous
field, the SPION magnetic field, and dephasing caused by collisions with the confining
geometry. The sensitivity of either gas to SPION increases with increasing SPION
concentration and decreasing field strength.
There are some general rules about what makes for a disconnected eigenstate (or
singlet state) with a long lifetime. However, no systematic experimental study has been
undertaken due to the cost and time-constraints of synthesizing the labeled species for
study. I show that synthesis is not a barrier for characterizing the long-lived states.
Instead the lifetimes may be determined by using the naturally occurring doubly-labeled
isotopomer. I verified this method with two compounds, diphenyl acetylene (DPA) and
diethyl oxylate (DEO). The former was determined to have a singlet lifetime TS = 251.40
±3.16 s from the synthesized species, while the naturally occurring isotopomer yielded a
lifetime TS = 202 ±55.30 s, both substantially longer than the spin-lattice relaxation time,
T1 = 1.63 ±0.01s. In DEO, the lifetime from the disconnected eigenstate was determined to
be TS = 14.62 ±0.76 s (synthesized), TS = 19.32 ±3.16 s (naturally occurring). This method is
v

applied to a range of compounds ranging from simple four-spin systems, such as
diacetylene (TS = 48.80 ±22.74 s, T1 = 18.66 ±1.16 s) to eight spin systems in
dimethylmaleic anhydride (TS = 27.25 ±3.39 s, T1 = 9.38 ±0.43 s). Additionally, a family of
compounds including naphthalene (TS = 4.37 ±0.34 s, T1 = 11.33 ±4.89 s), biphenyl
(TS = 3.09 ±0.66 s, T1 = 4.69 ±0.10 s), and DPA show that the rotation of the phenyl rings
and intermolecular dipole-dipole relaxation can be critical to the relaxation dynamics.
One particular method of accessing the disconnected eigenstate involves
coupling a chemically equivalent spin-1/2 pair asymmetrically to an auxiliary spin-1/2
pair. I demonstrate that the disconnected state may still be accessed when the auxiliary
nuclei are spin-1. This has two distinct advantages. When the auxiliary nuclei change
from proton to deuterium, the couplings are reduced by a factor of ~6.5 which prevents
the disconnected state from relaxing as rapidly back to equilibrium. This is
demonstrated in diacetylene-d2 and DPA-d10, where the singlet lifetime was extended by
a factor of ~1.7 via deuteration (TS,1H = 49 ±23 s, TS,2H = 83 ±30 s for diacetylene and
TS,1H = 274 ±6.1 s, TS,2H = 479 ±83 s for DPA). Additionally, by reducing the coupling
strength, deuteration allows additional structural moieties to be explored, such as
RDC=CDR. One such structure is explored in trans-ethylene-d2, where the singlet
character of the protons can be accessed by the reduced coupling to the deuterium.
Additionally, this allows for a relatively strong deuterium-deuterium scalar coupling,
requiring modification to the theory. This is carried out analytically, and implications for
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the relaxation properties are performed using a spin-dynamics numerical simulation.
The lifetime of the disconnected state was determined to be TS = 30.2 ±12.3 s, compared
to the T1 = 1.1 ±0.2 s at high concentration (270 mM), and increasing to TS = 117. ±9.80 s at
low concentration (52 mM). The variation in long lifetime is attributed to intermolecular
dipole-dipole relaxation.
Ultimately, the gains in lifetime from using disconnected eigenstates provide a
means to the practical implementation of hyperpolarization in a wider range of
experiments. A recent hyperpolarization method, Signal Amplification By Reversible
Exchange in Shield Enables Alignment Transfer to Heteronuclei (SABRE-SHEATH) is
shown to directly hyperpolarize long lived spin order in a diazirine containing molecule.
Diazirine rings are three member N=N-C groups that can replace a methylene group and
serve as a versatile MR and optical molecular tag. Hyperpolarization is accomplished by
bubbling parahydrogen through a solution containing the diazirine and an iridium
catalyst. Due to the chemical inequivalence of the 15N of the diazirine, hyperpolarization
of longitudinal magnetization and singlet character could be observed by transfer to the
high field spectrometer. Signal enhancements of over 14,000 were observed. The
magnetic field strength required for buildup of magnetization and singlet character was
derived and is in agreement with the experiment. The magnetization lifetime was
observed to be T1 = 5.75 ±0.18 minutes and independent of field strength, while the
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lifetime of the singlet character was observed to be as long as TS = 30.1 ±13.4 minutes at
low field (3 Gauss).
The combination of these experiments – understanding lifetimes in
inhomogeneous magnetic fields that will be encountered in experiment, identification of
disconnected eigenstates with long lifetimes via the naturally occurring isotopomer and
extending these lifetimes even further with deuteration, and finally, the direct
generation of long-lived hyperpolarized spin order – allows a measurement that
required hyperpolarized spin order for the enhanced signal amplitude, to be carried out.
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1. Introduction
Nuclear magnetic resonance (NMR) and magnetic resonance imaging (MRI)
(collectively, magnetic resonance (MR)) provides a means to take non-invasive
measurements of key physical and biological concepts. Encoding information in the
nuclear moment allows processes in molecular dynamics [1], geophysics [2],
nanomaterials [3], semiconductors [4], superconductors [5], and other quantum
processes [6,7] to continue unperturbed, allowing access to in-vivo experiments that
otherwise would be nigh impossible. Despite this great success, MR experiments are
limited by two major factors: poor signal intensity and the short duration before
perturbed magnetization returns to equilibrium. This thesis explores mechanisms to
extend this duration that, when combined with hyperpolarization techniques to improve
the signal, overcome these limitations.

1.1 Background
As an example of the type of information MR has yielded in physics, consider the
case of diffusion. By encoding information in the magnetic moment the self-diffusion
coefficient of liquids can be determined [8,9]. In general, the length scale that can be
probed through diffusion is set through by the square root of the diffusion constant
multiplied by time. Since the MR signal persists for only a few seconds, is ~1-100 μm for
liquids, while gas diffusion allows the characterization of larger, ~200 μm to 1 mm,
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scales [10]. In fact, MR can be used to study entirely different diffusion regimes such as
single file diffusion (where particles cannot pass each other) [11]. Similar to diffusion,
MR can be used to probe the adsorption isotherms of gases on substrates, such as
methane and ethane on carbon nanotubes [12]. These gas studies have largely been
enabled by the use of hyperpolarization to overcome the low signal amplitudes, but all
are still limited by the duration of the MR signal.
The larger impact of this work is more interdisciplinary. The obvious impact is in
magnetic resonance imaging. MRI sequences are able to measure the distribution of soft
tissue and additional contrast may be gained through the use of relaxation agents such
as gadolinium [13–15], or pulse sequences that weight differently various contributions
of relaxation [16,17]. Creative pulse sequences have also been developed to measure
blood oxygenation and diffusion, allowing for functional MRI [18] and diffusion tensor
imaging [19], respectively.
For all of this, chemical contrast in MRI remains elusive. The fundamental
reasons are the same that limit the experiments in the previous paragraph – small signal
amplitudes and limited imaging times. This thesis directly addresses these limitations,
primarily the limitation in time, in a series of experiments. Lifetimes are extended by
locking magnetization in a magnetically dark state that is immune to several relaxation
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mechanisms. Additionally, these states will be shown to be populated in parallel with
hyperpolarization techniques used to boost signal amplitudes.
First, let us consider the small signal amplitude of MR and methods used to
increase the polarization. Signal amplitudes are governed by the Boltzmann distribution
which gives a proton polarization of only one part in 104 at eight T and 300 K. To combat
this signal-to-noise problem, hyperpolarization techniques use other mechanisms to
generate a non-equilibrium net nuclear polarization, and each is applicable for different
experiments. Spin-exchange optical pumping (SEOP) [20–22] optically polarizes
electronic spins and then transfers the polarization to NMR active nuclei but is limited to
gases (129Xe and 3He). Dynamic nuclear polarization (DNP) [23–25] uses low
temperatures to achieve nearly complete electron polarization, and then transfers the
polarization to the nuclear moment. DNP has boosted signals from metabolites to the
point where they can be imaged in vivo [23,26,27], but requires long hyperpolarization
times (2-4 hours).
On the other hand, parahydrogen consists of hydrogen gas in the antisymmetric
nuclear spin state, and can be rapidly generated to high levels of purity by flowing
hydrogen over a catalyst [28]. This well-defined spin state can give large MR
enhancements after reacting with a substrate. This technique is termed PASADENA
(parahydrogen and synthesis allow dramatically enhanced nuclear alignment) [29], PHIP
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(parahydrogen induced polarization) [30], and ALTADENA (adiabatic longitudinal
transport and disassociation engenders net alignment) [31]. These methods have even
given rise to a continuous supply of parahydrogen generated hyperpolarization [32].
However, the substrate must be a precursor with an unsaturated bond, such that
molecular hydrogen can react with it, greatly limiting the range of compounds that can
be used.
Generating magnetization through reversible catalytic exchange with
parahydrogen, SABRE (signal enhancement by reversible exchange) [33] can provide a
cheap, ubiquitous source of nuclear hyperpolarization. In this method, a catalyst
provides reversible binding between the hyperpolarized molecular hydrogen and a
substrate and facilitates transfer of polarization to the substrate. SABRE has generally
been used to provide proton polarization but pulse sequences such as INEPT
(Insensitive Nuclei Enhanced by Polarization Transfer) can be used to transfer the
polarization to heteronuclei. However, this occurs with only a fraction of the initial
polarization level [34–36]. Recent experiments have shown that a modification of SABRE
can generate net 15N alignment [37–39] and even 13C (currently unpublished). Currently,
the major limitation is that SABRE is performed in a methanol solution and the solvent
catalyst must be removed prior to any biomedical application. However, the continuous
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supply of parahydrogen and possibility to hyperpolarize a wide range of substrates
makes this technique extremely promising.
The second major challenge is the relaxation rate of the system back to
equilibrium. This is characterized by the spin-lattice relaxation time, T1, which ranges
from a few milliseconds to a few dozen seconds. This effect is a major limitation in
hyperpolarized experiments, where after a few times T1 the hyperpolarized signal is
irreversibly destroyed. While this does permit imaging with hyperpolarized species [26],
it excludes many processes that may happen on longer timescales. For instance e.coli has
a cellular turnover time of ~20 minutes and pharmaceuticals have rates on the order of
minutes to days.
There are particular spin-states can persist for longer than the T1 relaxation time.
One example is parahydrogen. Direct transitions between the para- and orthohydrogen
states are forbidden by symmetry. Consequently, parahydrogen is stable for the order of
weeks [33]. However, this property also means that there is no dipole moment
connecting the para state to any other state and is therefore undetectable by MR. These
disconnected spin states can exist in larger spin systems [40–42], but are similarly
inaccessible by traditional MR sequences. Recent work has been focused on transferring
population into these states and has shown that they can have lifetimes that are
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substantially longer than T1 [43–47]. A major focus of this work is on identifying and
characterizing these “disconnected eigenstates” in a wider range of spin systems.
There is clearly a need for increased hyperpolarized lifetimes in various contexts.
This work explores three paths that fulfil this need. First an application of
hyperpolarized gas diffusion through tortuous geometry is presented to help quantify
the signal loss in real-world lung experiments, but is extendable to diffusion in other
situations. Second, lifetimes of disconnected spin states are investigated in a range of
compounds at natural abundance. This shows that statistical labeling is enough to
provide accurate measurements and to glean information about the qualities that make
for a disconnected eigenstate with an exceptional lifetime. Additionally, the framework
for accessing these disconnected eigenstates is extended from a system of only spin-1/2
nuclei to incorporate spin-1 nuclei. This greatly broadens the range of compounds that
can support states with the potential for long lifetimes. Finally, I show that the SABRE
technique can not only create hyperpolarized spin order, but that it also can create
hyperpolarized spin order directly in disconnected spin states.

1.2 Background on Magnetic Resonance
Before continuing, it is useful to introduce the basics of MR as they pertain to this
work. In an MR experiment, an ensemble of nuclear magnetic moments is placed in a
large external field splitting the aligned (spin-up, or α) and anti-aligned (spin-down, β)
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energy levels. With an external field from μT to GT, the energy difference between these
levels is in the radiofrequency (RF) range. Consequently, they can be addressed with RF
pulses, and can induce a signal in a detection coil at radiofrequencies. Fundamentally,
the energy levels are given by the MR Hamiltonian which comprises of several effects.
The first term is the energy difference between two Zeeman states in the applied
external field. Second, the external field gives rise to electronic currents within the
molecule, which then induce an additional field at the site of the nuclei. This is the
chemical shift, a tensor property that depends on the molecular orientation. The
electronic structure can also facilitate coupling between nuclei, where the spin
orientation of one nuclei affects the local energy of another, which is known as Jcoupling. The magnetic moments can directly affect another through the dipolar field.
Finally, if the nucleus has spin greater than 1/2 it can have an electric quadrupole
moment. With a non-spherically symmetric charge distribution around the nuclei, an
electric field gradient will further adjust the energy of the spin orientations.
Mathematically, we represent these as
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where ћ is Planck’s constant, γ the gyromagnetic ratio of the nucleus (in rad/s/T), B0 the
external magnetic field (in T), δ the chemical shift tensor, J the spin-spin coupling tensor
(in Hz), μ0 the magnetic moment, r the distance between nuclei, e the fundamental
electric charge, Q the quadrupolar coupling constant of the nucleus, and V the electric
field gradient tensor. The i and j indices run over all nuclei in the system. To give an idea
of the scale of these terms, the Zeeman splitting, referred to as the Larmor frequency, is
the largest and is ~10 MHz/T, the chemical shift ranges from zero to 10-4 times the
Zeeman energy, and J-couplings are around 10-100 Hz. The dipolar and quadrupolar
terms will be discussed next.
In the case of liquid-state MR, rotational averaging allows substantial
simplification to the above. Molecular tumbling occurs on picosecond time scales which
are much faster than the microsecond time of the spin evolution. This allows one to
retain only the isotropic average of the chemical shift. Additionally, the dipolar and
quadrupolar Hamiltonians average to zero leaving

H /    i B0 (1   i ) I z   2 J ij  I i  I j .
i

(1.2)

i, j

An individual spin may be represented by the normalized wavefunction

  c   c  with α representing the low energy aligned state and β the high
energy anti-aligned state. However, in a typical MR experiment, a quantity of spins on
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the order of Avogadro’s number is averaged to produce a signal. Hence the density
matrix is more frequently used to describe the state of the ensemble

 c c*
ˆ     
 c c*
  

c c* 
,
c c* 

(1.3)

with the overbar denoting the ensemble average of all states in the system. In the density
matrix notation, diagonal elements correspond to populations and off-diagonal elements
to coherences between populations. In equilibrium, the coherences average to zero and
the populations may be determined by application of the Boltzmann distribution

ˆ eq 

exp   H / kBT 

Tr exp   H / kBT  



I
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where we have taken the Taylor series and have kept only the first term, which gives a
small difference from equal values of spin up and spin down nuclei. This difference is
proportional to Iz, with  

 B0
2 k BT

being the constant of proportionality. Since the

identity commutes with all operators, it is frequently left out and the result referred to as
the reduced density matrix, ˆ red  I z . This magnetization is manipulated in an MR
experiment, for instance a 90° RF pulse about the x-axis transforms the z-magnetization
into y-magnetization ( ˆ red  I y ).
Over time the magnetization will relax back to the equilibrium state. The
rate of relaxation is given by the spin-lattice relaxation time, T1. The mechanisms of this
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relaxation will be more fully discussed in Chapter 3. Fundamentally, this is caused by
small fluctuations in the local magnetic field at the site of the nucleus. Some component
of this fluctuating field is at the Larmor frequency which causes transitions between the
levels of the system and relaxes the system back to equilibrium. There are two other
types of relaxation which can play an important role in dynamics. Homogeneous
broadening, denoted T2, is caused by microscopic changes in the magnetic field, and
irreversibly causes loss of coherence. Inhomogeneous broadening, denoted T2*, in
contrast, is caused by a variation of the macroscopic magnetic field (eg; a non-uniform
magnetic field) and can be refocused in a spin-echo sequence. T2 and T2* relaxation play
an important role in Chapter 2, while T1 is the primary concern in the other chapters.

1.3 Overview of Thesis
The fundamental limitations for MR are not a new research topic. The original
papers on parahydrogen addition for proton NMR enhancement date from 1987-88
[29,31], and it was known at the time that parahydrogen lacked a dipole moment and
was MR silent. Recent work into the exciting physics combining the two ideas of
hyperpolarization and disconnected eigenstates has been driven by interdisciplinary
applications. There are a wide range of biological experiments where having chemical
information (via hyperpolarization) on long timescales (via disconnected eigenstates)
would prove useful. This thesis introduces new tools for using hyperpolarization in a
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biological context (Chapter 2), describing the disconnected eigenstates (Chapters 3 and
5), generating and characterizing them using natural isotopic labeling (Chapter 4), and
culminating in a method by which long lived disconnected eigenstates can be generated
concurrently with hyperpolarization (Chapter 6). Below, I will elaborate further on these
concepts to provide a short outline for this thesis as a whole.
Chapter 2 is concerned with hyperpolarized xenon and helium imaging of the
human lung. A model for computing the behavior of the magnetization will be
introduced, and shown to produce reasonably accurate results. This model is then used
to make predictions about imaging experiments in rat and human lung, and can be
easily modified for diffusion in other contexts.
Chapter 3 introduces the concept of the disconnected eigenstate which will be
referred to in all subsequent chapters. An overview of the various spin topologies and
methodologies for accessing the singlet will be given. Additionally, the framework for
relaxation of spin states is introduced, which is used for subsequent simulations.
Chapter 4 identifies a range of singlet states in compounds without isotopic
labeling. On a practical level, this allows singlet lifetime identification to be performed
quickly and cheaply. On a fundamental level, I am pushing the lower bounds of
detection to show that these states can be identified. This also shows that by studying a

11

family of compounds useful information on the relaxation dynamics of disconnected
states can be learned.
Chapter 5 introduces the concept of spin-1 nuclei into singlet states. All previous
work has been done with only spin-1/2 nuclei. Extending this to spin-1 nuclei has two
major impacts; it shows that the spin-1/2 singlet pair is still stable in the presence of
rapidly relaxing and quadrupolar nuclei and it expands the range of molecules that can
support the singlet state.
Chapter 6 directly merges the ideas of hyperpolarization and singlet states.
Results are shown for a spin system where both the magnetization and the disconnected
state are directly generated through SABRE hyperpolarization. The disconnected state is
shown to have a substantially longer relaxation time than the magnetization at low
magnetic fields.
Finally, Chapter 7 concludes with a look at how these results can extend the state
of the art, and the next logical steps to continue from this work. For instance, because the
signal detected from hyperpolarization does not scale with the external magnetic field
and relaxation properties often favor low field, low field experiments promise an
intriguing line of investigation. Additional methods of taking advantage of the
hyperpolarization provided by SABRE and mechanisms of populating the disconnected
spin state directly are considered.
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This work is inherently interdisciplinary, but my physics background has proved
invaluable for many of the experiments. Specifically, identifying key simplifying
assumptions and validation techniques for the lung diffusion simulations in Chapter 2.
Similarly, the extensive background in angular momenta afforded from a physics
education helped in deriving the parameters to populate the long-lived spin states
accessed by spin-1 nuclei in Chapter 5. However, it could not be done with only my
knowledge gained from physics. Many techniques used in this thesis are drawn from the
extensive toolbox developed by chemistry and the MR community at large.
Additionally, biology and geophysics have contributed key concepts and provide some
of the most intriguing directions to pursue.
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2. Monte Carlo Simulations of Hyperpolarized gas in
Lung Tissue
As mentioned in the introduction, MR provides an excellent method for studying
diffusion in various contexts [10–12]. These were initially limited to liquid diffusion,
thanks to the higher SNR of these experiments. However, there are geometries, such as
the lung, where it is preferable to use the diffusion of gases. Hyperpolarization of noble
gases such as 129Xe or 3He enables lung imaging and volumetric measurements [48–50].
Typically, hyperpolarization is generated through spin-exchange optical pumping
(SEOP), which can align upwards of 70% of the bulk nuclear magnetization in gases [20].
When these gasses are inhaled, they provide positive structural contrast in the lung.
Where there are obstructions in the lung, such as from chronic obstructive pulmonary
disorder (COPD) ventilation maps and diffusion coefficient measurements can inform a
diagnosis [22,51,52].
Obstructions giving rise to negative contrast are in direct competition with many
MR contrast agents. For instance gadolinium generates contrast by locally relaxing the
MR signal to equilibrium faster [13,14]. Similar to gadolinium, super-paramagnetic iron
oxide nanoparticles (SPIONs) are a promising agent for generating negative contrast.
The advantage of SPIONs is that by functionalizing the surface of the nanoparticle, they
can attach to, or absorb in, tumor cells [53,54]. Even in the lack of functionalization, the
enhanced permeability and retention (EPR) effect can cause SPIONs to build up in
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tumor cells [55]. Once attached to the tumor, they alter the local magnetic field, causing
the local 129Xe or 3He to lose phase coherence with the rest of the gas (dephasing) which
appears as negative contrast.
The dephasing from the SPION particles, however, is also in competition with
dephasing from the environment. The susceptibility difference between the highly
structured tissue and the air creates an inhomogeneous field. This causes nuclear spins
at various points in the structure to sample a slightly different field and evolve at
different frequencies. Over time, they lose phase coherence the signal decay. This
inhomogeneous decay rate is denoted T2*.
This effect can be compensated for by a spin echo sequence, where after some
time t, before the spins have relaxed back to thermal equilibrium, but after they have lost
some phase coherence, a 180° pulse is applied. The nuclear spins then evolve at the
negative of their frequency, causing a large signal when the regain phase coherence 2t
after the beginning of the sequence.
When diffusion enters the picture, however, the nuclear spins not only sample an
inhomogeneous field, but they do so with a time dependence. When the spin-echo 180°
pulse is applied, it does not correct for the time-history of the nuclear spins, and the
signal refocused by a spin echo is reduced in amplitude as not all of the nuclear spins
refocus at the same time. This homogeneous broadening, denoted T2, cannot be
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corrected for and sets a limiting time for studying the system that is shorter than the
spin-lattice relaxation time, T1.
To better understand the negative contrast generated by SPION in lung tissue, I
simulate hyperpolarized gas dephasing from both lung tissue and SPION. This
simulation will be shown to separate the effects of SPION from those of tissue, and is
able to make predictions over a range of lung geometries and field strengths.
Additionally, the algorithm can be easily applied to simulations of other experiments
beyond lung tissue.
The author would like to acknowledge the contributions from Tamara Branca
and Matthew Freeman for the experimental MRI experiments, and Jesse Wilson for
providing the optically cleared mouse lung images. All other work is that of the author.

2.1 Introduction
When studying restricted diffusion, there are typically three dominant regimes
that have different behavior: free diffusion, motional averaging, and the local gradient
(localization) regime. These have different magnetization decay envelopes and are
characterized by a particular shortest length scale. These three lengths scales are termed
the diffusion length, lD, the structural length, lS, and the gradient length lg. The diffusion
and gradient lengths are given in terms of other constants in the system
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lD  2nDt
lg   D /   g   ,
1/3

(1.5)

where n is the dimensionality, D the diffusion coefficient, t is time, γ the gyromagnetic
ratio, and g the gradient strength.
When the diffusion length is the shortest scale the free diffusion regime
dominates. This is similar to the static dephasing regime, where particle motion is small
enough relative to the gradients and structure that it is essentially fixed.
When the gradient length, defined as the distance required to diphase a spin by
2π radians, is the smallest then the spins are in the localization regime. In this regime,
the strong gradients produce rapid dephasing in some parts of the sample. Often, this
gives rise to edge effects where the gradient near a wall gives rise to fast dephasing.
Finally the motional averaging regime dominates when the structural length (the
length between the walls) is the shortest. In this case, diffusion causes the spin to sample
the entire geometry, resulting in an average field. Figure 1 graphically displays the
regions where each regime dominates.

17

Figure 1: Schematic outline of the three dominant signal regimes plotted
against the ratios of the lengths scales. The ratio of diffusion length to structural
length on the horizontal axis and gradient length to structural length on the vertical
axis. See the text for a description of the regimes. Displayed are curves for helium and
xenon in mouse lung (blue and red, respectively, ls = 45 μm) and in human lung
(green and yellow, respectively, ls = 200 μm). These are calculated over a range of
times corresponding to those that might be found in experiment (echo times from 0 to
10 ms). As echo time increases the diffusion length increases, changing the regimes
that describe the experiment from left to right; free diffusion at early times to
localization or motional averaging. The gradient strength was chosen to be 100 G/m –
consistent with the order-of-magnitude gradient strength found in our lung
simulations from 1-3 T.
Figure 1 also considers the trajectories 129Xe and 3H are expected to take for both
mouse and human alveolar size and reasonable experimental parameters. At short echo
times, spins do not diffuse far enough to either sample the gradient or the confining
structure. Consequently, the diffusion length is the shortest length scale and all start in
the free diffusion regime. This is generally true for any diffusion experiment. For the
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case of mouse lung tissue, the small alveolar size requires a strong gradient to generate a
gradient length comparable to the structural length. Consequently, the mouse lung
trajectories start at smaller values of the abscissa. As time evolves, the diffusion length
increases, while the others stay fixed. This causes the trajectories to move linearly to the
right. For mouse lung, the localization regime can be reached for long echo times as the
gas is restricted by the alveoli. For human tissue, the behavior quickly enters the
motional averaging case, where diffusion allows the gas to sample the gradient.
Previous studies have provided information for different geometries in many of
these regimes. For instance, the diffusion and spin-echoes in a constant magnetic field
gradient [56], magnetization decay in a parabolic field [57], and dephasing in a single
pore with a gradient provided by a single dipole [58]. In these cases diffusion was
confined to a simple geometry such as a cube or sphere and the external gradient was
linear [59] or a single dipole [58]. However, in this study both the restricted diffusion
and the field gradients come from the tortuous shape of the lung tissue. Monte Carlo
simulation methods can effectively probe the multi-level scale of the lung tissue over a
range of echo times.
Monte Carlo simulation is particularly suited for studying a system such as
diffusion in the complicated inhomogeneity generated by lung tissue, as it can
accurately capture transitions between the different regimes [60]. Furthermore, Monte
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Carlo simulation has been extensively validated in porous media, such as concrete or
rock [58,61–63]. In this work, the field inhomogeneity from the tissue can be comparable
to the strength of the SPION field. Validation is performed using T2* times of SPION-free
mouse lung tissue and then we explore the SPION dependence for mouse and humanscale lung tissue. This is done for both 129Xe and 3He with SPIONs of varying
concentrations in both mice and human-scale lung tissue for different magnetic fields.

2.2 Methods
2.1.1 Monte Carlo Spatial Evolution
A Monte Carlo random walk method simulated the gas molecules diffusing
through the alveolar space. Each gas atom (spin) performed a random walk on a 3D
grid, with a total of 104-105 particles simulated per run for good statistics. In order to
accurately represent a continuous random walk, the time step, Δτ, for the random walk
on a grid depends is set by the step size [61]

 

l2
,
2dD

(1.6)

where l is the grid scale, d the dimensionality, and D the diffusion constant of the
species.
The lung structure was obtained through nonlinear optical microscopy of
optically cleared mouse lung, a technique that may be more accessible than micro-CT
imaging. Glycerol-immersed mouse lung was imaged in a homebuilt two photon
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microscope at a resolution of 1.03 μm/pixel and to a depth of approximately 200 μm
with a field-of-view of 263 μm. One slice of this image is shown in Figure 2. From this
large image, a sub-image of 256x256x64 μm3 was extracted and then replicated in the
vertical direction. To avoid any sudden discontinuities the sub-image was mirrored
upon replication. The end result is a 256x256x256 μm3 image with continuous transitions
for the diffusion region. A threshold is applied, separating lung tissue from empty space
and determining where the gas could diffuse. Although we had data for only mouse
lung, tissue of animals with larger alveolar size were simulated by scaling the grid size
according to the ratio of average alveolar size [64]. In this way we simulate and verify
the simulations for mouse lung, and then make predictions for human lung.

2.1.2 Magnetic Field Generation
In obtaining the inhomogeneous magnetic field map, the first step is to impose a
magnetic density (m) on the binary image map of the lung structure

m   B0 ,
where χ is the susceptibility of tissue (taken to be -9·10-6 [65]) and B0 is the external
magnetic field. The dipolar field from the tissue is the convolution of the magnetic
density with the dipolar field. This can be quickly computed as a multiplication in
Fourier space [66–69]. For simplicity, the external field is assumed to be in the z-
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(1.7)

direction, in which case the Fourier transform of the magnetic density map is multiplied
by the factor



0   k z 


3    1 ,
3  k  
   

(1.8)

where μ0 is the permeability of free space. This leaves an ambiguity in the center of kspace, k = (0,0,0), the value of which governs the overall magnetic field offset. Since we
are only interested in the dephasing, and not the overall phase offset with time, this is
set to zero. The inverse Fourier transform yields the magnetic field. These steps are
visually summarized in Figure 2.

Figure 2: Illustration of the field generation method. For illustration purposes,
this is shown on a single image slice from the full 3D stack. A) Raw image of lung
tissue. The image is 263 μm on a side. B) The image after a threshold is applied and
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diffusion is restricted away from the bounds of the image to avoid edge effects
(diffusion is limited to the white region). C) The Fourier transform of B. D) The
Fourier multiplication element given in Equation (1.8). E) Multiplication of C and D.
F) The inverse Fourier transform of E - the magnetic field map. The colorbars indicate
the value for the adjacent image. These are scaled to a binary map of B – ie; they are
unitless until scaled by Equation (1.7).
Nanoparticles were simulated by creating a second image map. This consisted of
either a single cube in the center of the lung tissue, or multiple cubes randomly through
the lung tissue. The magnetic density for this distribution was calculated using the
magnetization fit to SPION data from reference [70]. Superparamagnetic particles are
small ferromagnetic particles that have no net magnetization in zero field owing to the
random fluctuations of their small domains (paramagnetic), but quickly align to an
external field, and moreover exhibit no hysteresis (super). There are three components to
this magnetization, first is the large superparamagnetic (SPM) core, subscript S, which
describes the magnetization and eventual saturation of the maghemite (Fe2O3) or
magnetite (Fe3O4) core of the nanoparticle. This does not account for all of the
magnetization, and a smaller SPM contribution, subscript s, is also included. This is
likely caused by smaller maghemite or magnetite domains that are not part of the larger
core crystal, or from ferric or ferrous oxyhydrides (rusts) formed during the nanoparticle
synthesis. Finally, there is a paramagnetic contribution, subscript p, that is represented
by a Curie-law term. The functional form of this magnetization is then described by

M  FS N S L(S H / (kT ))  Fs N s L(s H / (kT ))  Fp N  p2 H / (kT )),
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(1.9)

where, F denotes the number fraction of each phase, N the total number of ions, μ the
magnetic moment, H the field strength, and kT is Boltzman’s constant times the
thermodynamic temperature. Finally, L is the Langvin function; L  coth( x)  1 x . Once
the magnetization is obtained, the Fourier transform method is again used to calculate
the field.
In practice, the fields are computed only once for a magnetization difference of
unity between empty space and tissue / SPION. The field from the tissue is then scaled
according to the susceptibility and external field, while the SPION field is scaled by the
quantity (magnetization) and external field. Both fields are then added together for the
net magnetic field as seen by the gas spins.

2.1.3 Phase Evolution
The nuclear spins are non-interacting spin-1/2 particles and can be treated
classically. After an initial 90° pulse, the nuclear moment is in the transverse plane and
evolves according to the local field. The phase of the particle is simply the frequency of
evolution multiplied by the time. Since the nuclear spins can sample different fields, but
only do so for a time Δt, the phase of a nuclear spin at time t is simply the sum of its
phase history
t

 (t )    B(r ( j )) ,
j 0
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(2.1)

where j is used to index time. B(r) is the z-component of the magnetic field at position r,
γ is the gyromagnetic moment, and φ is the phase of the particle’s nuclear spin. Since we
are interested in the relative phase between two particles and not their absolute phase,
we work in the rotating frame. This frame rotates with the frequency of the nuclear spin
in the main magnetic field (ω0 = γB0). Consequently, the B above measures only the
difference from B0 created by the tissue and SPIONs. From the phase of the individual
nuclear moments, the net magnetization of the voxel can be calculated as their vector
sum

M (t ) 

1 N
 exp(ik (t )),
N k 1

(2.2)

where M is the net transverse magnetization and k is used to index particles with N
indicating the number of particles summed over. Conveniently, the simulated volume
has the typical dimensions of a voxel in MRI experiments of mice (1 mm) and humans
(5 mm), and thus all particles can be summed for a typical voxel response.
The particles may also lose phase coherence near the boundary; for example 129Xe
can enter a dissolved phase in lung tissue [71]. To simulate these and other effects, such
as additional gradients near the tissue boundaries, collisions with tissue were allowed to
give an additional dephasing term. This is simulated as the following: When the particle
takes a step that would place it in lung tissue, it acquires an additional phase uniformly
sampled from the range [-x, x] and is returned to a valid location in free space. By
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varying the parameter x, subsequently called the collisional random phase (CRP), from
zero to π, the strength of the dephasing caused by interactions or the dissolved phase
can be controlled.

2.1.4 Validation
The diffusion, field generation, and evolution can be verified by a few test cases.
First diffusion itself is verified by allowing the particles to diffuse from a single point.
This well-known case of diffusion produces a Gaussian distribution of the particles in ndimensions with a width that scales as the diffusion length, Equation (1.5). This case was
simulated, and the results shown in Figure 3A. As a check on the evolution of the
particles, non-diffusing particles were placed in a cubic or spherical cavity and their
phase evolved under a constant magnetic field gradient. These special cases have an
analytical form (see [61]), and the results are shown in Figure 3B.

Figure 3: A) Distribution of gas particles as they are allowed to diffuse away
from a point source. The simulated discretized diffusion (points) follows the
analytical solution for diffusion (solid lines). B) The free induction decay (FID, or in-
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phase transverse magnetization) in a spherical and cubic cavity in the presence of
constant magnetic field gradient. Simulated magnetization (points) with estimated
error as 1/√N (gray region, with N = number of particles simulated) agrees with the
analytical solution (lines).

2.3 Results and Discussion
To characterize the dephasing of the lung tissue and the SPIONs, the
magnetization from each voxel / experiment was computed and fit to a single
exponential with no offset. This measures the inhomogeneous decay rate T2* which
includes both the reversible contribution (fixed spins in a gradient field), and the
irreversible contribution (diffusion randomly through the gradient field).
The tissue susceptibility, alveolar scale, diffusion coefficient and gyromagnetic
ratio of the gas largely set the dephasing rate. However the collisional random phase
(CRP) gives us a method of fine-tuning dephasing rates to match experiment. Figure 4
shows the T2* times at 1.5 and 3.0 T. As the CRP value is increased additional phase
randomization is introduce at T2* is shortened. In the limit of low CRP values, the T2*
rate plateaus to the rate with no collisional dephasing, and for large CRP values, the
CRP dominates the dephasing rate. This transition is lung-size dependent; for the
smaller sized mouse lung the collisions are more frequent for a larger proportion of the
gas particles and the transition occurs earlier. Figure 4 also shows experimental T2*
values as horizontal lines. These are 25 ms for mouse lung at 2.0 T, and 50 ms and 27 ms
for human lung at 1.5 and 3.0 T, respectively [72]. This gives us a range of CRP from
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0.01-0.03 radians per collision to accurately simulate the decay in both mouse and
human tissue. A value of 0.02 radians per collision was chosen for all subsequent
calculations to appropriately simulate the T2* values.

Figure 4: Varying maximum collisional random phase (CRP) at A) mouse lung
scale and B) human lung scale. Horizontal bars indicate experimentally obtained
values for T2* at different field strengths. For small values of the CRP the T2* rate is
unaffected, but as the maximum CRP increases, it begins to decrease the T2* times,
eventually dominating the T2* decay rate. For the larger human tissue this threshold
occurs at a larger value of the CRP as the larger alveolar spaces means a smaller
fraction of the gas undergoes frequent collisions with the walls. Consequently we can
tune the mouse and human decay rates to a range that matches experiment (dashed
vertical lines).
We now explore the effects of field strength and the presence of SPION to the T2*
decay time. While we speak of the T2* time being the observed decay time, it is also
useful to consider the decay rate and the components of the decay rate: the
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inhomogeneous contribution, R2*, the SPION contribution, R2’, and the collisional
contribution, R2C. When the phase evolution is small, the Taylor series of the
magnetization (Equation (2.2)) is linear in the phase, and the contributions to the
dephasing rate from each of the contributions can be separated

1
 R2 *'  R2 *  R2 ' R2C .
T2 *

(2.3)

The individual components can be separated by performing experiments without
a given feature, for example, to find the effect of R2C, the collisional random phase can be
turned off, and the difference between the experiments yields R2C. Similarly R2’ can be
determined by removing the SPION field. The remainder of the dephasing rate is then
attributed to R2*. Figure 5 shows the dephasing rates broken into these specific
contributions for Xenon at multiple field strengths and a given mass of the
nanoparticles.
As the external field is varied, Figure 5A, the contribution to the dephasing rate
from collisions (green) and SPION (red) stay constant, while the contribution from field
inhomogeneity (blue) increases linearly with field strength as expected from Equation
(1.7). The SPION contribution (red) is consistent as the SPION parameters chosen for
Equation (1.9) saturates before 1 T [70], and therefore is constant across the range of field
strengths displayed.
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When SPION mass is increased with the field held constant, Figure 5B, the
contribution from CRP and the tissue stay constant, while the SPION contribution to the
dephasing rate grows with the mass of SPION and becomes detectible at 100 μg and
noticeable at 500 μg.
Finally, Figure 5C shows an alternative way of presenting this data. Here we plot
the T2* decay times and normalize to the case without SPION. In effect, we plot the
fractional decrease in T2* from the baseline, as might be seen in a clinical study looking
at the negative SPION contrast. Again SPION dephasing is detectable at 100 μg and
increases with SPION mass. However, clearly SPIONs have a much greater impact on
the dephasing rate at lower field strengths. As the external field increases, the SPION
has a lower relative impact on the phase of the diffusing spin than the environment
does. At lower field strengths an equivalent amount of SPION will generate more
contrast compared to the dephasing caused by the surrounding alveolar spaces.
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Figure 5: A) Contributions to the dephasing rate as a function of field strength
with constant 1 mg SPION present. The contribution from collisions (green) and
SPION (red) stays constant as the field increases, however the contribution from
tissue inhomogeneity (blue) increases. B) Contributions to dephasing rate at 1.5 T
with varying mass of SPION. As SPION mass increases the increase in dephasing rate
comes from the SPION contribution (red), which is negligible when less than 500 μg.
C) T2* times in the presence of a SPION of varying mass normalized to the lifetime
without SPIONs present, to highlight the relative sensitivity to the SPIONs at four
different field strengths. The lower field strengths show a greater sensitivity to the
presence of the SPION.
Although these results are obtained scaled for mouse lung, a rescaling of the
geometry can yield information about T2* in lung tissue of larger animals, namely
humans. Figure 6A shows T2* across a range of lung scales including those of mouse, rat,
and human. Again, the data are normalized to the case with no nanoparticle present, so
that we are looking at a measure of contrast (with lower being better). The emerging
trend is that as the alveolar size increases, the same mass of SPION has a diminishing
effect. This trend is understandable as for larger alveolar sizes it is less likely that the gas
particles will spend large amounts of time in the high-gradient field close to the SPION.
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Figure 6: A) T2* lifetimes in the presence of 1 mg SPION normalized to the
lifetime without SPIONs present. Different field strengths are shown as the grid
spacing increases simulating the transition from mouse lung scale to human lung
scale (as measured by mean alveolar size). The relative impact of the SPION is
diminished by moving to larger grid sizes. B) Contributions to the dephasing rate at
1.5 T with 500 μg of SPION at five grid sizes ranging from mouse lung to human lung
scale. The contribution from the collisional factor decreases with the increasing grid
size.
It is then interesting to see how the SPION arrangement can affect the dephasing
times. For instance, could multiple SPIONs counteract the effect of larger alveolar size
by providing more regions of high field near the SPION? This case is explored in Figure
7A. The number of SPION clusters can be increased with a constant total mass of SPION
or with a constant mass per SPION cluster. When the total mass in the voxel is held
constant the effect of dephasing is diminished. This is likely due to the maximum field
gradient diminishing in the local vicinity of each SPION. This can be seen in Figure 7B,
where the distribution of field strengths is plotted for the first three distributions of
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SPION clusters. In the other case, where the total mass is not held constant, additional
SPION clusters do increases the dephasing rate, see the data marked ’10 Heavy’ in
Figure 7A, corresponding to 10 SPION clusters each with the mass of the single cluster.

Figure 7: A) T2* values for different distributions of SPIONs. The 1, 5, and 10
SPION cores indicate the number of SPION cores distributed. The total mass of all
SPION cores is indicated in the legend. The 10 Heavy case gives the T2* times for 10
SPION cores distributed in the sample where each core has a mass given in the
legend. B) Distribution of the magnetic field gradient for 1, 5, and 10 clusters of equal
total mass. As the SPION mass is distributed among more clusters, the maximum
gradient is decreased.
Finally, one of the primary interests of this study was to determine if the contrast
provided by 129Xe is equivalent to that provided by the increasingly expensive and rare
3

He. Table 1 shows T2* times for the four combinations of the gyromagnetic ratio and

diffusion constant, including those of 129Xe and 3He. As may be expected, with increasing
gyromagnetic ratio there is an increase in the dephasing rate, and with an increasing
diffusion constant there is a decrease in the dephasing rate (motional averaging). The net
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result is to give 129Xe a considerably longer dephasing time. This is largely offset by the
reduction in SNR from 129Xe’s lower gyromagnetic ratio, about a factor of 10. Finally,
129

Xe’s lower diffusion constant indicates that it will have a smaller contribution from the

wall-collision dephasing, indicating again that it will have a longer decay time. Hence,
129

Xe should give comparable results to 3He, but with an overall longer T2* time.

Table 1: T2* times (in ms) for combinations of gyromagnetic ratio and diffusion
coefficients. As the gyromagnetic ratio increases, the T2* time decreases, while an
increase in the diffusion coefficient causes an increase in the T2* time. Values are for
3.0 T without the collisional random phase, so the effects of the gyromagnetic ratio
and diffusion are isolated. Error values are the 95% confidence interval of the fit.
Diffusion Constant

0.10 cm2/s

0.24 cm2/s

-203.8 rad/μs/T

46.36 ±0.37

104.98 ±1.15 (3He)

-74.5 rad/μs/T

256.56 ±2.66 (129Xe)

473.58 ±8.08

Gyromagnetic Ratio

2.4 Conclusions and Impact
I present a method which uses a Monte Carlo random-walk method to study the
free induction decay of hyperpolarized 29Xe and 3He in lung tissue, where the primary
component to the transverse relaxation is the inhomogeneity generated by the lung
tissue itself. This model is fine-tuned to match experimental observations of the
hyperpolarized signal decay in the absence of super-paramagnetic iron oxide
nanoparticles (SPIONs). When SPIONs are included to provide additional dephasing,
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the contribution to the dephasing from the lung tissue, SPION, and collisions with the
wall can be isolated from each other. This allows the impact of the SPION to be
accurately judged in a variety of tissue sizes, field strengths, and SPION distributions.
I find that the nanoparticles have a much stronger relative impact on the
dephasing rate for smaller alveoli size, where a larger proportion of gas spends time
around the SPION particle. The impact of the SPION is maximized at lower field
strengths, due to the rapid saturation of their magnetic moment. Similarly, concentrated
nanoparticles have a much larger effect on the dephasing rate than dispersed
nanoparticles. When considering the gas species to use, 129Xe or 3He, it appears that the
fractional increase in the decay rate is equal for either species.
Consequently, it will be more difficult to find an equal concentration of SPION in
human lung tissue than mouse lung tissue. The spatial distribution plays a role as well;
dispersing an equivalent SPION mass amongst the tissue does not affect the T2* time as
much as a single, concentrated, SPION particle. For maximum contrast then, I
recommend that lower field strengths be used in conjunction with SPIONs of high
magnetic susceptibility and targeting efficiency. Additionally, while these findings focus
on SPION nanoparticles in lung tissue, this method could be easily adapted for other
geometries, such as tissue or rock where the inhomogeneous field is created by the
system itself.
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3. Singlet States
While hyperpolarization has allowed the breakthrough of chemical imaging in
MRI, the processes that can be studied are limited by T1, the relaxation time [27]. A
method of extending this time is offered by disconnected eigenstates [43]. In the simplest
form, a disconnected eigenstate is the anti-symmetric singlet provided by two coupled
spins ((αβ-βα)/√2). Due to the symmetry of the state, it has no dipole moment, is immune
to several relaxation mechanisms, and can be particularly long lived [73]. An example of
this is parahydrogen, which can persist for weeks before relaxing back to a mix of orthoand parahydrogen [33]. However, the singlet state is disconnected – RF pulses in a
spectrometer act through the dipole moment as well, and the singlet state is not directly
accessible by NMR [74].

3.1 Introduction
This chapter explores how systems larger than just two spins can support
disconnected eigenstates with singlet character, and how these states can be accessed
and probed experimentally. First, we must introduce the idea of chemical and magnetic
equivalence. As introduced in Chapter 1, the chemical shift arises from electronic
currents induced in the molecule by the main magnetic field adjust the magnetic field
and resonance frequency at each nuclear site. If two nuclei are related by symmetry,
however, then their chemical shifts will be equal. Two spins are magnetically equivalent
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if their J-couplings to all other spins in the system are equal. An example would be a
methyl group where each proton is coupled equally to the other spins in the system. To
label such systems, I introduce the AB notation of Pople [40]. In this notation, letters
close to each other (A, B, C… and X, Y, Z…) denote nuclear species that are close in
resonance frequency (eg; separated by a chemical shift). Spins with a different Larmor
frequency (eg; different nuclear species) are separated further in letter distance (A vs. X).
Finally, we use primes (eg; A’) to indicate a spin that is chemically equivalent, but
magnetically inequivalent to the other A nuclei.
Figure 8 shows a few of these spin topologies. The first is the AB system or two
chemically inequivalent spins. Here the species are the same (15N in the figure), but they
have slightly different resonance frequencies owing to their different locations in the
compound. The second spin system demonstrated is an A2 system, which is both
chemically and magnetically equivalent. In this system, there is no way to separate the
signal from either of the MR active spins. Note than when the magnetic field approaches
zero, the chemical shift vanishes and AB spins systems become A2 spin systems. We can
introduce a different species (1H and 81Br in Figure 8C and D), calling for a new, and
now distant, letter (X). The nuclei of each type are related to each other by symmetry
operations, making them chemically equivalent. In Figure 8C, the symmetry is such that
each A nucleus couples to each X nucleus identically, making it magnetically equivalent
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as well. Hence this is an A2X2 system. Finally, Figure 8D shows a chemically equivalent
but magnetically inequivalent spin system. The A spin is coupled to one X spin through
one carbon, but the other X spin through two carbons. Hence the AA’XX’ label.

Figure 8: Example spin systems key to atomic coloring; 1H (white), 12C (light
gray), 15N (blue), 16O (red), and 81Br (dark red). A) An AB spin system, nitrous oxide, B)
an A2 spin system, water, C) A2X2 spin system, dibromomethane, and D) and AA’XX’
spin system, dibromoethylene. The different J-couplings are highlighted here as Jn
and Jf.
Of the four spins systems shown in Figure 8, B and C support true singlet
eigenstates in the spin system. In D, the magnetic inequivalence causes slight mixing
between the singlet state and the triplet states. This mixing provides a handle by which
population can be moved into the disconnected state. This chapter will introduce the
Hamiltonian of the AA’XX’ system, which will make clear the uniqueness of the
disconnected state. Then it will introduce two mechanisms by which population can be
moved into the disconnected state. Finally, a brief overview of relaxation mechanisms
will be provided to help understand why the disconnected state has a longer lifetime,
and what mechanisms will be important in determining this lifetime.
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3.2 Transitions to the Disconnected States
3.2.1 The System Hamiltonian
Of the spin topologies described in Figure 8, many have been explored in the
literature [41,45,75]. In particular, the all spin-1/2 AA’XX’ system is the basis for the
subsequent experiments in this thesis, and will be used to demonstrate how population
can be transferred into the protected singlet state.
We begin with the Hamiltonian for an isolated AA’XX’ system as an isotropic
liquid with no external field

H  H 0  Hinteraction ,

(3.1)

where H0 is the Zeeman term

H0  H0 A  H0 X

 I  I1z  I 2 z   S  S1z  S2 z  .

(3.2)

Here, I have introduced the notation of using I for the Pauli matrices of the first nuclear
species, A, typically 13C or 15N, and S to denote the same for the, X, typically 1H. The
numeric index distinguishes between the two nuclei of the same species. Since A and A’
(or X and X’) are chemically equivalent and share the same frequency splitting, ωS (ωI) is
used to denote their Larmor frequency.
The interaction term contains the scalar couplings between the nuclei
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H interaction  H AA  H XX  H AX
 2 J AA I1  I 2  2 J XX S1  S2

(3.3)

2 J n  I1  S1  I 2  S2   2 J f  I1  S2  I 2  S1  ,

where JAA indicates the coupling between the two A spins, and JXX similarly describes the
X spins. There are two distinct couplings between the A and X nuclei denoted as the
near and far couplings (Jn and Jf, see Figure 8). Since the system is magnetically
inequivalent these are distinct.
I would now like to build up a physical interpretation of this system, starting
with the uncoupled case, and building to the fully coupled case. To describe the 16 spin
product states, I use the spin state of the A spins followed by that of the X spins. These
are written in the singlet-triplet eigenbasis represented by the notation Jmk, where J
represents the combined angular momentum for the k nuclei, and m the projection along
the z-axis

T  
T0 

1
2

 

T  
S0 

1
2

 

 



(3.4)

   .

The energy levels of the uncoupled case are illustrated in Figure 9A. The S0 and
T0 states are degenerate. Transitions between the states correspond to a single spin flip
on either A (split by frequency ωI) or X (split by ωS). Note, the antisymmetric singlet
state does not have a magnetic dipole moment connecting it to the triplet states.
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Figure 9: Energy levels for several different Hamiltonians. States are specified by the spin product states the angular
momentum projection (T+, T0, T-, S0) of the A nuclei followed by the X nuclei, for example; J mA J mX  T1S0 . Horizontal black lines
indicate energy levels, horizontal gray lines indicate the energy levels of the previous case, solid double-headed arrows indicate
allowed transitions, dashed arrows indicate forbidden transitions, and single-headed arrows indicate energy shifts from the
previous level. A) The A2X2 spin system with no scalar couplings between the nuclei. There are two frequencies present, a spin
flip of an A nucleus (with frequency ωS) and a spin flip of an X nucleus (ωI). B) Introducing scalar coupling between the A spins
shifts the singlet states by (-3πJAA/2) and the triplet states by πJAA/2. C) Introducing homonuclear coupling between the X spins.
The singlet-triplet basis is now the eigenbasis for the X spins as well. The state S0S0 is now completely disconnected from the
system. D) The introduction of the HΔJ and HΣJ terms breaks magnetic equivalence and allows weak mixing between the
disconnected eigenstates. The other states also undergo energy shifts, which are illustrated, but will not be commented on.

Next, consider the case with only the homonuclear scalar couplings

H  H A0  H X 0  H AA  H XX .

(3.5)

Figure 9B and C illustrate this incrementally. First we apply only the JAA coupling. The
states with an A triplet are shifted up in energy by
singlet are shifted by

 J AA / 2

and the states with an A

3 J AA / 2 . The triplet and singlet states are inequivalent by

symmetry; the singlet is antisymmetric under exchange of the spins while the triplet is
symmetric. Consequently, there is only a magnetic transition moment between the
triplet states. Since the triplets are shifted by the same amount, the energy separation is
still ωI. In Figure 9C, the JXX coupling is introduced. Again, transitions cannot occur
between the triplet and singlet states. It is now easy to see that the state S0S0 is
disconnected from the rest of the system.
We now come to the heteronuclear interaction term

H AX  2 J n  I1  S1  I 2  S2   2 J f  I1  S2  I 2  S1  .

(3.6)

The dot products can be expanded into

H AX  2 J n  I1z S1z  12  I1 S1  I1 S1   I1z S1z  12  I1 S1  I1 S1  
2 J f  I1z S2 z  12  I1 S2  I1 S2   I 2 z S1z  12  I 2 S1  I 2 S1   ,

(3.7)

which is a combination of the z-projection operators and a combination of the raising
and lowering operators

I   I x  iI y ,
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(3.8)

and similarly for the S spins. By treating this as a perturbation, we can apply
perturbation theory to the SzIz and flip flop (raising and lowering) terms separately. For
the z-component, there is no change of state and the energy shift is a first order effect
and is kept. However, the flip-flop term connects different states. Moreover, these are
the heteronuclear I and S states, which are well separated in frequency in the high field
limit. Consequently, we can safely neglect this second order effect since |ωI - ωS| >> 2πJ.
This is not the case in the low field limit, and will be considered in the context of SABRE
in Chapter 6. In the high field limit, the interaction terms splits into sum and difference
terms with respect to the near and far J-couplings

H AX  2 J n  I1z S1z  I 2 z S2 z   2 J f  I1z S2 z  I 2 z S1z 
 2  J n  J f

I

1z

 I 2 z  S1z  S2 z   2  J n  J f

I

1z

 I 2 z  S1z  S2 z 

(3.9)

 H J  H J .
The first term, HΣJ, selects out the projection of the angular momentum, shifting T+ and Tapart in energy and leaving T0 and S0 unaffected. The second term, HΔJ, connects the T0
and S0 states (Figure 9D). In particular, we show the two, two-level systems that are
connected by HΔJ below. These are

T0 S0
T0 S0
S0T0

S0T0

 12  J AA  32  J XX

J


and
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J
  J AA  12  J XX
3
2

,



(3.10)

T0T0
T0T0
S0 S0

S0 S0

J
 12   J AA  J XX 
.


J
 32   J AA  J XX  


(3.11)

Note that in the case where JXX << JAA, these two matrices become identical.

3.2.2 The Bloch Sphere Connecting Triplet to Singlet States
To visualize the dynamics, we can construct a Bloch sphere from the two level
systems. For illustration, consider the second of these systems. It can be re-written;

 2  J AA  J XX  E    J AA  J XX   z  J   x

(3.12)

The identity, E, commutes with all terms and is subsequently neglected, while σi are the
Pauli matrices. The Bloch sphere corresponding to these two states and the Hamiltonian
connecting them is shown in Figure 10A.
The σx component of the Hamiltonian, means that a state starting in pure triplet
(T0T0) will precess (Figure 10B) with a frequency given by

f 

 J AA  J XX    J 
2

2

,

(3.13)

and a maximum excursion from the starting state



J
2  2arctan 
 .
   J AA  J XX  
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(3.14)

Figure 10: Bloch sphere for the 2-level system described in Equation (3.12)
connecting T0T0 to S0S0. A) Free precession under the system Hamiltonian. B) A 180°
pulse inverts the x- and y-components of the density matrix. When timed correctly,
this occurs at the point of maximum excursion from the triplet state and can slowly
‘walk’ the density matrix to the singlet (C).
Under a 180° pulse (an inversion of    ), T+ and T- are interchanged, the T0
state is unaffected, and S0 acquires a π phase (S0 becomes -S0). This reflects the current
state vector about the y-z plane. As a consequence, the state vector can be rotated from
the T0T0 state to the S0S0 state by a series of 180° pulses spaced by the time it takes for the
state to reach maximum excursion from the z-axis (τ/2 = 1/(2f)). For full inversion the
number of pulses is given by; 2nθ = π. This process is illustrated in Figure 10C.

3.2.3 Populating the Singlet State from Thermal Equilibrium via the
Magnetization to Singlet Pulse Sequence
Now that we have identified how RF pulses provide a handle for connecting
triplet states and singlet states, all that remains to be shown is how population can be
transferred into these states. To make the analysis more straightforward, consider the
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case where JXX = 0 and the two resonance conditions in are degenerate. Now consider the
pulse sequence shown in Figure 11, where the density matrix will be examined at a few
points over the course of the sequence.

Figure 11: Magnetization to Singlet (M2S) pulse sequence. This sequence
transfers z-magnetization into singlet population. The text describes the density
matrix at the points marked by ρi. The time-inverse of this sequence (S2M) extracts
singlet population into thermal population, which can then be measured with a
pulse-acquire. Together these are referred to as magnetization to singlet to
magnetization, or MSM.
We start from the equilibrium reduced density matrix, including the population
terms resulting from the different gyromagnetic ratios

0   A I z   X S z

  A  I z   X  A Sz 

(3.15)

 I z  GS z .
In moving from the second to the third line, I eliminate the overall amplitude factor ΔA,
and introduce a factor of the ratio of the gyromagnetic ratios, G. The 90°-y pulse rotates I
magnetization into coherences between the I triplet states
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1  I x  GS z .

(3.16)

It is now useful to express this state as a sum of the individual components. Note that
the next step is a 180° CPMG train, which refocuses, but does not otherwise affect Sz.
Hence, we write only the Ix term below, which consists of the 1-quantum coherences
between the triplet states

1 

1
2

 TT T0T  TT0 T0T0  TT T0T  T S0 T0 S0

 T0T TT  T0T0 TT0  T0T TT  T0 S0 T S0  C.C. .

(3.17)

The first CPMG train performs a π rotation in the Bloch spheres, rotating

T0 S0  T0 S0 and T0T0  S0 S0 . After this first train of pulses we have the density
matrix is

2 

1
2

 TT T0T  TT0 S0 S0  TT T0T  T S0 S0T0

 T0T TT  S0 S0 TT0  T0T TT  S0T0 T S0  C.C. .

(3.18)

Before propagating the density matrix through the 90°-x pulse, note that the coherences
which do not contain singlet character (those without S0) are oriented in x-phase already,
and so will only pick up an overall phase factor. The subsequent series of 180° pulses
will refocus them later. As such, these will not contribute to singlet population.
Subsequently, we reduce the density matrix to only consider those with singlet character

2,red 

1
2

 TT0 S0 S0  T S0 S0T0  S0 S0 TT0  S0T0 T S0  C.C  . (3.19)

The 90°-x pulse then rotates these states

3  i  T0T0 S0 S0  T0 S0 S0T0  C.C  .
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(3.20)

Free evolution by a time τ/2 adjusts the phase of the conjugate giving an in phase term

4.  T0T0 S0 S0  T0 S0 S0T0  S0 S0 T0T0  S0T0 T0 S0 .

(3.21)

Finally, the second CMPG train is equivalent to a rotation by π/2 about the y-axis in the
singlet-triplet Bloch spheres. For example, this takes T0T0 

S0 S0 

1
2

 TT

0 0

 S0 S0

1
2

 TT

0 0

 S0 S0

 and

 , and similarly for the other Bloch sphere. This leaves

population in the A singlet

5  T0T0 T0T0  S0 S0 S0 S0  T0 S0 T0 S0  S0T0 S0T0 .

(3.22)

In order to convert the state back from singlet population to observable
magnetization, this sequence can be time-inverted, and the first 90°-y pulse omitted,
leaving Sx. Initially, we assumed that JXX = 0. In the case where this is not true, the Bloch
sphere connecting the singlet to triplet states are not identical, resulting in separate
waiting periods (τ) and numbers of pulses (n) to transfer population into the A singlet.
Hence, population can either be moved into the S0S0 singlet, or the S0T0 singlet, but not
both simultaneously. Additionally, if the pulse sequence is performed with pulses set to
the heteronuclear frequency (S), the singlet state population generated will acquire a
factor of G. In the case of I being 13C and S being 1H, this is a factor of; ~42 MHz/T / 10
MHz/T = 4.2.
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3.2.4 Populating the Singlet State from Thermal Equilibrium via Spin
Lock Induced Crossing
As an alternative to the MSM sequence described above, which uses a series of
high power, broad band pulses, we consider an alternative method of generating the
singlet, Spin Lock Induced Crossing (SLIC). This consists of a single low-power RF pulse
that shifts population into the singlet state. First, it is useful to write the S-spin in the X
basis. Similar to the singlet-triplet basis above, the two coupled S spins from a spin-1
and a spin-0 particle. The spin-0 is insensitive to the quantization axis, and remains
unaffected, while the spin-1 how has projections of 1, 0, and -1 along the x-axis (instead
of the z-axis for the singlet-triplet basis)

X 1 
X0 
X 1 
S0 

1
2

     
    
     
     .

 



 



1
2
1
2

(3.23)

1
2

As may be expected, x-phase CW RF irradiation appears along the diagonal in the X
basis

X 1
X 1
H RF  1 I x  X 0
X 1
S0

1

0
1 
0

0
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X0

X 1

0
0

0
0

0
0

1
0

S0
0

0
0

0

.

(3.24)

However, we must also rewrite the two-level systems described above in this basis set.
Note that the X basis mixes the triplet states, yielding a four-by four matrix from the
two-level systems from above

X 1T0
X 1T0
X 0T0
X 1T0
S0 S0

X 0T0

 2  J AA  J XX 

J
2


0

J
2


X 1T0

J

2

 J AA  J XX 

2

J
2

2  J AA  J XX 



J
2

 J

0



0
 . (3.25)


J


2

 32  J AA  J XX  
J

0

2

S0 S0

2

While this looks imposing, if we pull out a factor of (π/2)(JAA + JXX) E and add in the CW
locking field above

X 1T0
X 1T0
X 0T0
X 1T0
S0 S0

 1
 J
2

 0
 J
2


X 0T0

J

X 1T0

2

J

0

2

J
2

0



0
,


J


2

2  J AA  J XX  
J

0

2

S0 S0

1
 J 2

(3.26)

the presence of ω1 on the diagonal indicates that the diagonal elements of this matrix can
be controlled by the RF power. Consider the lower two states when
ω1 = γBRF = 2π(JAA+JXX), then the matrix connecting the two becomes

X 1T0
X 1T0
S0 S0

S0 S0

 2  J AA  J XX 
J 2 


 J 2


2

J

J


AA
XX 

 2  J AA  J XX  E  J
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2  x.

(3.27)

Which indicates that in the Bloch sphere connecting these two states the Hamiltonian is
entirely along -x, and will rotate the state X 1T0 into S0 S0 after a time

 SLIC  1 2 f  1
.
J 2

(3.28)

This is demonstrated in Figure 12. Similarly, if we apply irradiation 180° out of phase
(with a –x phase) we connect the state X 1T0 with S0 S0 .

Figure 12: Bloch sphere for the 2-level system in the SLIC (X) basis set. A) The
unperturbed Hamiltonian. B) RF irradiation (yellow) cancels out the vertical
component of the system Hamiltonian (red) leaving the net effective Hamiltonian in
the plane (blue). Precession then occurs around this Hamiltonian transferring
population to the singlet state. C) After the SLIC pulse finishes, population continues
precession around the singlet state.
A similar construction may be followed for the second system to obtain
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X 1S0
X 1S0
X 0 S0
X 1S0
S0T0

 1
 J
2

 0
 J
2


X 0 S0

J

2

J
2



0
.
J

2

2  J AA  J XX  
2

J

0

S0T0
J

0

2

0

X 1S0

1
J

2

(3.29)

Which transfers X 1T0 into S0 S0 at the same frequency as above.
Now consider the sequence to translate magnetization to singlet population
shown in Figure 13.

Figure 13: The SLIC sequence that transfers z-polarization into singlet
population. The text describes the density matrix at the points marked by ρi.
Again, for simplicity assume JXX = 0, and start from the equilibrium reduced
density matrix, and apply an x-pulse

0  I z  GS z
1  I x  GS z .

(3.30)

In terms of the coherences this is

1  X T X T  X To X To  X T X T  X  S0 X  S0
 X T

X T  X To X To  X T X T  X  S 0 X  S 0 .
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(3.31)

The low power RF x-pulse converts X T0  S0 S0 and X  S0  S0T0 , which leaves
population in the singlet state

2  S0 S0 S0 S0  S0T0 S0T0 .

(3.32)

Again, this sequence can be performed on the S nuclei as well, resulting in an
enhancement of G for the population of the final singlet state.
One advantage SLIC has over MSM is that the power dissipation in the system is
reduced. This is characterized by the specific absorption rate (SAR) and scales as the
square of the induced electric field times the duty cycle, hence it is proportional to the
peak power squared. As a concrete example, consider a system with JAA = 160 Hz, JXX = 0
Hz, and ΔJ = 4 Hz. This would require 1.5·n = 63 180° pulses with a spacing τ = 3.1 ms. A
typical spectrometer has a 100W amplifier, which if run at half power would give a 180°
pulse time of ~50 μs (a 20 kHz Rabi frequency), and a duty cycle of 1.6·10-4. If composite
180° pulses are used, this duty cycle would approximately double. Compare this to the
SLIC power of 1.6 W (160 Hz Rabi frequency) and a duty cycle of unity (CW
application). In this case the ratio; SAR(MSM) / SAR(SLIC) = 2.6.
Conversely, the 180° pulses in MSM are broadband, using the 50 μs pulse time
above gives a bandwidth of 5 kHz) and can affect the triplet-singlet transition even if
they are not on resonance. The SLIC pulse has a narrow bandwidth (2 Hz for the
duration described above), and must be precisely on resonance. This limitation can be
largely overcome with adiabatic pulses.
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One of the common adiabatic pulses performs a 180° inversion of a wide
bandwidth. This is done through a hyperbolic secant in amplitude and tangent in
frequency shaped pulse [76,77]



1 (t )  1max sech   2t / Tp  1







RF (t )  c  A tanh   2t / Tp  1 ,

(3.33)

where ω1max is the maximum RF power, ωc the center frequency, Tp the duration of the
pulse, and β and A adjustable parameters. In the rotating frame, the pulse is initially
(t = 0) far off resonance, and the effective Hamiltonian is along the z direction. As the
pulse reaches the halfway point (t = Tp/2), the effective Hamiltonian is along x, and
finally returns to -z at the end of the pulse (t = Tp).
For the SLIC Hamiltonian shown in Figure 12, the sech/tanh pulse above fails. In
the traditional Hamiltonian, the ωRF term provides a detuning that aligns the effective
Hamiltonian along z while ω1 provides rotation about the transverse plane. However, in
the SLIC Hamiltonian the RF field acts along the diagonal (z in the Bloch sphere) and the
rotation is provided by the fixed  J / 2 term. This simple mapping would indicate
that the magnitude of the RF field can replace the frequency sweep above to provide an
adiabatic pulse

1 (t )  c  A tan   (2t / Tp  1)  .

(3.34)

In particular, an initially zero amplitude leaves the Hamiltonian oriented mostly along z.
At the critical value, c  2  J AA  J XX  , the Hamiltonian is oriented along x. At large
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amplitudes of RF power the effective Hamiltonian is large and negative. The value β
restricts the domain of the tangent to its well behaved region. Figure 14 illustrates this
process.

Figure 14: The adiabatic SLIC process. A) Initially a low ω1 amplitude leaves
the effective Hamiltonian essentially along the unperturbed Hamiltonian. B) As the
power increases, the effective Hamiltonian changes direction until it is only in the x-y
plane. The density matrix adiabatically follows this change. C) The pulse ends with a
large ω1 value, orienting the effective Hamiltonian along the singlet, and leaving the
density matrix in the singlet state. D) After the adiabatic SLIC pulse the density
matrix continues to precess around the initial Hamiltonian.

3.4 Relaxation Mechanisms and Field Dependence
Now that we have shown that singlet states can be generated in chemically
equivalent spin systems, the relaxation properties of these states will be briefly
discussed. Fundamentally, relaxation in MR comes from fluctuating microscopic
magnetic fields. To characterize these fields, it is useful to consider the autocorrelation of
the field
56

G    BT 2 e

  / c

(3.35)

,

where BT is the transverse field amplitude, τ is the time difference between the field and
itself in the autocorrelation,   t  t ' , and τc is a correlation time that characterizes the
rate of the fluctuation. In general, with no time offset the field is perfectly correlated
with a copy of itself, and at long times has no correlation with itself. Hence an
exponential decay is used to characterize the autocorrelation. We are interested in fields
that have a fluctuation at a frequency which can induce transitions between states (the
Larmor frequency). This can be determined by obtaining the Fourier transform of the
autocorrelation function


J     G ( )ei d  2 Bx 2
0

c
.
2
1   c 

(3.36)

The transition rate at the Larmor frequency is then

1
W   2 Bx 2 J ( ),
2

(3.37)

from which we can calculate a relaxation time

dM z
1
 2W ( M z  1)   ( M z  1).
dt
T1

(3.38)

3.5.1 Relaxation Mechanisms
With this rudimentary theory, it is possible to consider the functional form of a
few of the common relaxation mechanisms to assess their impact on the disconnected
singlet state [73]. These are, in typical order of magnitude; dipole-dipole relaxation,
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chemical shift anisotropy, spin rotation, and scalar relaxation of the first and second
kind.
In dipole-dipole (DD) relaxation, two nuclei interact through their dipolar field.
The probability of a transition with this relaxation mechanism scales with the
gyromagnetic ratio of each species and the inverse of the distance between them raised
to the sixth power

W   I S r6 .

(3.39)

It is also important to distinguish between intramolecular DD relaxation and
intermolecular DD relaxation. The intramolecular DD relaxation of the spins with each
other in a two-spin system is symmetric with respect to spin-exchange. As a result
intramolecular DD relaxation cannot convert singlet population (antisymmetric with
spin exchange) to triplet population (symmetric with spin exchange) [78]. Hence, this
relaxation mechanism is suppressed for the singlet states described above, and is the
major reason why they have substantially longer lifetimes. Intermolecular DD
relaxation, however, does not have this restriction and can affect the two singlet spins
differentially. However, the inverse-scaling of the distance, means that relaxation by
other molecules can be reduced by ‘shielding’ the singlet spins with the molecule. For
example, the distance of closest approach of dissolved molecular oxygen can be limited
with bulky substituent groups and thereby reduce the relaxation rate.
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The chemical shift tensor for a tumbling small molecule is given by the isotropic
chemical shift

 iso 

1
 XX  YY   ZZ  ,
3

(3.40)

where δii are the principle components of the tensor (oriented so the largest component
is δZZ). The chemical shift anisotropy (CSA) is the deviation of the largest chemical shift
from the isotropic value

  ZZ   iso .

(3.41)

In CSA induced relaxation, the transition rate scales as a function of the CSA of the
nuclei

W   I  S B0  f   I ,  S ,   ,
2

(3.42)

where the principle axes of the CSA tensors are separated by the Euler angle

  0, ,0 . For Θ = 0, CSA is symmetric under the interchange of the nuclei, and there
is no contribution to relaxation [73]. Fluctuations in the molecular geometry, such as
those shown in Figure 15, can create the conditions for CSA relaxation of the singlet.
Note also that this mechanism has a quadratic dependence on the field strength, and can
be reduced by going to lower field.
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Figure 15: The chemical shift tensor visualized for an AA’X2X2’ spin system. A)
The system in a configuration where inversion about the molecular center is a
symmetry operation. In this case chemical shift anisotropy will not contribute to
relaxation. B) The system in a configuration where inversion is not a symmetry
operation. Now the orientation of the chemical shift tensor on the two nuclei
supporting the singlet state (A and A’) are oriented separately (the principle axes,
black lines in B, are extended for clarity) by an angle Θ and can play a role in relaxing
the singlet state.
Finally, only a qualitative look will be taken for the remaining relaxation
mechanisms. Spin rotation (SR) deals with portions of the molecule acting as rotors (eg;
the rotation of a methyl group) and depends linearly on the temperature of the system.
Scalar relaxation of the first kind (SRFK) comes from the modulation of J-couplings as a
nucleus attaches and detaches from the compound. This can be avoided by choice of
compounds which lack rapid exchange, water would be a strong counter-example.
Finally, scalar relaxation of the second kind (SRSK) comes from the modulating of Jcouplings to a rapidly relaxing nuclei of similar gyromagnetic ratio. For example, 79Br
(spin-3/2, γ = 10.67 MHz/T) rapidly relaxes and oscillates between its spin states and can
have a strong SRSK effect on a nearby 13C (spin-1/2, γ = 10.7 MHz/T) nuclei (Br can
replace the proton in many chemical structures). These are the primary relaxation
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mechanisms returning spin-polarization to its equilibrium value. With the exclusion of
dipole-dipole relaxation by the symmetry of the singlet state, the lifetime can be greatly
increased.

3.5 Conclusions
This chapter has introduced the notation and outlined the mechanisms of the
pulse sequences used for populating singlet states presented in the later chapters. The
notation for chemically equivalent, but magnetically inequivalent compounds is
introduced. The energy levels of nuclear spins in such compounds is shown to support
disconnected eigenstates. These eigenstates can be accessed through radiofrequency
pulse sequences which exploit the difference in couplings between the nuclei. This is not
only the case for small spin systems, but is generalizable to large spin systems as well.
Finally, a brief overview of relaxation theory shows that intramolecular dipole-dipole
relaxation is removed, giving rise to the enhancement in lifetime. However,
intermolecular dipole-dipole relaxation, chemical shift anisotropy, and other relaxation
mechanisms may still affect the lifetime of the singlet. With this framework in place, I
will now show how they may be implemented in practice to identify disconnected
eigenstates at natural abundance and how this framework can be extended to spin-1
nuclei in the following chapters.

61

4. Detecting Singlet States without Isotopic Labeling
4.1 Introduction
Creating specific spin-states that either lack or have weak dipole moments allows
the storage of magnetization for longer than the spin-lattice relaxation time, T1. These
states have been demonstrated on 1H [79,80], 13C [45,78,81–83], 15N [46,84,85], and could
extend to other MR active nuclei, such as 19F as well. Of these, 13C and 15N have a smaller
gyromagnetic ratio and hence longer T1 lifetimes, and potentially even longer singlet
state lifetimes. However, they require specific site labeling with the spin-1/2 isotope.
Creating labeled molecules can rapidly become prohibitively expensive. Furthermore,
labeling is not a guarantee that the lifetime of the disconnected spin state exceeds the
spin-lattice relaxation time.
The cost of synthesis can be largely neglected when only a few specific molecules
are being produced. However, there are many cases in which it would be useful to
screen a family of compounds. In particular, this would prove advantageous for refining
the theory of disconnected eigenstates. There are good indicators for what makes for a
long disconnected state lifetime. Specifically a high molecular symmetry with an
inversion center and low chemical shift anisotropy. However, a systematic variation of
parameters allows for a more complete understanding of what contributes to a long
lifetime for a disconnected eigenstate. Indeed, it is not entirely understood why one of
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the best performing molecules to-date, diphenyl acetylene, has such a long singlet
lifetime.
It is not entirely uncommon to use unlabeled compounds for NMR experiments.
For example, the NOE (Nuclear Overhouser Effect) increases sensitivity to low-γ
nucleus (eg; 13C) by transferring polarization from a high-γ nucleus (1H) via cross
relaxation. Similarly, the INEPT (Insensitive Nuclei Enhancement by Polarization
Transfer) pulse sequence can transfer polarization between nuclear species.
INADEQUATE (Incredible Natural Abundance DoublE QUAntum Transfer
Experiment) allows measurements of one-bond carbon-carbon couplings at natural
abundance. Using natural abundance for a measurement of the disconnected eigenstate
is quite feasible. At high field (700 MHz) 13C at natural abundance yields an SNR of ~200.
Consequently, the doubly-labeled group would give an SNR ~1. With suppression of the
singly labeled species and sufficient averaging, it is conceivable that a natural
abundance singlet measurement is possible.
In this section, proof of principle results will be shown for spin systems of the
form AA’XnX’n with n equal one through four. To verify the lifetimes obtained at natural
abundance, I perform comparison to labeled compounds in two cases. Many of these
lifetimes are several times T1, but several are comparable to T1, indicating that
considerable time and effort was saved by not creating the labeled compound. A family
of compounds similar to DPA is tested, and allows the theory to be rigorously tested
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and improved. The largest drawback of this method, is the high concentrations that have
to be used for appropriate SNR levels, and highlights the importance of intermolecular
dynamics in relaxation of the singlet state.
Much of the content of this chapter has been published in [86]. The author would
like to acknowledge the assistance of Yesu Feng and Thomas Theis for designing the
adiabatic pulse and the labeled samples, Dave Gooden for synthesis of diacetylene and
diphenyl acetylene.

4.2 Experimental
I study eight different compounds in this chapter which are shown in Figure 16.
A few specifics should be noted here. First, many of the compounds are symmetric
either through inversion, or reflection across a plane. This gives the symmetry needed
for the chemically equivalent carbon nuclei to support the singlet state described in
Chapter 3. They are, however, coupled differently to the protons in the rest of the spin
system. These couplings are highlighted in Figure 16. Using the notation of Chapter 3,
these are all AA’XnXn’ (except for Figure 16E, which has a slight chemical shift between
the carbon nuclei) spin systems where A represents the 13C nuclei, X the proton, and n
the number of protons that are chemically equivalent and coupled identically to the A
nuclei. This ranges from two protons in diacetylene to eight in naphthalene. Table 2 lists
the compounds, their concentrations, solvents, and the coupling parameters for the
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experiments presented in this chapter. In general, natural abundance samples were
dissolved to saturation.

Figure 16: The molecules used in this study with the relevant J-couplings
highlighted. Carbon appears as gray, oxygen as red, and hydrogen as white. The two
carbon nuclei that support the disconnected eigenstate are highlighted in dark gray.
Carbon-carbon couplings are denoted by the solid line, the near heteronuclear
coupling by the dashed line, and the far heteronuclear coupling by the dotted line.
The values of the couplings can be found in Table 2, and are shown explicitly for A)
diacetylene. B) Diethyl oxalate (DEO). C) Biphenyl. D) Diphenyl acetylene (DPA). E)
DPA-butanoic acid. F) Diacetyl. G) Dimethylmaleic anhydride (DMMA). H)
Naphthalene. Note four distinct couplings for naphthalene are grouped into the two
strong couplings ~7 Hz, and the two weak couplings ~1 Hz.
Table 2: Samples, solvents and concentrations tested in this chapter. All
compounds are chemically equivalent except for the 13C2-DPA-Butanoic acid. The spin
system size denotes the subscript for the AA’XnX’n notation. Where possible the JCH
and JCH’ values were read out from the spectrum. In some cases the resolution was not
possible to determine the couplings accurately. In these cases theoretical values were
obtained using a Gaussian simulation (indicated with *, see text for details).
Sample

Spin
System
Size (n)

JCC (Hz)

JCH (Hz)
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JCH’ (Hz)

Solvent

Concentration

Diacetylene

1

154

52

-6.4

CDCl3

15 M

Diethyl oxalate
(DEO)

1

101.6

3.4

-0.3

CDCl3

4.3 M

C2-DEO

1

101.6

3.4

-0.3

DMSO

0.68 M

Diphenyl
acetylene
(DPA)

2

181.8

5.4

-0.42

CDCl3

3.4 M

C2-DPA

2

181.8

5.4

-0.42

CDCl3

1.1 M

13

C2-DPAButanoic acid

2

190

4.7

-0.4

CDCl3

0.8 M

Biphenyl

2

57*

4.05*

1.14*

DMSO

1.99 M

Diacetyl

3

47

6.3

-1.05

Neat

11.5 M

Dimethylmaleic
anhydride
(DMMA)

3

68

7.6

-5.6

DMSO

3.37 M

Naphthalene

4

54*

8.2*

2.9*

CDCl3

2.6 M

6.1*

-1.2*

13

13

4.2.1 Experimental Setup
Experiments were performed on a commercial 16.44 T (700 MHz) Bruker Ascend
Spectrometer with a cryo-probe running Topspin 3.1 (Billerica, Massachussets).
Standard pulse sequences were used to for pulse-acquire and inversion-recovery (T1
lifetime) measurements. Singlet measurements were performed using custom pulse
sequences described below. The pulse sequence files may be found in Appendix A.
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Samples were temperature controlled to room temperature, except for
diacetylene, which was held at 4° C, well below the 10° C boiling point. Acquisition
times for many of the singlet lifetime measurements exceeded dozens of hours. As such,
a deuterium lock was used to counteract the field drift during the experiments.
Negligible drift was confirmed through the use of pulse-acquire spectra before, after,
and between experiments.

4.2.2 Pulse Sequences and Data Processing
In the experiments performed in this section, magnetization is converted to
singlet order using one of two sequences; the magnetization-to-singlet (M2S) and spinlock induced crossing (SLIC). The singlet is allowed to persist for a time τr after which it
is converted back to magnetization with singlet-to-magnetization (S2M) or SLIC. The
general behavior of how these pulse sequences transfer magnetization into singlet order
is discussed in Chapter 3. In this section, I lay out the experimental implementations of
these sequences, including considerations for detection at natural abundance. Figure 17
outlines one implementation of the pulse sequences used here. All pulse programs with
descriptions may be found in Appendix B.
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Figure 17: A complete pulse sequence for the measurement of the singlet
lifetime. In this sequence, proton magnetization is created then used to create singlet
population via an adiabatic SLIC (adSLIC) pulse. A gradient is applied, which wipes
out any residual transverse magnetization. The singlet state is left unaffected as it
does not have a dipole moment and is left to persist for a time τr. At the end of this
time, a series of composite-90° pulses and gradients are applied on the detection
channel. These eliminate any carbon magnetization that recovered over the previous
interval. The singlet state is then converted to observable magnetization by another
adSLIC. During detection, the proton nuclei are decoupled with a WALTZ-16
sequence. This provides broad-band decoupling at a reasonably low power level. The
overall phase of the adSLIC pulse can also be cycled to further suppress any nonsinglet magnetization. The sequence is then repeated for another value of τr and
through this method the decay rate of the singlet may be measured.
As shown explicitly in Figure 17, the pulse sequence begins with a segment to
generate singlet order on either proton or carbon. Performing the segment on the proton
channel has the advantage that the higher gyromagnetic ratio of the proton generates a
larger singlet population (see Section 3.2.3 for details). Generally, creation of the singlet
is done via either an M2S pulse sequence (see Section 3.2.3), or a SLIC or adiabatic SLIC
(adSLIC) pulse (see Section 3.2.4).
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The M2S sequence is composed of broadband pulses, and can operate over a
broad range of resonance frequency offsets. However, modern spectrometers have no
difficulty maintaining a reference frequency, and the adSLIC pulse has some additional
advantages. In particular, it can generate large singlet-triplet population differences
(what gives rise to observable signal at the end of the sequence) even if JCC or ΔJ is not
known precisely. This is shown in Figure 18. In these simulations, the pulse sequence
was optimized for DPA, assuming the scalar coupling parameters were JCC = 181.8 Hz
and ΔJ = 5.8 Hz. However, the parameters of the spin system were varied. In Figure 18A,
the carbon-carbon coupling was adjusted from 90% of JCC (~163 Hz) to 110% of JCC
(~200 Hz). In this case, the M2S sequence outperforms the adSLIC pulse, but only when
the spin system matches the parameters that the pulse sequence is trying to access. If the
parameters of the actual spin system are not what are expected, then adSLIC
outperforms M2S and even generates observable singlet signal where M2S would not
generate any. This is not simply an idle exercise. While the heteronuclear couplings (JCH
and J’CH), and hence ΔJ can be read from the spectrum, JCC cannot. Figure 18B shows the
results of a similar experiment, but for the difference in out-of-pair couplings, ΔJ. While
M2S plateaus evenly around the optimal parameter, the adiabatic SLIC pulse has a
slower rise-time, but still creates singlet population when ΔJ is much larger than
expected.
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Figure 18: A) Simulations of the adiabatic SLIC (adSLIC) and M2S sensitivity
to the carbon-carbon coupling constant for an AA’X2X2’ system. The plots show the
population difference between the singlet and triplet states as the molecular JCC was
varied from 90-110% (163.2-200 Hz) of the experimentally determined value of 181.8
Hz. The parameters of the adiabatic SLIC and M2S sequences were set using
JCC = 181.8 Hz. While M2S slightly out performs the adiabatic SLIC sequence on
resonance, adiabatic SLIC still generates considerable singlet population even when
the coupling value is substantially different from what it is thought to be. B) A
similar calculation showing the sensitivity as ΔJ = JCH-J’CH is varied from the optimal
5.8 Hz. Simulations were performed using SPINACH [87].
Returning to Figure 17, after the singlet is generated a z-gradient is applied. This
spreads out any remaining transverse magnetization that was not converted to singlet
order. Since the singlet has no dipole moment, it is unaffected. The singlet is then
allowed to persist for a time τr. During this time, relaxation mechanisms return all states
to their equilibrium Boltzman population levels. Since M2S or SLIC only transfers ~30%
of the magnetization to the singlet state, the non-singlet magnetization can be substantial
and interfere with detection. In order to remove this signal, another filter is
implemented. This consists of a composite-90° pulse (two 90° pulses π/2 out of phase
providing a more accurate 90° rotation over a range of frequency offsets) followed by a
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gradient. This filter is repeated several times so the magnetization does not contribute to
signal during acquisition. Finally, another adSLIC pulse, SLIC pulse, or the timereversed M2S (S2M) sequence is applied to the detection channel to transform the
remaining singlet population into observable transverse magnetization. This is generally
performed on the heteronuclei, here carbon, as there are fewer background signals
interfering with detection. During detection, proton decoupling can be applied to
increase the 13C SNR. This causes continuous transitions between the proton states and
removes the splitting of the carbon energy levels due to the proton orientation. As a
result, the structure of the carbon lines collapses into a single peak, boosting SNR and
allowing for easier detection.
Finally, a phase cycle can be implemented to further isolate singlet signal from
any residual magnetization. If the SLIC pulse or S2M sequence is particularly long (even
tens of milliseconds, which is not rare), relaxation can generate some detectable
background magnetization that does not originate with singlet order. Recall that the
singlet order at natural abundance arises from the one in 200 isotopomers with
neighboring 13C. If we set the maximum signal from the doubly labeled compounds to
one, then since SLIC or MSM are only ~30% efficient at storing magnetization, we expect
a signal amplitude of ~0.3. Under these assumptions of SNR, the signal from the singly





labeled species returns as 200 1  exp  t / T1  . For a T1 of 10 s a 10 ms recovery time
yields a signal magnitude of 0.2 – comparable with the singlet signal.
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For this reason, phase cycle is performed by repeating the pulse sequence with
the singlet generation and read-out segments 180° out of phase with their previous
values and summing the results. In this manner, the singlet signal adds but the
background magnetization cancels. This is because the singlet is generated in phase with
the initial 90° pulse (which is not cycled) and detected by the receiver (which is also not
cycled), while any background magnetization is generated by the SLIC or M2S pulse
(which is cycled). More complex phase cycling schemes can be implemented [88], but
the simple phase cycle described above performed well at removing non-singlet order.
While the singlet state can be long lived, the singlet is always returned to
magnetization for detection. Hence the time between experiments can be set to several
times T1, which can be substantially less than several times TS. Consequently, the
repetition time between scans was set to be ~5·T1 of the singly labeled species, allowing
for a return of ~99% of the magnetization to equilibrium. Additionally, if the
polarization source is from proton polarization, the proton T1, can be used, resulting in
even faster cycle times.
After acquisition, signal processing and analysis was performed in Matlab
(Mathworks Inc. Natick, Massachusetts, United States). First, the first 30 ms of the FID
was removed, removing any low frequency noise. This was followed by line broadening
by a Lorentzian which is performed by multiplying the time domain data by an
exponential decay. This maintains the early time signals which contain high SNR and
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removes the late time data which contains mostly noise. The width of the Lorentzian (or
decay rate of the exponential) is chosen to be that of the experimental linewidth. This is
known as the matched filter condition, and provides the maximum increase in SNR. The
resulting spectra for natural abundance DPA are shown in Figure 19A for a range of
relaxation times.
Lifetimes were obtained with significant signal averaging. Again, the 13C1
isotopomer SNR of ~200, the 13C2 isotopomer will have an SNR ~1. The MSM and SLIC
sequences are only ~30% efficient at storing magnetization in the singlet state [REF]. As a
result, in order to have an SNR of 10 one would need ~1000 scans. In practice,
decoupling can significantly boost the SNR, and lifetimes were sometimes extracted
with as few as 24 scans.
The low SNR in many of these experiments requires careful analysis of the errors
in measurement. When measuring lifetime, we perform integration over the decoupled
peak. To reduce the amount of noise, the width of the integral is chosen to cover only the
peak itself. As an estimate for the noise of the integral, a region is taken several ppm
away, where there is no signal, and the root-mean square error is calculated over a 1
ppm region. This error is computed for each value of the relaxation time, τr, and is
assigned to the corresponding integral. The decay is fit with a nonlinear least-squares
fitting algorithm which returns a 95% confidence interval. The symmetric range of this
confidence interval is presented as the error in the lifetime fit. Additionally, when
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multiple measurements of the lifetime were taken, the mean of the values was computed
and reported as the singlet state lifetime (TS). In these cases, the standard deviation of
the lifetime is reported in parenthesis. Additionally, the 95% confidence intervals of the
multiple experiments were joined by propagation of uncertainty into a reduced error on
the lifetime.

4.3 Results
Lifetimes from all experiments are shown in Table 3. These are generally broken
up into two groups, those with lifetimes longer than T1, and those with lifetimes
comparable to T1. Particular experiments, including validation against labeled
compounds, will be discussed in the next two sections.
Table 3: T1 values for the natural abundance compounds as well as their
singlet lifetimes (TS). Labeled versions of DPA and DEO were available and their T1
and TS values are listed. The error listed is the 1σ confidence interval of the fit and 1σ
standard deviation of repeated measurements added in quadrature. Where possible,
multiple lifetimes were averaged to give a statistical error, with the standard
deviation of these lifetimes given in parentheses.
Compound

T1 (s)

TS (s)

Lifetime
Enhancement
(TS/T1)

JCC / ΔJ

Diacetylene

18.66 ±1.16

48.80 ±22.74

2.6 ±1.2

2.64

DEO

10.59 ±0.14

19.32 ±3.16

1.8 ±0.4

27.5

8.36 ±0.09

14.62 ±0.76

1.7 ±0.1

27.5

1.63 ±0.01

202 ±55.30

124 ±34

31.2

4.73 ±0.08

251.40 ±3.16

53 ±14

31.2

13

C2-DEO

DPA
13

C2-DPA
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C2-DPAButanoic acid

3.54 ±0.32

Biphenyl

4.69 ±0.10

3.09 ±0.66

0.66 ±0.18

19.6

Diacetyl

17.38 ±1.65

12.60 ±5.17

0.72 ±0.41

6.40

DMMA

9.38 ±0.43

27.25 ±3.39

2.9 ±0.5

5.15

Naphthalene

11.33 ±4.89

4.37 ±0.34

0.38 ±0.17

N/A

13

73.28 ±10.83

37.3
21 ±4

4.3.1 Compounds with a Longer Disconnected State Lifetime than T1
Of the compounds shown in Figure 16, three proved to have a disconnected
eigenstate with a longer lifetime than T1. These are diphenyl acetylene, diethyl oxylate,
and diacetylene. The decay of the natural abundance DPA signal is shown in Figure
19A. Note that the presence of the second 13C nuclei creates a slight chemical shift in the
13

C2 isotopomer, as indicated by the center of singlet peak being slightly shifted from the

center of the pulse-acquire. Recall that singlet signal, arises only from the 13C2
isotopomer, while the 13C1 isotopomer dominates the pulse-acquire. This emphasizes the
need for the filter sequence and phase cycling to remove any residual signal from the
13

C1 isotopomer.
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Figure 19: A) Spectra for diphenyl acetylene (DPA). Top shows the single shot
pulse-acquire spectrum of the alkyne carbons. The bottom spectra are for three
different relaxation times (10, 100, and 600 s), see text for processing details.
Decoupling removes the structure of the singlet peaks and improves SNR for the
lifetime measurement. While there is a slight chemical shift between the 13C1 and 13C2
isotopomer, they largely overlap, highlighting the need for the filter sequence and the
phase cycling to remove any background signal from the singly labeled species. B)
Integrating over the singlet peak gives a singlet lifetime of ~220 s (long lifetime fit,
denoted by the vertical dashed line). This lifetime is in agreement with the
corresponding experiment on the 13C2-labeled compound.
Figure 19B displays the exponential decay of the singlet as the relaxation delay,
τr, is increased. Additionally, the labeled 13C2-DPA was available, and the decay from
that is shown as well. Due to the increased SNR of the labeled compound, it was
possible to acquire considerably more points. This makes clear that there is a biexponential decay present. The first component is attributable to a decay of residual
triplet character, while the long decay constant is the decay of the singlet signal. The
natural abundant sample does not have the time resolution to sample both decays and
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only the long time (t > 10 s) points were fit to an exponential. Furthermore, another
labeled compound was available for testing.
The decay curve for labeled and natural abundant 13C2-DEO is shown in Figure
20A. Both labeled and natural abundant curves are an average of 12 scans, and hence the
natural abundant curve is multiplied by a factor of 300 in the figure to make the
magnitude comparable to the labeled compound. Again the relaxation times of the
singlet are comparable between the labeled and unlabeled compounds. One feature to
note, however, is that the singlet state lifetime of DEO was previously reported to be 50 s
at 8.5 T [45]. The most likely reason for this large difference is chemical shift anisotropy
(CSA). As described in Section 3.4.1, CSA scales as the square of the magnetic field. Since
the samples were tested here at 16.44 T (for improved SNR on the unlabeled compound),
it is not surprising that the lifetime may be shorter. DEO is more susceptible to this effect
than DPA, as the single-bond backbone of DEO gives it considerably more molecular
flexibility than the rigid linear structure of DPA, which only allows for rotation of the
phenyl rings. Thus, it is much more likely that DEO can adopt a geometry where the
chemical shift tensors are not identical on the central carbon nuclei under inversion, and
hence the symmetry of the singlet state is broken and relaxation is allowed.
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Figure 20: Singlet decay curves for A) DEO and the labeled DEO, and B)
Diacetylene. The fits indicate lifetime for the points t > 10 s (denoted by the vertical
dashed line).
With the method of measuring lifetimes at natural abundance verified by
confirming that they reproduce the singlet lifetime in the labeled compound, we turn to
the range of molecules for which we do not have a labeled species. First of these, and the
simplest spin topology, is diacetylene, whose decay is shown in Figure 20B. Again, only
the long time (t > 10 s) component is fit to an exponential, yielding a lifetime of ~49 s.

4.3.2 Compounds without a Lifetime Improvement over T1
Table 3 shows several compounds that do not have a lifetime enhancement over
the spin-lattice relaxation time. In some cases, such as in diacetyl and biphenyl, the
singlet lifetime is on the order of T1. In the case of diacetyl, the methyl groups that break
the magnetic equivalence can introduce spin-rotation relaxation. The primary result of
spin-rotation as a relaxation mechanism is that the rotation of the methyl group is
temperature dependent. As such, going to a lower temperature should show to rate of
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rotation and relaxation [89]. However, as DMMA has a carbon singlet that is also
coupled to a pair of methyl groups, yet shows a singlet lifetime ~2.7·T1, it suggests that
spin-rotation is not the only relaxation mechanism in diacetyl. Furthermore, deuterated,
13

C2-labeled diacetyl was examined at 8.5 T previously by a chemical transformation

method [90]. This showed a longer singlet state lifetime with signal persisting at 100 s
and also hints that CSA may also play a role in diacetyl yielding the shorter lifetime at
16.44 T.
Having a family of compounds examined allows us to examine systematic
effects. As a comparison consider DPA and biphenyl. Both consist of phenyl rings joined
by a linear backbone. Rotation around the rings is allowed, and Figure 21A and B show
the simulated self-relaxation rates of the magnetization and singlet as a function of this
dihedral angle (See Section 5.3 for a full description of the simulation method). Biphenyl
shows a much greater sensitivity to the ring rotation than does DPA. Additionally, the
singlet relaxation rate exceeds that of the magnetization at large dihedral angles. This
indicates that the singlet lifetime is even shorter than the T1 time under these conditions.
The low-energy conformation, however, is that with the dihedral angle ~44°, where the
magnetization and singlet decay rates are comparable. Conversely, DPA has a relatively
flat singlet self-relaxation rate that is always lower than the magnetization self-relaxation
rate. The low-energy conformation of DPA is with a dihedral angle of 90°, where the
singlet lifetime is longest. Moreover, the further separation of the phenyl rings in DPA
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lowers the barrier to rotation of the rings. Literature predicts rotational energies of ~300400 K equivalent temperature for DPA [91,92], indicating that it is likely activated at
room temperature. Conversely, the barrier of rotation for biphenyl is considerably
higher at ~700-1000 K equivalent temperature [93], and is more likely to have small
fluctuations around the equilibrium value. These small fluctuations could give rise to a
slight variation in the J-coupling, adjusting ΔJ as a function of time. In turn, this would
cause the density matrix to no longer precess about a fixed Hamiltonian, but it would
evolve around a slightly fluctuating one, causing it to no longer return to the
equilibrium value and instead ‘walk’ around the Bloch sphere. An example of this with a
randomly fluctuating ΔJ is shown in Figure 21C. The net result would be a faster return
to the triplet state, which then rapidly relaxes.
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Figure 21: A) SPINACH self-relaxation rates for biphenyl as the dihedral angle
between the phenyl rings is swept from 0-90°. The relaxation rate of magnetization is
flat across the dihedral angle. The relaxation rate of the singlet is low for small
dihedral angles, but rapidly exceeds that of the magnetization at large dihedral
angles. This indicates that when the rings are perpendicular the singlet lifetime will
be even shorter than then magnetization lifetime (T1). The low energy dihedral angle
for biphenyl is ~44° where the singlet lifetime is comparable to the magnetization
lifetime. B) Self relaxation rates for DPA as a function of dihedral angle. Again the
relaxation rate for the magnetization is constant across the dihedral angle, however,
the singlet relaxation rate decreases as the dihedral angle increases. This is promising
as the low energy configuration for DPA has a dihedral angle of 90°, which has the
longest singlet lifetime. C) The Bloch sphere between singlet and triplet states with
noise modulating the ΔJ coupling term. Top: The random noise term, drawn from a
normal distribution with mean 0 and standard deviation 5 Hz. Bottom: The result of
adding the noise term to the ΔJ coupling (JCC = 150 Hz, ΔJ = 15 Hz). The density matrix
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starts in the singlet-singlet state, but over time the fluctuations to the ΔJ coupling
term cause it to move away and mix more strongly with the triplet-triplet state.
Even more curious is Naphthalene, which has a shorter singlet lifetime than T1.
One would expect that the rigidity and high symmetry of naphthalene would yield a
singlet state with an exceptional lifetime. Indeed in [81], the lifetime of a naphthalene
derivative was found to be over an hour. One possible complication is high
concentration used. At such concentrations, stacking would be promoted by the pibonds in the naphthalene rings. When stacked, the intermolecular dipolar-dipolar
coupling can break the symmetry and cause rapid relaxation. To get a lifetime shorter
than T1, is possible, as when symmetry is broken any triplet contribution is eliminated
with the gradient filters in the experiment. That is to say when symmetry is broken, the
state either evolves into one that has substantial triplet contribution, which is eliminated,
or the broken symmetry means the singlet state overlaps with the triplet and the
gradient filters then eliminate the population. To understand this effect fully would
require molecular dynamics simulations of the residence times and distances of the
nearby naphthalene molecules. As an experimental study, one could obtain labeled
naphthalene and perform a concentration dependence study.

4.4 Conclusions and Impact
In this chapter, I have shown that long-lived spin states can be generated on
statistically labeled species and that the measured lifetime is identical to that of the
labeled compound. This has a few implications within the context of this work. First, it
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should be noted that it is unlikely that measurements will make use of either natural
abundance 13C or 15N long lived spin states without hyperpolarization. To reach the
required SNR for a singlet state measurement, the experiments here were performed at
high field and on liquids or highly soluble solids. It is unlikely experiments such as these
would be efficient with thermal polarization at the lower fields used by imagers.
When combined with hyperpolarization, the experiments above demonstrate
that it is possible to filter out the 200 times more dominant singly labeled species and
observe only the protected state on the doubly labeled compound. As begun here, a
catalog of long-lived spin-states can be measured. This benefits both experiment, which
can select from the families of molecules studied one that suits their purpose, and
theory, which can systematically study the effect of substitutions, concentration, and
intermolecular effects. For example, a range of phenyl compounds were examined here,
and the rotation rate of the phenyl group identified as a possible mechanism affecting
the relaxation rate.
One drawback to measuring the lifetimes at natural abundance arises from the
high field strength necessary to obtain a sensible SNR. The compounds tested here are
chemically equivalent giving rise to long lifetimes at high field, as demonstrated by the
250 s singlet lifetime of DPA. However, several relaxation mechanisms are field
dependent and can still affect the singlet state. As mentioned above, if chemical shift
anisotropy contributes to relaxation a simple model for the lifetime would be
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1
 CDD CCSA B02
TS

(4.1)

where CDD and CCSA indicate the relative contributions of dipole-dipole relaxation and
CSA to the singlet lifetime. The dipole-dipole relaxation is field independent (see Section
3.4.1) and should also have little impact as long as the compound stays chemically
equivalent. The natural solution to improve the lifetime would be to go to lower field
where CSA would have a smaller impact. For instance, with a DEO singlet lifetime of
50 s at 8.5 T, and 20 s at 16.44 T, this predicts a value of TS = 287 s at 1 T.
From a practical standpoint, there are compounds that are prohibitively difficult
to synthesize in a labeled form. This work shows that the natural abundance compound
may be used. Additionally, if the compound is amenable to hyperpolarization, then the
natural abundance compound may be hyperpolarized, and a singlet lifetime observed
from this non-equilibrium polarization. Since the signal arises from hyperpolarized spin
order, it would then be feasible to carry out the experiment at lower fields where
relaxation mechanisms such as CSA would have less of an impact.
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5. Disconnected Eigenstates in Spin-1 Systems
5.1 Introduction
Up to this point, long-lived singlet states in NMR have only been investigated on
two types of compounds; chemically inequivalent spin-1/2 pairs and chemically
equivalent spin-1/2 pairs coupled to additional spin-1/2 nuclei. While this includes a vast
range of molecular motifs, there are a few interesting cases that are excluded. For
instance, one bond carbon-proton J-couplings are in the range 1JCH ~ 150 Hz [94] which is
comparable to carbon-carbon coupling strengths (50-200 Hz) [95]. Since one requirement
for singlet stability in these systems is JCC >> ΔJ, this would prohibit a singlet state
between two carbon nuclei with directly bonded protons.
In the coupling to protons, a trivial method of reducing this coupling and
increasing the stability of the single state is to exchange the protons for deuterium. The
gyromagnetic ratio of deuterium is a factor of ~6.5 less than that of the proton, reducing
the couplings by a similar ratio [96]. This would have two advantageous effects; first, it
would open additional molecular motifs that could not be considered before, second, it
could increase the stability and lifetime of existing singlet states in the compounds
already investigated. This is similar to the spin-lattice, T1, lifetime extension seen in
deuterated compounds [97]. Despite this tempting promise of an easy lifetime extension,
deuterium brings with it another major change that cannot be overlooked; it is spin-1.
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Spin-1 nuclei bring with them challenges in addition to their increased angular
momentum. The unequal charge distribution from a non-spherically symmetric nucleus
allows interaction with electric field gradients, and can provide a mechanism for rapid
relaxation. It is not clear that 13C or 15N singlet states can even be created with the
sequences discussed in Chapter 3 when coupled to a rapidly relaxing nuclei.
Additionally, the spin-system will now exist between the singlet state on the labeled
nuclei of interest, and higher angular momentum states on the deuterium. So the
framework developed in Chapter 3 will have to be extended.
These states will be explicitly written out in Section 2 and the new conditions for
transfer to the spin-1/2 singlet derived. The transitions between singlet and triplet on the
spin-1/2 pair exist much as they have before, and the resonance conditions for this
transfer will be highlighted. While the states are fairly similar to the AA’X2X2’ spin
system explored in Chapter 3, the spin-1 states introduce some important changes. The
first of these is a slight difference in the resonance condition when the homonuclear
coupling between the quadrupoles JQQ is large. The second is the introduction of a threelevel system which had previously not existed.
Next, Section 3 shows experimental demonstrations of singlet state lifetime
enhancement for deuterium substation. In the AB notation introduced in Chapter 3, we
used A to denote the spin-1/2 species and Q to denote the quadrupolar spin-1 deuteron.
The systems explored here are of the form AA’QnQn’ with n = 1 and 2, demonstrating
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that the deuteration effect is generalizable to larger spin systems just as the spin-1/2 case
was shown to be in Chapter 3. In the above systems, JQQ, is small so only one resonance
condition is identified, however in trans-ethylene-d2, the JQQ coupling is large enough to
perturb the resonance conditions, allowing a more in-depth study of the theory of
Section 2. Finally, implications and future considerations of this work are discussed in
the conclusion.
The author would like to acknowledge the contributions of Jin Yu and David
Gooden for synthesis of the diacetylene-d2 and diphenyl acetylene-d10 and Zijian Zhou
for acquisition of the experimental measurements of trans-ethylene-d2 at high field
(8.5 T). All other work was performed by the author.

5.2 The AA’QQ’ Spin System
This section will follow the construction of Chapter 3 to identify the spin-1/2
singlet pair in the chemically equivalent but magnetically inequivalent spin systems
presented here. This will be first performed in the combined angular momentum basis
sets, which makes clear the transition conditions for the magnetization to singlet to
magnetization (MSM) [98] sequence. The analysis will be repeated for the X-basis set to
identify the conditions for the spin-lock induced crossing (SLIC) sequence [99]. The
simplest system, consists of a spin-1/2 pair coupled in a non-magnetically equivalent
manner to a spin-1 pair. In the notation of Chapter 3, we use A to denote the spin-1/2
pair and Q for the spin-1 pair, forming an AA’QQ’ spin system.
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5.2.1 Basis States
To identify the correct parameters for the MSM pulse sequence, it is easiest to
work in the combined angular momentum basis; j1 , m1 , j2 , m 2  F , M Q . For the spin1/2 this is represented in the singlet-triplet basis (S, T+1, T0, T-1)

S

1
   
2



T1  
1
T0 
   
2
T1   .



(5.1)

The spin-1 pair can be written in the combined angular momentum basis (where (P, Z,
M) represents (+1, 0, -1) for each spin) and decomposes into a spin-2 particle

2, 2  PP
2,1  ( PZ  ZP) / 2
2, 0  ( PM  2* ZZ  MP ) / 6

(5.2)

2, 1  ( MZ  ZM ) / 2
2, 2  MM ,
a spin-1 particle

1,1  ( PZ  ZP) / 2
1, 0  ( PM  MP) / 2

(5.3)

1, 1  ( MZ  ZM ) / 2,
and a spin-0 particle

0,0   PM  ZZ  MP  / 3.
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(5.4)

In total there are 36 spin product states formed from the four spin-1/2 states with the
nine spin-1 states.

5.2.2 The Hamiltonian
The Hamiltonian of the system exactly follows the construction in Chapter 3,
Section 2. That is to say, in addition to the Zeeman terms, the homonuclear scalar
coupling between the A nuclei split their energy levels into triplet and singlet, with
energy shifts of 1/2πJAA and -3/2πJAA, respectively. The scalar coupling between the Q
nuclei cause their energy to be diagonalized in the combined basis above, with energy
shifts of; 2πJQQ for the F = 2 states, -2πJQQ for the F = 1 states and -4πJQQ for the single
F = 0 state. In the absence of the heteronuclear scalar coupling the eigenstates are exactly
those described above.
The heteronuclear coupling again introduces weak mixing between these states.
It can again be split into HΣJ and HΔJ terms. HΣJ shifts the energies of the combined
angular momentum states according to their z-projection with eigenvalues of MQ. HΔJ
weakly mixes the F , M Q states and the F  1, M Q , hence these states are no longer
eigenstates and instead oscillate between each other as time evolves. This evolution can
be described by the sub-systems connecting the mixed states. There are four two-level
systems and two three-level systems that describe the mixing caused by HΔJ. Only two of
the four two-level systems are unique
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2,1 T0

1,1 S

2,1 T0   J AA  2 J QQ 

,

(5.5)

.

(5.6)

  J AA  2 J QQ 

J

1,1 S

J

and

2,1 S
2,1 S

  J AA  2 J QQ 

1,1 T

J

1,1 T0

J
  J AA  2 J QQ 

The replacement MQ = 1 with MQ = -1 yields identical matrices. In particular it describes
the weak mixing of 2, 1 T0  1, 1 S (matrix elements identical to Equation (5.5))
and 2, 1 S  1, 1 T0 (matrix elements identical to Equation (5.6)). As in chapter
three, we can construct a Bloch sphere between these two states with the Hamiltonian
having magnitude 
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transfer population to the S state from the T0 state are given by the time it takes for the
density matrix to precess halfway around the effective Hamiltonian (τ) and the number
of 180° pulses required to walk the density matrix to the singlet state (n). These are
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for Equation (5.5), and
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for Equation (5.6). Note that if the scalar coupling between the spin-1 species, JQQ, were
absent (for instance, they were well separated in the molecular structure) the resonance
conditions would be degenerate. As such, they have been shifted by a factor ±2JQQ from
the case where the deuterium-deuterium scalar coupling is non-existent (also slightly
different from the all spin-1/2 AA’XX’ case, where this factor is ±JXX). Finally, the
resonance condition for populating the F = 1, 1, 1 S states, (Equation (5.7)), depends
on the sum of the couplings, resulting in a shorter interpulse-delay, and a slightly
increase number of pulses than that for populating the F = 2, 2, 1 S states (Equation
(5.8)).
In the case where MQ = 0, there exist two 3-level systems. The first
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and the second (with the S and T0 labels interchanged)
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The dynamics of these three level systems can be reasonably well approximated
by the naïve resonance conditions obtained by considering it as two two-level systems.
These connect the first and second states and the second and third states and gives a
surprisingly close approximation to the correct resonance conditions for a range of Jcoupling values. These approximate resonance conditions are
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connecting the 2,0 T0  1,0 S states in Equation (5.9) and
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connecting the 0,0 T0  1,0 S states in Equation (5.9). Similarly
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connects 2,0 S  1,0 T0 in Equation (5.10), and
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connects 0,0 S  1,0 T0 in Equation (5.10).
All of the resonance conditions derived here will be overlaid on simulation of the
states in the following section.

5.3 Simulation of the AA’QQ’ System
The resonance conditions described above can be simulated and the relaxation
parameters explored. Figure 22 shows three spin-systems that will be investigated in the
rest of this chapter. For this section, we assume a J-coupling network equal to that of
Ethylene, Figure 22B. Ethylene is chosen, as it has a relatively large JQQ value, at 1/36th
that of JHH. This separates the resonance conditions described above and will allow us to
explore the relaxation dynamics in more depth.
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Figure 22: Compounds that will be explored in this chapter. Carbon is
represented as light gray with the carbons supporting the singlet as dark gray.
Deuterium is blue and proton white. Compounds are diacetylene-d2 (A), diphenyl
acetylene-d10 (B), and trans-ethylene-d2 (C).
To accurately simulate the behavior of the AA’QQ’ systems described above,
simulations were performed using Gaussian 09 and SPINACH. Gaussian 09 was first
used to determine molecular structure via an optimization calculation, and then NMR
parameters (chemical shift tensor, spin-spin couplings, and quadrupolar shielding
tensors) were computed with an NMR calculation. Both computations use DFT (Density
Functional Theory) to obtain the minimum energy structural configuration with
Hartree-Fock performed to obtain the exchange energy. In particular the b3lyp
functional was used, which incorporates the accuracy of Hartree-Fock with the speed of
local density approximations [100], with the cc-pvdz basis set, which accurately model
the correlation energy with fewer elements to the basis set [101].
With the chemical shift tensor, J-couplings, and quadrupolar tensors computed
in Gaussian the resulting parameters were read into SPINACH [87]. Within relaxation
theory, the key parameter to set is the correlation time (see Chapter 3 Section 4). This is
done in SPINACH by varying the correlation time until the predicted spin-lattice
relaxation time matches the experimental value. Setting the correlation time scales the
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overall relaxation superoperator in SPINACH, and scales the relaxation rates linearly
(within a reasonable variation of the correlation time (~1-100 ps)). The SPINACH
relaxation superoperator incorporates dipole-dipole relaxation, and fixed CSA tensors.
The pulse sequence simulated in SPINACH is identical to that used in the experimental
section below. It should be noted that simulations of the MSM and SLIC resonance
conditions do not depend on the value of the correlation time, as they depend only on
the coherent evolution of the spin system.
Specifically, the spins are initialized in equilibrium, and then progressed through
the magnetization to single (M2S) block. At this point, specific state populations can be
measured by taking the trace of the density matrix of the particular state with the
density matrix of the system. Figure 23 does this for the nine F , M Q S states as a
function of the two parameters in the M2S sequence, the number of pulses and the
interpulse delay. Note that the M2S sequence consists of n π pulses followed by n/2 π
pulses. The singlet is generated π out of phase when n and n/2 are of even/odd versus
when they are even/even. Since we are interested in the magnitude of the singlet state
stored, and not the phase (which will be reversed under the S2M block), the even/odd
combinations of n and n/2 are inverted. However, this results in a striped background
pattern for the MQ ≠ 0 states since the equilibrium population is proportional to Iz. Under
the inversion that aligns the sign of the singlet population, the equilibrium population
now alternates in sign. The resonances identified in Equations (5.7), (5.8), and (5.11)95

(5.14) are highlighted by the circles. As predicted above, the states that involve F = 1
require a shorter interpulse delay time and marginally more pulses than those with F = 2
to excite most efficiently. The M = 0 states populate at intermediate values of interpulse
delay time and a lower number of π pulses.

Figure 23: Population of states after an M2S sequences as the number of π
pulses in the first block (n), and the interpulse delay τ is varied. Color corresponds to
population magnitude and phase (the colorbar on inset is valid for all plots; bright
yellow large, in phase population, dark blue, large out of phase population, green,
zero population). The predicted resonance conditions from the F = 2 two-level system
(Equation (5.8)) is marked in red, that from the F = 1 two-level system (Equation (5.7))
in blue, and the naïve resonance conditions from the three-level systems (Equations
and (5.11)-(5.14)) in black. The total singlet population is obtained by summing over
the states and is shown in the upper right. The MQ ≠ 0 states have a striped pattern
due to the equilibrium population offset of these states. Since the singlet character is
generated out of phase for an even/odd combination of n & n/2 pulses compared to an
even/even combination of n & n/2 pulses, the even/odd combinations are reversed in
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sign to make the singlet character easier to identify. At low pulse number the MQ = 0
singlet states are excited. The J-couplings used were those from the GAUSSIAN
simulation; JHH = 19.94 Hz, JHD = 1.89 Hz, JHD’ = 0.35 Hz, JDD = 0.47 Hz.
Additionally, SPINACH can model the relaxation behavior of the system. Figure
24 plots several ways in which the relaxation of the system can be interrogated. First,
Figure 24A shows the singlet subsystem of the relaxation matrix. The diagonal elements
of the matrix describe the rate of relaxation of a spin state to its equilibrium value. The
off-diagonal elements describe the rate of relaxation for a state to depopulate and
populate another state. If there is no relaxation mechanism, or the symmetry of a
relaxation mechanism prevents relaxation from one state into another, the off-diagonal
element connecting those states will be zero. For these two reasons, there are no
elements that connect, for instance, the spin-1/2 singlet to the spin-1/2 triplet. As such, I
plot only the singlet-subspace of the relaxation matrix. This matrix shows that cross
relaxation mixes the F = 1 states together, but also mixes the F = 2 states with each other
and the F = 0 state. This is significant, as the first order quadrupolar interaction,

H quadrupolar   3I iz2  I i , affects the P and M states of the spin-1 differently than
2

i

the Z state. This will cause any fluctuating electric fields to have a larger impact on the

2, 0 and 0, 0 states, which leads to the much larger relaxation rates of these states.
Figure 24B plots the lifetime (inverse of the relaxation rate) predicted by the relaxation
matrix. As expected, the F = 1 states have longer lifetimes. Figure 24B, however, excludes
an important effect; coherent evolution between the states. This is included in the
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lifetimes shown in Figure 24C. Here, a specific F , M Q S state was prepared and then
evolved under the Liouvillian (L = H + iR). Coherent evolution allows some mixing
between the states and largely equalizes the lifetimes. Finally, the states that are
prepared under the M2S sequence are not pure F , M Q S states, but a mixture of
several states (Figure 24). Figure 24D shows the lifetime of these states as prepared
under a specific set of MSM parameters (τ and n), evolved under the Liouvillian, and fit
to an exponential. The lifetimes at shorter τ, those corresponding to F = 1, have slightly
longer (~10%) lifetime.

Figure 24: A) A graphical representation of the relaxation matrix as predicted
by SPINACH between the F , M S states that form the singlet subsystem. Large
positive values along the diagonal give the rates of self-relaxation, while crossrelaxation is indicated by the off-diagonal elements. The F = 2 and F = 0 subsystems
mix via cross-relaxation, which gives them a much faster relaxation rates. Relaxation
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to the triplet states is negligible. B) Lifetime of the singlet states predicted by only the
relaxation matrix. C) Upon evolution under the entire Liouvillian (L = H + iR),
coherent mixing between the states equalizes the lifetimes. D) Plot of the lifetimes as
determined by evolution under the full Liouvillian for each of the points in Figure 23.
The mask is generated by only selecting points that have significant singlet
population; 1/5th of the maximum singlet population generated. There is an
asymmetry to the mask as Equations (5.7), (5.8), and (5.11)-(5.14) map out resonance
conditions that shift to a longer number of pulses and shorter interpulse delay as, for
example, JHH increases while ΔJ is held constant. Additionally, the lifetime is slightly
longer at the shorter interpulse delay, as suggested by the slightly longer lifetimes of
the F = 1 states.

5.4 Experimental Implementation
The experimental pulse sequences used here are similar to those explained in
Section 3.2.3 and 3.2.4 with a few modifications. The modifiedsequence used here is
shown in Figure 17 and described below. After a 90° pulse on either the carbon
(diacetylene-d2, DPA-d10) or proton (trans-ethylene-d2) channel, a SLIC (diacetylene-d2,
DPA-d10) or M2S (trans-ethylene-d2) sequence was used to generate the singlet between
the spin-1/2 pairs. The singlet was allowed to evolve for a time tr, after which a series of
n composite-90°-gradient filters were applied. This destroyed any residual thermal
signal, but leaves the singlet unaffected, since it does not have a dipole moment. The
singlet is transformed back to magnetization with the corresponding SLIC/S2M pulse
sequence and observed.
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Figure 25: A) Pulse sequence used for the diacetylene-d2 and DPA-d10. An
initial 90° is followed by SLIC transfer to the singlet, which persists for a variable
relaxation delay tr. Thereafter, a series of composite 90° pulses and a gradient acts as a
filter to destroy any thermal signal that may have recovered during the relaxation
delay, while leaving the singlet unaffected. Finally, another adiabatic pulse returns
the singlet population back to observable magnetization. The SLIC pulses are phase
cycled (x, -x) with respect to the initial 90° to remove any erroneous buildup of
thermal magnetization during the final SLIC read-out pulse. Finally, deuterium
decoupling is applied during acquisition to increase SNR. B) The sequence used for
the trans-deuterated ethylene. Again, an initial 90° is followed by M2S transfer to the
singlet, which persists for a variable relaxation delay tr. A series of composite 90°
pulses and a gradient acts as a filter for residual thermal signal. Finally, a timereversed M2S sequence (S2M) transfers population back to magnetization for
detection.
To remove residual thermal magnetization that may be generated during the
long SLIC pulses for diacetylene-d2 and DPA-d10 (300 ms and 800 ms, respectively), the
SLIC pulses are phase cycled in-and-out of phase with respect to the initial 90°. Since
any residual thermal signal is generated in-phase with the final SLIC pulse, but the
singlet is generated in-phase with the initial 90° pulse, the thermal signal destructively
cancels after this phase cycle while the singlet remains. Finally, a frequency offset of 150
Hz or 300 Hz (for diacetylene-d2 and DPA-d10) was used during acquisition to avoid any
DC (direct current) offsets from the ADC (analog-to-digital converter). Additionally,
deuterium decoupling is applied during the diacetylene-d2 acquisition to boost SNR as
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the sample was labeled at natural abundance, but was omitted for the labeled DPA-d10
and trans-ethylene-d2.

5.5 Results in Small JQQ Systems
5.5.1 Experimental Setup
Experiments were performed on a commercial 16.44 T (700 MHz) Bruker Ascend
Spectrometer with a cryo-probe running Topspin 3.1 on a sample of neat diacetylene-d2,
with 13C at natural abundance. It has been demonstrated that the same singlet state
lifetimes can be obtained from 13C2 labeled compounds as well as from samples with 13C2
at natural abundance[102]. The temperature was held constant at 2° C, allowing the
diacetylene to be in the liquid phase. No 2H lock was applied, as the sample was neat.
Correction for field drift was applied in post-processing by assuming a linear drift
between two spectra taken before and after the experiment. Additional experiments
were performed on an 8.57 (360 MHz) Bruker spectrometer running TopSpin 1.3 on
carbon-13 labeled DPA-d10 dissolved in CDCl3 (130. mM). The temperature was kept at
21° C, and a 2H lock was applied.
Residual low-frequency noise was eliminated by removing the first 50 ms of data
from the FID, which was followed by a line-broadening of 2.5 Hz (1.4 Hz for DPA).
Again for diacetylene, to adjust for the slow drift of the spectrometer in the absence of a
lock, the experiments were broken into ~5 hr segments which were preceded and
followed by a 13C pulse-acquire. The frequency drift from these two spectra was
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determined. This was usually < 20 Hz, within the adiabatic SLIC bandwidth of ~50 Hz.
The spectra were shifted by an amount proportional to the elapsed time (approximately
tr) before being averaged together. The resulting lifetime curves are presented in Figure
26. These are fit to an exponential decay through all but the first 10 s of data, avoiding
any component of a fast triplet relaxation. The error is larger than for similar
experiments reported in [102], as the sensitivity boost from generating the singlet state
using proton polarization could not be used. Additionally, the rapid recycle delay also
afforded when proton singlet generation is used could not be taken advantage of in
these experiments.

5.5.2 Results
For small JQQ << JAA, the resonance conditions in Equations (5.7) and (5.8) become
degenerate. Additionally, the 3-level system collapses to a 2-level system where two of
the deuterium states ( 2, 0 and 0, 0 ) mix. Here we demonstrate that long-lived states
exist in deuterated 2,3-13C diacetylene, shown in Figure 22B. A carbon-only adiabatic
SLIC pulse sequence (Figure 17) was applied to deuterated (but with 13C at natural
abundance) diacetylene in a 700 MHz NMR spectrometer.
For deuterated diacetylene the results are shown in Figure 26. A long-lived state
is observed from the statistically labeled 2,3-13C2 fraction with a lifetime of TS = 83 ±30 s,
with the error corresponding to a 95% confidence interval in the fit. This is five times the
13

C T1 of 16.6s ±0.9 s, or ~160 times the 2H T1 time of 0.5 ±0.2 s. Additionally, it is twice the
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singlet relaxation time reported in[102] for protonated diacetylene. The deuterated DPA
has a lifetime, TS = 479 ±83 s, roughly 1.7 times the protonated singlet lifetime reported
in[75] of TS = 274 ±6.1 s.

Figure 26: A) Averaged spectra (16 scans) for one experiment at multiple decay
times. B) Decay curve for diacetylene-d2. Each data point is an average of between 64136 acquisitions. Error-bars represent ± 1 σ (68%) variance in the noise. The fit shown
is a single exponential fit to the data points longer than 10 s (denoted by the vertical
dashed line), to avoid any rapid triplet relaxation.

5.6 Results in Large JQQ Systems
Figure 27 reproduces the simulated results (A) of the total singlet generated by
the M2S sequence and compares it to the singlet experimentally measured (B) after the
MSM sequence as both the interpulse delay and the number of pulses is swept. As
predicted by Equations (5.7) and (5.8) there are two distinct resonance conditions at 12.6
and 13.8 ms. The broad resonance between the two at low pulse number from the threelevel systems (Equations (5.11)-(5.14)) is also seen.
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Figure 27: A) SPINACH simulation of the total singlet population generated
by the M2S sequence as the interpulse delay and number of pulses is swept. B)
Experimental signal surviving after the full MSM sequence (singlet signal) as the
interpulse delay and number of pulses is swept. The shift in the resonance conditions
comes from the change in J-coupling values. The simulated (experimental) values
were JHH = 19.94 (19.10) Hz, JHD = 1.89 (1.73) Hz, JHD’ = 0.35 (0.35) Hz, JDD = 0.47 (0.45) Hz.
Singlet lifetimes acquired across these two resonance conditions are shown in
Figure 28. Additionally, the pressure of trans-ethylene-d2 was released twice, allowing
for the lifetimes as a function of the partial pressure to be studied. These are shown by
marker color in Figure 28. Although there is some slight variation in lifetime across the
resonance condition (as number of pulses is varied) a generalized extreme Studentized
deviate (ESD) test was performed [103] for each set of pressure and resonance condition.
The generalized ESD test searches for up to k (= 3 used here) outliers and controls for the
alternative hypotheses of 0…k-1 outliers. The test did not detect that any of the points
were significantly outside of the variation.

104

Figure 28: A) Lifetime measurements at various interpulse delays and number
of pulses. Red markers indicate the high pressure measurements, blue the low
pressure, and black the lowest pressures. Error bars indicate the one σ confidence
interval of the lifetime fit. The lifetime as a function of the number of pulses was not
expected to vary and were found to be consistent with one another. As a result, B)
displays the lifetimes averaged across the number of pulses. The error bars indicate
the one σ standard deviation added in quadrature with the one σ standard deviation
of the population.
The measurements of lifetime at a given pressure and resonance condition are
aggregated and compared in Figure 28B and Table 4. Within this table, we can compare
values in two different directions. First, for a given pressure (column) the lifetimes at the
two resonance conditions can be compared with each other. This is tested with a twotailed t-test, as we do not expect the lifetime at one resonance condition to be
significantly larger than the other. These show no significant difference (p = 0.99 (150
psi), 0.38 (120 psi), and 0.11 (29 psi)).
Secondly, the lifetimes at different pressures can be compared between each
other. Since the lifetime increases with decreasing pressure, a one-tailed t-test was
applied. This shows the lifetime increase to be statistically significant at the 5% level
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with the only exception of the medium pressure τ = 12.6 ms lifetime compared to the
high pressure lifetimes (p = 0.19, 0.15 for τ = 12.6 ms and 13.8 ms, respectively).
Table 4: Lifetimes (±1 σ error) at various field and resonance conditions. The
lifetimes were obtained by fitting to a biexponential decay, where the long time
component gives the lifetime of the singlet, and the short time component can be
used to estimate the T1 lifetime (denoted Tshort). The differences in lifetimes between
pressures (columns) are all statistically significant at the 5% level except for the
medium pressure, τ = 12.6 ms compared to the high pressure measurements when
compared with a 1-tailed t-test. The differences in lifetimes at a given pressure but
between interpulse delays are not statistically significant as compared by a 2-tailed ttest. High pressure was measured when the sample was initially pressurized, while
the values for medium and low pressure were computed by taking the ratios of the
integral of the spectrum. Lifetime enhancements were computed by taking the ratio of
the singlet lifetime to the T1 time, except in the case of the low pressure data, where in
lieu of the T1 lifetime, the Tshort time was used (denoted by *). Since Tshort overestimates
the lifetime, this is likely an underestimate for the lifetime increase.

T1
Tshort
TS @ τ = 12.6 ms
TS @ τ = 13.8 ms
TS / T1 @ τ = 12.6 ms
TS / T1 @ τ = 13.8 ms

High Pressure
(~ 150 psi)
1.23 ±0.3 s
2.44 ±0.44 s
30.6 ±8.1 ±9.2 s
30.6 ±8.6 ±6.4 s
28.9 ±11.6
28.9 ±10.1

Medium Pressure
(~ 120 psi)
1.62 ±0.5 s
2.94 ±0.12 s
38.9 ±7.0 ±7.8 s
44.2 ±2.5 ±2.2 s
25.4 ±6.87
28.9 ±2.24

Low Pressure
(~ 29 psi)
N/A
5.59 ±0.32 s
81.1 ±16.0 ±9.0 s
117.1 ±1.6 ±9.7 s
14.5 ±3.38*
20.9 ±2.12*

5.7 Conclusions and Impact
The results in this chapter support three important conclusions;
1) Deuteration is a valid and simple method to extend lifetimes of singlet states.
2) Singlet states can be created on spin systems coupled to near 2H nuclei, that
would not be supported where the nuclei to be 1H.
3)

H also supports singlet states that are several time the 1H T1.

1
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First, this means that as compounds are discovered with exceptional singlet
lifetimes, these can be extended even further through simple deuteration. Additionally,
the demonstration in ethylene shows that nearly directly bound systems can indeed
support the singlet state. This greatly extends the classes of compounds that can support
singlet states, for example the unbranched Alkanes. Many of which are directly
biologically relevant. Previously, it has been shown that the proton channel in a carbonproton singlet-singlet system can be read out [75]. This allows for proton detection,
which is a practical requirement for medical imaging. However, replacing the protons
with deuterium removes this method of detection. The third claim presented above
generously restores this ability by allowing the proton-singlet to store the magnetization
directly.
Based on these results we draw a few conclusions. There are two primary
resonance conditions (τ = 12.6 and 13.8 ms, n = 16) were identified. Additionally, singlet
population is generated at an intermediate resonance condition with fewer pulses (τ =
13.2 ms n = 6) was created. The lifetime of and the lifetime of the singlet state at these
resonances over a range of pressures were analyzed. Both T1 and singlet lifetime are
strongly pressure dependent. As the ethylene gas pressure is decreased, both T1 and TS
increase. This is consistent with models of intermolecular dipole-dipole relaxation of
singlet states [104]. In this model, the important parameters are the number density,
diffusion rates of the species, and the distance of closest approach. The number density
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naturally increases in the higher pressure samples, leading to a faster relaxation time
and shorter lifetime.
In conclusion, long lived singlet states have been observed on protons of
deuterated ethylene gas. Substituting the trans-protons with deuterium, the singlet
lifetime on protons is observed to be ~25 times longer than T1. We extended the theory of
the AA’QQ’ spin system to cover the case where JQQ is a significant fraction of JAA. The
relaxation behavior is explored via Gaussian and SPINACH simulations of the spin
system and found to be in agreement with experimental work. Having demonstrated
that proton singlets can persist for many times T1 opens up interesting possibilities, for
example, regarding storage of hyperpolarization possibly induced by parahydrogen
hyperpolarization modes.
In conclusion, long lived singlet states have been observed on protons of
deuterated ethylene gas. Substituting the trans-protons with deuterium, the singlet
lifetime on protons is observed to be ~25 times longer than T1. The theory of the AA’QQ’
spin system is extended to cover the case where JQQ is a significant fraction of JAA. The
relaxation behavior is explored via Gaussian and SPINACH simulations of the spin
system and found to be in agreement with experimental work. Having demonstrated
that proton singlets can persist for many times T1 opens up interesting possibilities
regarding hyperpolarization. We look forward to experiments with ex vivo reaction with
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parahydrogen generating large polarization levels which are then locked in a singlet
state for in vivo readout at later times.
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6. SABRE Hyperpolarization of Singlet States
Until this point, this work has been motivated by, but has not directly used,
hyperpolarization. The lifetime extension provided by singlet state population storage is
of little use if the polarization source is thermal polarization. Indeed, considering that
only ~30% of the magnetization is stored as singlet it would be more favorable to
average over many experiments. However, in the case of hyperpolarization one seeks to
preserve the large non-equilibrium magnetization until after it has been transported to
and interacted with an event of interest, which may occur several minutes after the
hyperpolarization. Since hyperpolarization techniques to date do not create their nonequilibrium magnetization in-vivo, singlet states offer a mechanism of providing enough
time for the experiment. The previous chapters were concerned with identifying a
characterizing singlet states, which was implemented with thermal magnetization only.
In this chapter, we demonstrate that particular hyperpolarization techniques can create
long-lived singlet order directly.

6.1 Introduction
Of the hyperpolarization techniques discussed in the introduction, this section
uses a modification of the SABRE (Signal Amplification By Reversible Exchange)
technique [33]. SABRE uses a metallic catalyst which reversibly exchanges hydrogen and
a substrate. The parahydrogen content of the gas is enriched to high levels (enrichment
levels of 92% parahydrogen may be obtained), and the polarization transferred to the
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substrate. Parahydrogen can be easily generated outside of the catalyst system by
cooling molecular hydrogen and running it over an oxidized iron surface [28]. The iron
serves as a catalyst to allow the hydrogen to enter the lower energy para-state. This welldefined spin state can be transferred as magnetization, or more complex spin order, to
the substrate if appropriate matching conditions, as defined by specific magnetic fields,
are met [33]. It was recently shown that by adjusting the overall magnetic field to a few
micro-Tesla the parahydrogen spin state can hyperpolarize heteronuclei, such as 15N [39].
Given the acronym SABRE-SHEATH (for SABRE in SHield Enables Alignment Transfer
to Heteronuclei), these matching conditions for the transfer will be briefly derived in
section 6.2. The experiments performed here use SABRE-SHEATH to hyperpolarize 15N
nuclei on a substrate molecule containing a diazirine ring.
Diazirines are three membered rings consisting of two nitrogen and one carbon
atom. Their structure shares similarities with the methylene (CH2) group, and can
replace these groups. They have been used as biocompatible optical molecular tags
[105]. When the diazirine is synthesized with 15N on both sites it can support a singlet
state. In this chapter, I show that there is a matching condition for generating singlet
order on the 15N2 spin pair of a diazirine. This is distinct from the condition for
generating magnetization and is field-independent. The singlet lifetime is studied as a
function of the magnetic field it is sustained in, and shows a lifetime in excess of 20
minutes at low field.
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6.2 Theory
The diazirine system here, (2-cyano-3-(D3-methyl-15N2-diazirine)-propanoicacid)
(henceforth, diazarine), has slight chemical inequivalence between the two nitrogen
nuclei of the diazirine moiety due to the chiral center of the molecule (see Figure 30). In
the following, we will describe the behavior of the diazirine as it binds to the iridium
complex, examining the mechanisms by which polarization is transferred from the
parahydrogen to the diazirine ring. There will be shown two conditions, one for
polarizing the magnetization, which is field dependent, and one for polarizing the
singlet state, which is field independent.
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6.2.1 Diazirine and the Diazirine-Catalyst Complex
In the notation introduced in Chapter 3, the diazirine molecule is an AB spin
system with the Hamiltonian

H  1S1z  N S2 z  J NN S1  S2 .

(6.1)

For convenience, the terms of the Hamiltonian in this chapter will be written in Hertz
instead of radians. The Hamiltonian is diagonalized by the basis

1  
2 

1
1 Q 2

 Q 



 

3  
4 
Q

1
1 Q 2

(6.2)

 



 Q 

J NN
   2  J NN 2

,

which simplifies to the singlet and triplet at low field, and the Zeeman states at high
field. See Figure 29 for an illustration of the fields as a function of energy and allowed
transitions between the states.
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Figure 29: A) 2-cyano-3-(D3-methyl-15N2-diazirine)-propanoicacid (diazirine).
The chiral center near the cyano group gives the 15N2 labeled diazirine a 17 Hz
chemical shift. As such the singlet and triplet are not eigenstates at all field strengths.
B) The eigenstates and energies as a function of magnetic field strength. At low field
the singlet and states are eigenstates (see the text for a decomposition of these states
into the Zeeman states), at intermediate field the singlet and triplet are not perfect
eigenstates and mix with the Zeeman eigenstates with a mixing factor given by Q in
the figure. This allows for weak transitions between the state of mostly singlet
character and the pure triplet states indicated by the dashed red lines. Allowed
transitions are denoted by the solid blue lines. At high field, the chemical shift
dominates, and the Zeeman states are eigenstates of the system, and transitions
between all energy levels are allowed.
In order for hyperpolarization to occur, the diazirine must reversibly bind with
the parahydrogen through the iridium complex. The two lowest energy binding
configurations are shown in Figure 30. These were determined through FHI-aims [106]
using Tier 2 basis sets and “tight” integration settings with the PBE functional modelling
the exchange-correlation energy functional. The MBD@rsSCS method [107] was used to
model the dispersion effects for the Iridium-bound diazirine. The structures were
relaxed with a force tolerance of 0.01 eV/Å. Only the conformation in Figure 30A allows
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for scalar coupling between the diazirine ring and the parahydrogen of magnitude that
allows polarization transfer. Polarization transfer occurs at low field, and as such, we
will simplify some terms to make the following derivation more tractable. First, at zero
field the chemical shift vanishes, so the 15N nuclei of diazirine can be considered
degenerate to a good approximation. Second, as the singlet triplet basis are the
eigenbasis in zero field, and we wish to separate polarization transfer to the singlet and
triplet states independently, we will write the system in the singlet triplet eigenbasis.

Figure 30: The two low-energy diazirine binding modes. A) Binding through
the diazirine group has an energy 0.127 eV higher than B) binding through the cyano
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group (relative energy 0 eV). Binding through the double bond of the diazirine ring is
~0.5 eV, and was therefore determined to be unfavorable and is not considered.
Energies and structures were obtained through simulation with FHI-aims [106]. C)
The coupling structure between the proton and nitrogen spins in the system. Note
that each nitrogen couples to each proton differently, yielding six unique couplings in
the system (including the N-N coupling, which is not shown).
To illustrate how polarization is transferred to the nitrogen nuclei from
parahydrogen, first, consider the Hamiltonian of the system. It is again the sum of the
Zeeman terms and the scalar couplings between all nuclei

H  H 0  H interaction

  H  I1z  I 2 z   N  S1z  S2 z 
 J HH I1  I 2  J NN S1  S2

(6.3)

near ,1
near ,2
far ,1
far ,2
 J NH
I1  S1  J NH
I 2  S1  J NH
I1  S2  J NH
I 2  S2 .

Similar to what was done in Chapter 3, we can split the interaction term into the sum
and differences between the couplings

H   H  I1z  I 2 z   nN  S1z  S2 z 
 J HH I1  I 2  J NN S1  S 2

 12 J near  I1  S1  I 2  S1   12 J far  I1  S 2  I 2  S 2 

(6.4)

 12 J near  I1  S1  I 2  S1   12 J far  I1  S 2  I 2  S 2  .
To illustrate transfer between the parahydrogen states and magnetization and singlet on
the diazirine, the singlet and triplet basis will be used to describe the proton and
nitrogen spins
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(6.5)

   .

The full basis set is the 16 combinations of these for the proton and nitrogen spins and
will be written with the proton spins represented first eg; J mH J mN  T S0 . As before,
the eigenvalues of the Zeeman, homonuclear, and sum of heteronuclear couplings
appear on the diagonal. The difference in heteronuclear couplings mixes states as before.
A few examples will be illustrated before, but first, not all transitions need to be
accounted for. Since the initial state is pure singlet on the hydrogen (from the
parahydrogen), while the nitrogen population is a comparatively equal mix of all states
(the Boltzmann factor can be neglected at the microTesla fields at which transfer occurs)
the initial population is

p  S0 S0   p  S0T   p  S0T0   p  S0T   0.25
p(other states)  0.

(6.6)

This allows us to reduce the number of sub-spaces that need to be analyzed to which
states are connected to these four. By conservation of angular momentum, the total
projection of the momentum quantum number (mH + mN) must remain constant. Hence
the state S0 S0 connects with TT , T0T0 , TT  , S0T  TT0 , T S0 , T0T  ,

S0T0  TT , T0 S0 , TT  , and S0T  TT0 , T S0 , T0T  .
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6.2.2 Polarization Transfer to Magnetization
To understand polarization transfer to the nitrogen magnetization, recall that we
are observing nitrogen magnetization, eg; requiring a final state of T+, T0, and T- on the
nitrogen. Consequently, consider one segment of the Hamiltonian connecting proton
singlet to nitrogen triplet

S0 S0

S0 S0
TT

TT

1
  34  J HH  J NN 
.
4  J near  J far 


 14  J near  J far   H  N  14  J HH  J NN   14  J far  J near  



(6.7)

This mirrors the SLIC matrices in Section 3.2.4. In particular, the resonance frequencies
of the nuclei can be chosen (via selection of the field strength) to negate the diagonal
components. Transfer can then occur via the off-diagonal elements. The field strength
where this occurs for this two level system is

B0 

  J HH  J NN   14  J far  J near 

 H   N 

.

(6.8)

Again, similar to the SLIC case, optimal transfer occurs in the time



2
.
J near  J far

(6.9)

There are nine combinations total of states that match these criteria for transfer to
nitrogen magnetization. Table 5 lists the field strengths and optimal transfer times for all
of the two-level systems that can transfer population from the parahydrogen state to
nitrogen magnetization. Within this table, there are a few interesting conditions to note.
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First, some are only met if the proton-proton scalar coupling is zero – ie; these matching
conditions are independent of the field and are likely to be poorly met. Second, if we
ignore the sum of the sum of the scalar coupling terms (ΣJfar + ΣJnear) there are four states
that begin converting population with the field is the proton scalar coupling divided by
the difference in gyromagnetic ration. Finally, there is the two-level system considered
above, where polarization transfer occurs most efficiently when the field is the sum of
the homonuclear scalar couplings divided by the difference in gyromagnetic ratios.
Additionally, these conditions also transfers population more slowly than it is
transferred in the other states. Depending on the residence time of the diazirine and
molecular hydrogen on the catalyst, these different matching conditions may move more
or less population over.
When the triplets are moved into the high field of the spectrometer for
observation, they transition into the high field regime of Figure 29. Since all three triplet
states are populated, in-phase magnetization is produced with two strong central lines
(transitions between the triplet states) and two weak outer lines (transitions to the
mostly singlet state).
Table 5: The transfer conditions to nitrogen magnetization from proton singlet.
Where there is no B0 field listed, the matching condition can only be satisfied if the
scalar coupling is zero.
Connected
States

S0T  TT0

Field Matching Condition

B0 

 J HH
 H   N 

Transfer Time
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2
J near  J far

S0T  T0T
S0T0  TT
S0T0  TT

S0T  T0T
S0T  TT0
S0 S0  TT
S0 S0  T0T0
S0 S0  TT

J HH  0

B0 
B0 



 J HH  14  J far  J near 

2
J near  J far



2
J near  J far

 J HH  14  J far  J near 



2
J near  J far



2
J near  J far



2
J near  J far



2
J near  J far



2
J near  J far



2
J near  J far

 H   N 
 H   N 

J HH  0
B0 
B0 

J HH
 H   N 

  J HH  J NN   14  J far  J near 

 H   N 

J HH  J NN

B0 

  J HH  J NN   14  J far  J near 

 H   N 

6.2.2 Polarization Transfer to Singlet
In addition to the two level systems connecting the parahydrogen singlet state to
the nitrogen triplet states two-level systems which connect the parahydrogen singlet
state to the nitrogen singlet state. The resonance condition and transfer times for these
two level systems are listed in Table 6. There are a few differences to note here with
respect to Table 5. First, there is a field-independent matching condition where
polarization transfer occurs when the homonuclear couplings are as close as possible to
one another. Second, there is also a matching condition that is met when the field is
equal to the difference (as opposed to the sum in Table 5) of homonuclear scalar
couplings divided by the gyromagnetic ratio. Additionally, the time to transfer
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population from the proton singlet into the nitrogen singlet are all equal and inversely
proportional to the difference of scalar coupling differences (eg; the longer residence
time condition). When the singlet state is transferred to the high field spectrometer for
readout, the excess population in the singlet state gives rise to a pair of antiphase lines
when connected to the triplet.
Table 6: The transfer conditions to nitrogen singlet from proton singlet. Where
there is no B0 field listed, the matching condition can only be satisfied when the
scalar couplings match in amplitude.
Connected
States

S0T  T S0
S0T0  T0 S0
S0T  T S0

Field Matching Condition

B0 

 J HH  J NN
 H   N 

J HH  J NN
B0 

 J HH  J NN
 H   N 

Transfer Time



2
J near  J far



2
J near  J far



2
J near  J far

6.3 Experimental Setup
Experiments were performed on a commercial 8.5 T (360 MHz) Bruker Ascend
Spectrometer running Topspin 1.3 (Billerica, Massachussets). Standard pulse sequences
were used to for pulse-acquire and inversion-recovery (T1 lifetime) measurements.
Parahydrogen was generated by a commercial Bruker Parahydrogen Generator, which
yielded ~92% parahydrogen and 8% orthohydrogen at 8.2 atm. The parahydrogen was
stored in a pressure vessel prior to use. During the course of an experiment, the
parahydrogen would be bubbled through an NMR tube containing a methanol solution
of catalyst and substrate.
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Two catalysts were used. The first, [Ir(COD)(IMes)(Cl)] (COD= cyclooctadiene,
IMes=1,3-bis(2,4,6-trimethylphenyl)-imidazolium, Py = pyridine), required activation
with four equivalents of pyridine which placed a pyridine ligand trans to IMes. The
second, [Ir(COD)(IMes)(Py)][PF6], was synthesized with a pyridine ligand trans to IMes.
These will be referred to later as the chloride and PF6 catalysts, respectively. The
enhancements showed sensitivity to both the catalyst type and the concentration, the
variation of which is discussed in the following section.
While bubbling, the sample was held at earth field (for generation of singlet
signal), or in a magnetic shield (for magnetization). The shield used was a three-layer
mu-metal shield (Zero Gauss Chambers, Magnetic Shield Corp.). Inside of the shield
was a hand-wound solenoid 47.5 cm in length with 165 turns. This was connected to an
adjustable voltage supply (0-30 V) through fixed 1 kΩ or 15 kΩ resistors. Estimating the
field in the solenoid as

B  0

N
I,
L

(6.10)

yields fields in the range 0-13 μT. The sample was then transferred to the bore of the
high-field magnet for observation. This transfer was performed by hand and took ~4-7 s.

6.4 Results
Representative data of the hyperpolarized diazirine are shown in Figure 31A.
The magnitude spectra are not entirely symmetrical, indicating some singlet character.
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Figure 31B displays the signal acquired after polarization in the room field (~3 Gauss).
This signal lacks magnetization character, as conditions are not met for the transfer into
the triplet states. The singlet and triplet character of a given signal is measured by taking
the Moore-Penrose pseudoinverse of the two simulated signals and multiplying by the
experimental spectrum. This effectively gives the projection of the singlet and triplet on
the observed signal. This is equivalent to solving the linear system; Ax  b where A
describes the types of signals one can observe, x their weights, and b the observed data
for x, the weight of the singlet and triplet character. In particular, the pseudoinverse is
used as the matrix A is not square and the system is overdetermined.

Figure 31: Observed signal shapes at two different build-up conditions (blue),
along with simulated spectra for magnetization (red) and singlet order (yellow).
Simulated spectra were obtained by placing a 5.5 Hz (the experimental linewidth)
Lorentzian of magnitude and position given by the well-known lines and intensities
of a strongly coupled AB system [108]. A) When resonance conditions are matched for
transfer to magnetization, the signal is dominantly triplet magnetization. However,
there is some asymmetry indicating that there is some singlet order populated. B)
When polarization occurs off resonance, virtually no magnetization is generated, and
the signal consists entirely of singlet order.
123

Since hyperpolarization techniques are only as good as the polarization levels
they can achieve, enhancement figures were calculated. These are listed in Table 7. In
general, they improve as the concentration of substrate and catalyst decrease.
Table 7: Enhancement values for a range of diazirine, catalyst, and pyridine
concentrations. Pyridine was not needed to activate the PF6 catalyst, hence none was
added. Where possible, the standard deviation of multiple measurements was used to
give the error on the enhancement. Lower concentrations of catalyst yields higher
enhancement value. The enhancement increases slightly with lower diazirine
concentration using the chloride catalyst. The enhancement increases dramatically
with decreasing diazirine concentration for the PF6 catalyst. This indicates that the
presence of pyridine may be competing for binding sites on the catalyst.
Diazirine
Catalyst [Cl] Catalyst [PF6]
Pyridine Enhancement
(mM)
(mM)
(mM)
(mM)
11.7
0.500
--4.00
2698
11.7
0.125
--1.00
3993 ±141
5.8
0.125
--1.00
5014 ±127
2.9
0.125
--1.00
5011 ±295
11.7
--0.125
--3277 ±185
2.9
--0.125
--14763 ±126
Data were acquired for the relative contribution of singlet and triplet as a
function of field strength and are shown in Figure 32. A clear peak corresponding to the
conditions for polarization transfer from parahydrogen to diazirine magnetization can
be seen. The fraction of singlet population is relatively constant over the field strengths
explored.
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Figure 32: Signal intensity as a function of polarization field. Left: Zoom in on
the low field region. The magnetization (triplet, black circles) signal is maximized at
~0.6 μT, while the singlet signal (hollow diamonds) displays a small peak at ~0.08 μT,
and a slight depletion where magnetization buildup is maximized. Right: Build-up
over a wider range of fields. The singlet signal is produced approximately evenly at
higher fields.
Using these peak conditions we can deduce the unknown couplings in the
system. From the free diazirine spectra, the chemical shift and scalar nitrogen-nitrogen
coupling can be obtained. These are δ = 22 Hz and JNN = -17 Hz, respectively. The
gyromagnetic ratios of the species are γH = 4.2576 kHz/G, γN = -0.4316 kHz/G. Using
these values in the first and third field matching conditions for the singlet (Table 6) give
a JHH ≈ -21 or -13 Hz. This value can then be used with the magnetization matching
conditions (rows 3, 4, 7 and 8), yield (ΣJnear + ΣJfar ) ≈ -240 to 40 Hz. Additionally, the time
required to hyperpolarize magnetization is significantly shorter than that to
hyperpolarize singlet character, see Figure 33. This is likely due to the field matching
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conditions for transfer to magnetization being met, allowing for a greater proportion of
polarization transfer during the residence time.

Figure 33: Build up curves for the magnetization and the singlet order.
Magnetization buildup was performed at 0.6 μT, where the matching condition to
transfer polarization to the triplet states is maximized. Singlet buildup was performed
at 120 G, in the fringe field of the spectrometer. The singlet build up is likely slower
owing to the miss-match in transfer conditions (see text for details).
The lifetime of magnetization and singlet character were obtained by generating
the desired signal by bubbling parahydrogen through solution for 5 minutes. The
sample was held at a magnetic field for a variable duration before transferring to the
bore of the high field magnet for observation. This was repeated for each of the time
delays that contributed to the decay curve. The singlet and triplet (magnetization)
character was projected out as described above, then fit to an exponential decay. Due to
the slow rate of singlet generation, and the matching conditions that allow singlet to be
generated at arbitrary field, the first few minutes of measurements constitute an
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additional build up period. As a result, the singlet measurements less than a few
minutes were excluded from the fit.
In order to exemplify characteristics of decay behavior at different fields, several
examples are shown. Figure 34 shows the condition where a large magnetization signal
was created, and virtual no singlet state is generated. Figure 35 displays the opposite
case, and Figure 36 shows a mixed decay. In this case, substantially more magnetization
was initially generated, but the magnetization decays more rapidly than the singlet,
leaving pure singlet signal at long times. Note that both Figure 35 and Figure 36 used a
hold field of 3 G. So while the magnetization decay in Figure 35 appears long, it is
mainly an artifact of having low signal amplitude, as evident from the ~5 min decay
constant in Figure 36.

Figure 34: Example of a magnetization only decay. A) Magnetization was
generated in the shield with low singlet character (< 10%), and the sample translated
to a 120 G hold field for a variable time after which a FID was acquired. B) Simulated
triplet and singlet signals are projected onto the acquired spectra, and their decay plot
is shown. Singlet time values < 100 s were not included in the decay due to additional
singlet buildup.
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Figure 35: Example of a singlet only decay. A) Singlet order was generated by
polarization at room field (~3 G), and maintained in the 3 G hold field for a variable
time after which a FID was acquired. B) Simulated triplet and singlet signals are
projected onto the acquired spectra, and their decay plot is shown. Singlet time values
< 50 s were not included in the decay due to additional singlet buildup. While the
magnetization fit appears to have a longer time constant, this is an artifact of there
being no magnetization signal.

Figure 36: Example of a joint decay. A) Magnetization and singlet order were
simultaneously generated by polarization slightly off of the optimal field for transfer
to triplet order, generating both singlet and magnetization character. The sample was
maintained in the 3 G hold field for a variable time after which a FID was acquired.
B) Simulated triplet and singlet signals are projected onto the acquired spectra, and
their decay plot is shown. Singlet time values < 200 s were not included in the decay
due to additional singlet buildup.
128

In addition to the exemplar lifetimes shown in Figure 34 through Figure 36
above, a wide range of lifetimes were measured for both the magnetization and singlet
as a function of field strength and catalyst concentration. The collection of lifetimes are
shown in Figure 37. To avoid poor fits, only lifetimes are shown where the amplitude of
the fit exceeds 0.2 (the singlet/triplet character is at least 1/5th of the normalized observed
signal). This avoids the erroneously long lifetimes as shown in Figure 35. As expected,
the singlet is closer to an eigenstate at lower field. Hence, the singlet lifetime increases
with decreasing strength of the hold field, reaching ~25 minutes at 3 G. At any field,
dipole-dipole relaxation can cause rapid equilibrium between the triplet states, and
consequently, they show roughly equal lifetimes across field strengths. Similarly, the
lifetime increases with decreasing catalyst concentration. This is likely due to
competition with the pyridine in solution (as the pyridine was decreased with the
catalyst concentration).
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Figure 37: Magnetization and singlet decay lifetimes as a function of catalyst
(IMes) concentration and the hold field. Magnetization lifetimes are roughly
equivalent across the range of values investigated. Singlet lifetimes, however increase
substantially at lower field and even more at low catalyst concentration. Lifetimes of
magnetization are denoted by blue circles, while singlet lifetimes are red diamonds.

6.5 Conclusions and Impact
This chapter adds a powerful new tool to hyperpolarized studies. Most
importantly, this work has shown that the singlet state on a spin-1/2 pair can be directly
hyperpolarized. The field conditions to generate the singlet and magnetization were
derived. The singlet lifetime was characterized at several fields and catalyst
concentrations. These revealed that the lifetime was optimized at low field and low
catalyst concentration, yielding a half-hour lifetime. By using SABRE-SHEATH, this
technique provides a source of cheap and fast hyperpolarization to a number of
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substrates. This is in competition with, for example, dissolution DNP, where a small
~10 μL aliquot is prepared over the course of ~2 hours for injection.
Although this chapter dealt with a chemically inequivalent spin system, where
simple field cycling transformed the singlet state into magnetization for readout, the
principle of SABRE-SHEATH can also work on the chemically inequivalent and
magnetically inequivalent spin systems discussed earlier. These states could then be
transformed into detectable magnetization by the MSM or SLIC pulse sequences
explored in Chapter 3, but would not show the shortened lifetimes at high field of the
diazirine used here.
Several hurdles must be overcome before this technique may be implemented in
a clinical setting. For instance, separation of the catalyst would be advisable, and the
current solutions are in methanol to achieve a high dissolved parahydrogen
concentration, while water would be the preferable solvent. However, these hurdles
would not prevent this from being implemented for non-biological experiments, such as
diffusion, catalyst kinetics, or ex-vivo biophysics.
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7. Conclusion
This thesis has explored ways to extend the usable hyperpolarization lifetime
overcoming some of the fundamental challenges of MR. Hyperpolarization is able to
increase signal amplitudes from gas-phase compounds and low concentration chemical
tracers. However, it is limited by an irreversible decay to equilibrium and loss of signal
caused by interaction with the environment, intramolecular, and intermolecular
relaxation mechanisms. Recent work has shown that some of the intramolecular
relaxation mechanisms can be reduced by disconnected eigenstates.

7.1 Future Directions
This work has opened up a number of exciting directions for future research.
First, the simulation code developed in Chapter 2 is easily adaptable to other
experiments and geometries. For instance, it can provide the same insights into the
dephasing contributions from the inhomogeneous field created by rock structure
compared to dephasing from interactions at the liquid-rock interface. Additionally, the
ability to add in additional field maps, here used for SPION particles, could be adapted
to use the non-uniform field map of an “inverted” or down-bore spectrometer. With
adjustments to the spin evolution sequence, it could be applied intermolecular quantum
coherences which further probe the scale between diffusion and voxel size [109–111], or
the transport of disconnected eigenstates.

132

Chapter 4 has made it available to study a range of compounds at natural
abundance. While this was done at high field for proof-of-principle, hyperpolarization
could allow it to be carried out at low magnetic field, or with lower concentrations of
substrate. This would allow for experimental verification of molecular dynamics
simulations to inform intermolecular relaxation processes. Alternatively, it can be used
to characterize additional families of compounds to further understand the
intramolecular contributions to the lifetimes of disconnected eigenstates.
The work in Chapter 5 has opened up additional molecular moieties that can
support disconnected eigenstates. For instance the antisymmetric singlet could be placed
on the chain of a fatty acid or on a benzene ring. However, the strong C-H coupling
means that this state is not near an eigenstate and would rapidly relax back to thermal
equilibrium. However, replacement of the protons with deuterium would reduce the
coupling, bringing the singlet closer to an eigenstate, and opening up the possibility of a
long lifetime.
Finally, the demonstration of direct hyperpolarization of spin states with a long
lifetime is perhaps the most exciting result. The disconnected eigenstate demonstrated
here was on a chemically inequivalent AB spin system and only showed a long lifetime
at low magnetic fields. However, there is no fundamental reason that the singlet state of
a chemically equivalent compound could not be populated using the SABRE-SHEATH
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technique explored here. Such a state could be transformed to observable magnetization
with the sequences illustrated in Chapter 3 at any magnetic field.
Additionally, if the SABRE-SHEATH hyperpolarization technique used here can
be transferred to an aqueous solution, additional biological experiments can open up.
For instance, combining the hyperpolarization with the disconnected eigenstates could
allow for long term monitoring of metabolomics, and reactions and cycles in bioreactors
[112].
In summary, this thesis has greatly expanded the applicability of
hyperpolarization in four distinct ways. First, I have developed a tool to understand the
decay of hyperpolarization in real-world environments. Second, I present a method to
characterize disconnected eigenstates for longer term storage of hyperpolarization
without isotopic labeling. Third, I show that this storage time can be further extended by
deuteration, incidentally opening up additional spin topologies for the storage of
hyperpolarization. Finally, I show that the disconnected eigenstates can be populated
directly with hyperpolarization, eliminating the extra step of storing the
hyperpolarization before use.

134

Appendix A: Diffusion Simulation Code
A.1 Overview
Below is the source code for the lung diffusion simulations. Figure 38 displays a
flowchart of the operation. The simulation is run with the command
‘NMR_RUN(allopts)’ where ‘allopts’ is a structure with the fields described in Table 8. A
few binary images are not displayed below, these include the lung diffusion file, and
SPION dipole distributions.

Figure 38: Flowchart for the lung diffusion simulation. The allopts structure is
sent to NMR_RUN which handles batch processing of all fields, structure sizes,
random phases, and other sweep variables. A specific instance is passed to
setup_params, which generates the specific parameters to send to NMRSPION which
evolves the random walkers through the structure using core7_move or core7_static,
whichever is applicable. Then measures the overall phase of the system for export
135

using core7_measure. Core7_rsq provies additional debugging output. The functions
setup_* provide specific values to use during the diffusion (eg; D, μm/pixel, etc.). The
functions check_* ensure that the external lookup tables for movement and the
external field maps are valid. Finally, NMRSPION returns the net magnetization
phase in the phasevec variable.
Table 8: Field values and descriptions for the allopts variable used to specify
the parameters for the lung diffusion model.
Field name
ndim
nparticles
patchsize
tmax
dts
bouncetype
location
fields
chi
fieldcorr
fieldgrad
fieldgraddir
se
rphase
gas

scaling
nanotype

nanomag
nanodist
subject

Contents
Dimensionality of the system (holdover from previous code, only
ndim = 3 implemented).
Number of particles to evolve.
Size of system for multi-voxel runs.
Maximum evolution time [μs].
Step time for saving the final phase [μs].
String for movement type. Use ‘diffuse for diffusion (core7_move),
‘static’ for no movement (core7_static).
Diffusion structures are indexed to locations (0, 1, 2,…), this specifies
which index the particles are allowed to diffuse in.
Vector array of magnetic fields strengths to use [T].
Vector array of magnetic susceptibilities to use [unitless].
Use the dipolar field correction (0/1 for ‘no’/‘yes’).
Apply a constant gradient field of this strength [T/μm]
String of gradient direction, eg; ‘x’.
Time indices at which to perform a spin-echo (evolve phase at
negative frequencies)
Maximum value for adding the random phase on collisions with the
walls.
Cell array of structures with the following subfields; gas – string of
gas to use, eg; ‘xe’ and restricted – string ‘yes’ or ‘no’ for restricted
diffusion.
Cell array of strings for scale factors, eg; {‘mouse’}.
Cell array of strings specifying how to calculate magnetic density of
SPIONs. First element is either ‘mass’ or ‘number’, and the second
element corresponds to the method used, eg; ‘Bulte1999’.
Amount of SPION to us [g] or [#].
Cell array specifying the distribution to use for nanoparticles, in the
format; {‘location’, [size in px], [number of SPION groups]}.
String specifying the file that contains the 3D diffusion map.
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A.2 Source
A.2.1 NMR_RUN
% NMR_RUN(allopts)
% Takes in the options generated by NMR_GUI for the SINGLE setting
(~PATCH)
% It runs NMRSPION for each animal and gas combination specified in
allopts
% NMRSPION saves the final FID and a sequence of images.
function totaltime = NMR_RUN(allopts)
ngas = size(allopts.gas, 2);
if isfield(allopts, 'scaling')
nani = size(allopts.scaling, 2);
else
nani = 1;
end
nettime = tic;
% Loops xe, he, water
for h = 1:ngas
% Loop over the animal types
for a = 1:nani
fprintf('\n\n======================START======================\n');
tic;
% re-work this line.
[params] = setup_params(allopts, h, a);
% Generate params based on the options we were handed
paramstime = toc;
fprintf('Params generated %f s\n', paramstime);
% Come up with the filename we want to save to
savename = setup_savename(params);
% START THE CORE LOOP
% Saving is done within this loop
comptime = NMRSPION(allopts, params, savename);
totaltime = comptime + paramstime;
fprintf('\nSimulation complete in: %f s\n', totaltime);
fprintf('\n======================STOP=======================\n\n');
end
end
totaltime = toc(nettime);
fprintf('All done! (%1.3f hrs)\n', totaltime/3600);
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A.2.2 NMRSPION
%% Main script for NMR diffusion studies
% NMRSPION(allopts, params, savename)
% allopts - options strucuture
% params - gas, field parameters from setup_params
% savename - string for saving
function totaltime = NMRSPION(allopts, params, savename)
fprintf('==Entering NMRSPION==\n');
% See what computation method we can support
method = 'singleCPU';
if gpuDeviceCount > 0
method = 'useGPU';
else
fprintf('NMRSPION :: No GPU. Trying parallel CPU...\n');
try
matlabpool local;
method = 'parallelCPU';
catch ME
fprintf('NMRSPION :: Unable to start matlabpool.\n');
end
end
fprintf('Method selected: %s\n', method);
% Some system-wide constants
fprintf('Diffusion Grid: %s\nMagnetic Field: %s\n',...
params.regionname, params.extfieldname);
fprintf(['Dimension: %d\nMovement: %d\n',...
'Location: %d\nNumber of particles: n = %d\n'], ...
params.ndim, params.marg, params.type, params.nparticles);
%% Load map information
% Load the diffusion region
check_lookup(params.regionname, params.type);
% Check to see that we have the generic field map
check_field(params.regionname, params.patchsize, params.fieldcorr);
% Now that we know the filename contains everything, load it
load(params.regionname, 'R');
%% External field information
% There is no diffusion region for this one.
if strcmpi(params.extfieldname, 'NONE')
E.BField = zeros(size(R.BField));
if params.patchsize > 0
fprintf(['WARNING: NMRSPION_PATCH called ',...
'without external field?\n');
fpritnf('
Is something wrong Luke?\n');
end
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else
check_field(params.extfieldname,...
params.patchsize, params.fieldcorr);
load(params.extfieldname, 'E');
end
%% Start the parallel loop
% Diffusion and phase accumulation is performed in GPU_Move or
CPU_Move
% A 'measurement' is then performed at the recorded times where the
% phase is measured and recorded out. This will be the final value
that
% is stored. Compute the number of timesteps we need to take
between
% record times
tic;
% The output data structure is the same for all the methods.
phasevec = struct('patch', [], 'size1', [], 'stats', []);
% Compute the number of times we need to do the measurement
nloop = params.ntotalsteps;
nstep = params.nevolvestep;
nparticles = params.nparticles;
phasemult = params.Mdens*params.gas.gamma*params.dt;
rphmult = params.rphase;
nrphase = length(rphmult);
% p = allopts.p;
% nrphase = length(p);
nmdens = size(phasemult, 2);
dgrid = logical(R.Dgrid);
siz = size(dgrid);
if params.type == 1 % Locate in alveolar spaces
fprintf('Gas particles located in alveolar spaces (dgrid ==
1).\n')
elseif params.type == 2 % Locate in tissue
% Shrink dgrid down to the active region
central_region = zeros(size(dgrid));
central_region(R.min:R.max, R.min:R.max, R.min:R.max) = 1;
dgrid = ~dgrid & central_region;
fprintf('Gas particles located in tissue (dgrid == 0).\n')
end
[psind] = find(dgrid);
% Check to see if we're likely to fail
if params.type == 1
if min(R.randindex(psind)) == 0
fprintf(['WARNING :: There seem to be some errors',...
' in the lookup table (randindex).\n']);
fprintf('
:: Removing problematic indicies...\n');
psind(R.randindex(psind) == 0) = [];
end
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elseif params.type == 2
if min(R.randindexinv(psind)) == 0
fprintf(['WARNING :: There seem to be some errors',...
' in the lookup table (randindexinv).\n']);
fprintf('
:: Removing problematic indicies...\n');
psind(R.randindexinv(psind) == 0) = [];
end
end
if params.marg == 1 % Diffusion
fprintf('Diffusion detected, using core7_move.\n')
core_type = @core7_move;
elseif params.marg == 0
core_type = @core7_static;
fprintf('Static diffusion detected, using core7_static.\n')
end
position = psind( randi(length(psind), 1, nparticles) );
% positionini = position;
% Add in the gradient if we specified one
[X, ~, Z] = meshgrid(1:siz(1), 1:siz(1), 1:siz(3));
switch params.gdir
case 'x'
GField = X*params.grad;
case 'z'
GField = Z*params.grad;
end
fprintf('Beginning diffusion loop...\n');
%
fprintf('DEBUG: Switching method to CPU.\n')
%
method = 'singleCPU';
switch method
case 'useGPU'
fprintf('useGPU enabled, running on GPU.\n')
gpuD = gpuDevice;
fprintf('Clearing GPU memory...\n')
reset(gpuD);
% Move our variables over to the GPU
position = gpuArray(position);
phase = gpuArray.zeros(nparticles, 1);
rphase = gpuArray.zeros(nparticles, 1);
ephase = gpuArray.zeros(nparticles, 1);
if params.type == 1
G_ri = gpuArray(R.randindex);
G_mp = gpuArray(R.movep);
elseif params.type == 2
G_ri = gpuArray(R.randindexinv);
G_mp = gpuArray(R.movepinv);
else
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% # move locations
% Move index array
% # move locations
% Move index array

fprintf('ERROR: Unknown diffusion region
specified.\n');
end
% Primary field from susceptibility and gradient
G_ph = gpuArray(R.BField + GField);
% Second External bfield
G_ph2 = gpuArray(E.BField(:));
% Measure some stats from the phase
phase_stat_vec = gpuArray.zeros(nloop, nmdens, 4);
% G_rsq = gpuArray.zeros(nloop, 1); % Measure R^2 (check)
fprintf('GPU variables initalized...\n')
if params.patchsize == 0
% Initalize phase storage vectors
phase1 = gpuArray.zeros(1, 1, nloop, nmdens, nrphase);
%phase4 = gpuArray.zeros(4, 4, nloop, nmdens, nrphase);
%phase8 = gpuArray.zeros(8, 8, nloop, nmdens, nrphase);
%phase16 = gpuArray.zeros(16, 16, nloop, nmdens,
nrphase);
fprintf('Beginning the diffusion loop...\n')
% Go through the Diffuse-Measure loop
for ii = 1:nloop
se = params.sevec(ii);
[position, phase, rphase, ephase] =
feval(core_type,...
position, phase, rphase, ephase, ...
nstep, G_ri, G_mp, G_ph, G_ph2, se);
% Turn this on/off at will
% Sanity check - how does <R^2> change with time
% G_rsq(ii) = core7_rsq(siz, position,
positionini);
% Perform the measurement(s)
for jj = 1:nmdens
for kk = 1:nrphase
% For running with multiple random phase
values
sumphase = phase*phasemult(1, jj) + ...
rphase*rphmult(kk) + ...
ephase*phasemult(2, jj);
% Store some statistic from phase
distribution
phase_stat_vec(ii, jj, 1) =...
min(phase*phasemult(1, jj));
phase_stat_vec(ii, jj, 2) =...
max(phase*phasemult(1, jj));
phase_stat_vec(ii, jj, 3) =...
mean(phase*phasemult(1, jj));
phase_stat_vec(ii, jj, 4) =...
std(phase*phasemult(1, jj));
phase1(:, :, ii, jj, kk) = core7_measure(1,
...
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position, sumphase, siz, nparticles);
%phase4(:, :, ii, jj, kk) =...
%
core7_measure(4, position, ...
%
sumphase, siz, nparticles);
%phase8(:, :, ii, jj, kk) =...
%
core7_measure(8, position, ...
%
sumphase, siz, nparticles);
%phase16(:, :, ii, jj, kk) =...
%
core7_measure(16, position, ...
%
sumphase, siz, nparticles);
end
end
end
else
% Initalize the storage vector
% Unlike the single case, this one only does the rough
grid
% but does so for each of the external field grids and
% assembles them into one 'image' array
patch = gpuArray.zeros(psize, psize, nloop,...
nmdens, nrphase);
% Go through the Diffuse-Measure loop
for ii = 1:nloop
se = params.sevec(ii);
[position, phase, rphase, ephase] =...
core7_move(position, phase, rphase, ephase, ...
nstep, G_ri, G_mp, G_ph, G_ph2, se);
% Perform the measurement(s)
for jj = 1:nmdens
for kk = 1:psizesqd
[r, c] = ind2sub([psize, psize], kk);
for pp = 1:nrphase
sumphase = phase*phasemult(1, jj) + ...
rphase*rphmult(pp) + ...
ephase(:, kk)*phasemult(2, jj);
patch(r, c, ii, jj, pp) =...
core7_measure(1, position, ...
sumphase, siz, nparticles);
end
end
end
end
% Gather our data back off of the GPU
phasevec.patch = gather(patch);
end
% make sure the gpu is done computing.
wait(gpuD);
% Gather our data back off of the GPU
% phasevec.rsq = gather(G_rsq);
phasevec.size1 = gather(phase1);
%phasevec.size4 = gather(phase4);
%phasevec.size8 = gather(phase8);
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%phasevec.size16 = gather(phase16);
phasevec.stats = gather(phase_stat_vec);
case {'singleCPU', 'parallelCPU'}
% Be careful to split the particles amongst the CPU's
% We have to re-gather and compute the measurment each time
% Check to see how many workers we have
% Start parallel diffusion-spin-record jobs with
%
#particles / #workers on each node.
% and update params with requisite information
% Move our variables over to the GPU
% position = gpuArray(position);
phase = zeros(nparticles, 1);
rphase = zeros(nparticles, 1);
ephase = zeros(nparticles, 1);
% Primary field from susceptibility and gradient
G_ph = (R.BField + GField);
% Second External bfield
G_ph2 = E.BField(:);
if params.type == 1
G_ri = R.randindex;
% # move locations
G_mp = R.movep;
% Move index array
elseif params.type == 2
G_ri = R.randindexinv;
% # move locations
G_mp = R.movepinv;
% Move index array
else
fprintf('ERROR: Unknown diffusion region
specified.\n');
end
% G_rsq = gpuArray.zeros(nloop, 1);
if params.patchsize == 0
% Initalize phase storage vectors
phase1 = zeros(1, 1, nloop, nmdens, nrphase);
% Go through the Diffuse-Measure loop
for ii = 1:nloop
se = params.sevec(ii);
[position, phase, rphase, ephase] =
feval(core_type,...
position, phase, rphase, ephase, ...
nstep, G_ri, G_mp, G_ph, G_ph2, se);
% Turn this on/off at will
% Sanity check - how does <R^2> change with time
% G_rsq(ii) = core7_rsq(siz, position,
positionini);
% Perform the measurement(s)
for jj = 1:nmdens
for kk = 1:nrphase
% For running with multiple random phase
values

143

sumphase = phase*phasemult(1, jj) + ...
rphase*rphmult(kk) + ...
ephase*phasemult(2, jj);
phase1(:, :, ii, jj, kk) = core7_measure(1,
...
position, sumphase, siz, nparticles);
end
end
end
end
% Uncomment to save subvoxel information
phasevec.size1 = phase1;
%phasevec.size4 = phase4;
%phasevec.size8 = phase8;
%phasevec.size16 = phase16;
end
diffspintime = toc;
fprintf('Diffusion and phase evolution finished: %f s\n',...
diffspintime);
%% Save important parameters
tic;
% Check that we don't overwrite any other data, up to a point...
if exist(savename, 'file')==2
% ASCII characters for lowercase letters start at 97
savename = [savename(1:end-4), char(97), '.mat'];
ctr = 1;
while exist(savename, 'file')==2 && ctr <= 25
savename = [savename(1:end-5), char(97+ctr), '.mat'];
ctr = ctr + 1;
end
if ctr == 26
fprintf(['WARNING :: NMRSPION Ran out of autogenerated',...
' unique filenames, overwriting file named: %s\n'],...
savename);
end
end
% Perform the save and record output
savename = fullfile(pwd, savename);
fprintf('Saving file to: %s\n', savename);
save(savename, 'allopts', 'params', 'phasevec', '-v7.3');
fprintf('Success!\n');
savetime = toc;
fprintf('Save time: %f s\n', savetime);
totaltime = (diffspintime+savetime);
end
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A.2.3 core7_move
% [ind, phase] = core7_move(ind, phase, steps, ri, mp, ph, ph2, se)
% Vector based diffusion, works for GPU or CPU
% Uses index values rather than [x, y, z] position vector for location
% Requires that input vectors are gpuArrays
% ind
= vector of index of particle locations
% phase = vector of particle phase accumulated from the main field
% extph = phase accumulated from the external field
% rphas = random phase accumulated from collisions
% steps = how many steps to evolve the particles for
% ri
= random index values (how many possible moves this index has)
% mp
= move vector (possible moves from this index site)
% ph
= amount of phase to acumulate at each index position
%
this is the generic field, when we take a measurement, we
will
%
scale this to B0, timestep, and gyromagnetic ratio.
% ph2
= external phase from a field overlay to accumulate separately.
% se
= spin echo array - +/-1 depending on if we are before or after
the
%
180-degree pulse, respectively.
% 2013-04-30 - KEC
function [ind, phase, rphase, extphase] = core7_move(ind,...
phase, rphase, extphase, ...
steps, ri, mp, ph, ph2, se)
gs = size(mp);
for tt = 2:steps
% We have sat at the old location, evolve phase
phaseinc = bsxfun(@times, ph(ind), se);
phase = bsxfun(@plus, phase, phaseinc);
% Do it again for the external field
phaseinc = bsxfun(@times, ph2(ind, :), se);
extphase = bsxfun(@plus, extphase, phaseinc);
% Now perform the move to the new location
% Draw from one of the pre-computed allowed positions
aind = arrayfun(@randi, ri(ind));
% And return our updated position
ind = mp( sub2ind(gs, aind, ind) );
%
%
%
%
%
%
%

% Finally, update the phase with random wall collisions
% Get a move vector again, weighted to the probability that this
%
particle has had a wall collision
[r, c] = size(ind);
ric = gpuArray.randi(6, r, c);
rlog = bsxfun(@ge, (6-ri(ind)), ric);
rph = (2*gpuArray.rand(r, c)-1);

145

%
%
%
end

% Now update the random phase
phaseinc = bsxfun(@times, rph, rlog);
rphase = bsxfun(@plus, rphase, phaseinc);

return

A.2.4 core7_static
% [ind, phase] = core7_move(ind, phase, steps, ri, mp, ph, ph2, se)
% Vector based diffusion, works for GPU or CPU
% Uses index values rather than [x, y, z] position vector for location
% Requires that input vectors are gpuArrays
% ind
= vector of index of particle locations
% phase = vector of particle phase
% steps = how many steps to evolve the particles for
% ri
= random index values (how many possible moves this index has)
% mp
= move vector (possible moves from this index site)
% ph
= amount of phase to acumulate at each index position
%
this is the generic field, when we take a measurement, we
will
%
scale this to B0, timestep, and gyromagnetic ratio.
% ph2
= external phase that is accumulated separately. Useful for
field
%
overlays, such as those from nanoparticles.
% se
= spin echo array - ones(steps, 1) for no CPMG, for CPMG we
want to
%
take the second half negative.
% 2013-04-30 - KEC
function [ind, phase, rphase, extphase] = core7_static(ind,...
phase, rphase, extphase, ...
steps, ri, mp, ph, ph2, se)
gs = size(mp);
for tt = 2:steps
% We have sat at the old location, evolve phase
phaseinc = bsxfun(@times, ph(ind), se);
phase = bsxfun(@plus, phase, phaseinc);
% Do it again for the external field
phaseinc = bsxfun(@times, ph2(ind, :), se);
extphase = bsxfun(@plus, extphase, phaseinc);
% We do not have to update the move positions, nor do we have to do
% random wall collisions.
end
return
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A.2.5 core7_measure
%
%
%
%
%
%
%
%
%

[mag] = GPU_measure(mag, ind, phase, siz, npart)
Vectorized based based magnetic magnitude measurement
can apply to either GPU or CPU diffusion
Input is index values for position and vector of current phase values
mag
= SQUARE array of final observable size WILL be over-written
ind
= vector of index of particle locations
phase = vector of particle phase
siz
= size of the space we are diffusing in (eg; [128, 128, 128])
npart = number of particles

function [mag] = core7_measure(ng, ind, phase, siz, nparticles)
%[ng, ~] = size(mag);
% Observable magnetization is the sum of the exponential phases
% Overload the single zone case
if (ng == 1)
mag = sum( arrayfun(@exp, 1i*phase) );
else
% Otherwise we have to compute extra...
[r, c, ~] = ind2sub(siz, ind);
bins = round(linspace(1, siz(1), ng+1));
if strcmpi(class(ind), 'gpuArray')
mag = gpuArray.zeros(ng, ng);
else
mag = zeros(ng, ng);
end
for nr = 1:ng
for nc = 1:ng
% Complex arguments to find are not yet supported on the
GPU
% We'll use a logical array of < and >=
xl = r < bins(nr+1);
xg = r >= bins(nr);
inx = xl & xg;
yl = c < bins(nc+1);
yg = c >= bins(nc);
iny = yl & yg;
inzone = inx & iny;
mag(nr, nc) = abs(sum( arrayfun(@exp, 1i*phase(inzone)) ));
end
end
end
mag = mag / nparticles;
return
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A.2.6 core7_rsq
%
%
%
%
%

[rsq] = core7_rsq(siz, pos, posini)
Measures rsq for index based diffusion values
siz = size of diffusion grid
pos = current particle locations
posi = intial particle locations

function [rsq] = core7_rsq(siz, pos, posi)
[xi, yi, zi] = ind2sub(siz, posi);
[x, y, z] = ind2sub(siz, pos);
rsq = mean( (x-xi).^2 + (y-yi).^2 + (z-zi).^2 );
return

A.2.7 check_lookup
% check_lookup(fname)
% Checks to see that fname contains a variable R that has the subfields
% randindex and movep - our movement lookup table.
% OR randindexinv and movepinv - our movement lookup table for the
inverse
% location (tissue).
% If not, then make the lookup tables and save them.
% TODO: For the future, consider depreciating the lookup tables.
function check_lookup(fname, type)
load(fname, 'R');
if type == 1
if ~isfield(R, 'randindex')
% If there is not one, make the diffusion map, update R and
save
fprintf(['WARNING: No diffusion lookup table found.',...
'Generating one now...\n']);
fprintf('
...this could take awhile.\n');
[randindex, movep] = map_dspace(logical(R.Dgrid), R.min,
R.max);
R.randindex = randindex;
R.movep = movep;
save(fullfile(pwd, fname), 'R');
else
fprintf('Diffusion lookup table found. Using that...\n');
end
elseif type == 2
if ~isfield(R, 'randindexinv')
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% If there is not one, make the diffusion map, update R and
save
fprintf(['WARNING: No diffusion lookup table found',...
' for inverse geometry. Generating one now...\n']);
fprintf('
...this could take awhile.\n');
[randindexinv, movepinv] =...
map_dspace(~logical(R.Dgrid), R.min, R.max);
R.randindexinv = randindexinv;
R.movepinv = movepinv;
save(fullfile(pwd, fname), 'R');
else
fprintf('Diffusion lookup table found. Using that...\n');
end
end
end

A.2.8 check_field
% check_field(fname)
% Checks to see that a file of name fname_field.mat exists (where fname
has
% been trimmed of extensions)
function check_field(fname, patchsize, fieldcorr)
load(fname);
if exist('R', 'var')
type = 'R'; S = R; clear('R');
elseif exist('E', 'var')
type = 'E'; S = E; clear('E');
else
fprintf('WARNING: %s loaded, but contains neither R nor E\n',
fname);
end
resave = 0;
if (isfield(S, 'BField')) &&...
(isfield(S, 'fieldcorr')) &&...
(S.fieldcorr == fieldcorr)
if patchsize > 0
if size(S.BField, 2) ~= patchsize^2
resave = 1;
end
end
else
resave = 1;
end
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if resave == 0;
fprintf('%s contains a valid generic BField and will be
used.\n',...
fname);
else
% Get the generic field using the options we want and save it to a
file
fprintf('WARNING: No generic field map found. Generating one
now...\n')
if patchsize == 0
[BField] = bgrid_fourier(S.Mgrid, fieldcorr);
else
[BField] = bgrid_dipole_field_overlay(S.Mgrid, patchsize, 0);
end
S.BField = BField;
S.fieldcorr = fieldcorr;
% Assign back out
if strcmpi(type, 'R')
R = S;
save(fullfile(pwd, fname), 'R');
else
E = S;
save(fullfile(pwd, fname), 'E');
end
end
end

A.2.9 setup_params
% params = params_setup(allopts, gasn, anin)
% Input Variables
% allopts - structure generated by NMR_GUI
% gasn - value to use from allopts.gas
% anin - value to use from the animal type
% Output Variables
% params - the structure that contains all the simulation parameters;
%
number of particles, gas type, diffusion properties, etc.
%
names to diffusion map, and field map, field scaling factors, etc.
% Revisions:
%
2011-12-01 - Split from NMRSPIONxD to streamline things a bit KEC
%
2012-05-14 - Updated to load image data from the GUI_IG - image
%
generation - and pull parameters from that.
%
2013-04-30 - Rework for GPU version - streamlined input options,
%
trimmed options that we save to those we really
need.
%
2013-12-06 - Rework for GPU + CPU configuration, and extended
NMR_GUI
function [params] = setup_params(allopts, gasn, anin)
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%% Import options directly from allopts
ndim = allopts.ndim;
nparticles = allopts.nparticles;
rphase = allopts.rphase;
patchsize = allopts.patchsize;
fieldcorr = allopts.fieldcorr;
%% Field strength values
% Replicate the fields and nanoparticle masses
% duplicating them such that all options are covered; eg;
% fields = [3, 7]
-> [3, 3, 3,
7, 7, 7]
% nanomag = [1, 10, 100] -> [1, 10, 100, 1, 10, 100]
nfields = length(allopts.fields);
nnanomag = length(allopts.nanomag);
% Extend fields and nanomag to the same lengths
fields = zeros(1, nfields*nnanomag);
for ii = 1:nfields
fields(nnanomag*(ii-1) + 1:nnanomag*ii) = allopts.fields(ii);
end
nanomag = repmat(allopts.nanomag, 1, nfields);
B0 = fields;
chi = allopts.chi;
%chi = 9*10^-6;
% susceptability for tissue
% Create another row on Mdens filled with zeros
% This will be used for secondary, external fields (if applied).
Mdens = zeros(2, size(fields, 2));
Mdens(1, :) = chi*B0;
% Fill the first row with our tissue's field
%% Gas properties
gas = setup_gas(allopts.gas{gasn});
%% Set up diffusion region options
% Get the region from image, or make one for
animal = allopts.scaling{anin};
[regionname, lgrid, gsize] = setup_region(allopts, animal);
% Make sure that we have a diffusion lookup table stored with this and
make
% sure that the lookup table corresponds with the location that we
want
% the diffusion to occur in (1 = alveolar space, 2 = tissue).
% If not, make one in the check routine.
% TODO: Consider lowering this on the priority queue to use params.type
% instead.
check_lookup(regionname, allopts.location);
% See if there is a matching field to go with this
% if not we make on in the check routine.
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check_field(regionname, patchsize, fieldcorr);
%% Look for an external field map if we have to
[extfieldname, dsize] = setup_extregion(allopts, gsize);
if ~strcmpi(extfieldname, 'NONE')
check_field(extfieldname, patchsize, fieldcorr);
end
[Mextfield] = setup_extmdens(allopts, dsize, fields, nanomag);
Mdens(2, :) = Mextfield;
%% Report back on region generation
fprintf('Image+dipole based diffusion\n');
fprintf('\tImage file: %s\n', regionname);
fprintf('\tField file: %s\n', extfieldname);

%% Convert gradient to T/px
grad = allopts.fieldgrad * lgrid;
gdir = allopts.fieldgraddir;
%% Movement vectors for the diffusion routine
% by setting marg = 0, we fix the locations of all particles
switch allopts.bouncetype
case 'diffuse'
marg = 1;
case 'static'
marg = 0;
end
type = allopts.location;
%% Set up timesteps and
% What times do we want
tmax = allopts.tmax;
dts = allopts.dts;

storage times
to store data at:
% Maximum time
% Storage intervals

% Override for water/hydrogen, the reall small diffusion coefficient
% means that we treat it as essentially stationary.
%if type == 0
% Static diffusion
%
dt = dts/2;
%else
dt = (lgrid^2) / (2*ndim*gas.D);
% us
% The time step is larger than our store time,
% adjust storetime accordingly
if dt > dts
fprintf('WARNING: DIFFUSION STEP SIZE > STORAGE TIME.\n');
reply = input('
Do you want to increase storag time (y/n):
','s');
if strcmpi(reply, 'n')
% do nothing
else
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% otherwise increase storage time
fprintf('
Increasig storage time.\n')
dts = tmax;
end
end
if dt > tmax
% Woah, it's even longer than the maximum time
% change bounce type to static and warn the user!
fprintf('WARNING: DIFFUSION STEP SIZE > MAX SIMULATION TIME\n');
fprintf('
SWITCHING TO STATIC MOVEMENT\n');
marg = 0;
dt = dts/2;
else
fprintf('INFO: Adjusting time storage to 2x time step.\n');
dts = dt*2;
end
%end
%end
% Now that storage times have checked out, make the storage time vector
% Number of times we have to evolve between storage times
nevolvestep = round(dts/dt);
% Reset the storage times based on this
dts = dt*nevolvestep;
% Number of times we have to do the evolve-store step
ntotalsteps = round(tmax/dts);
tmax = dts*ntotalsteps;
tvec = dts:dts:tmax;
% Check that these parameters make sense
% fprintf('Value for step length: r = %3.2f (um)\n', lgrid);
fprintf('There are %d time evolutions with %d steps each\n', ...
ntotalsteps, nevolvestep);
fprintf(' (%d steps in total)\n', ...
ntotalsteps*nevolvestep);
fprintf('Storage occurs every %4.1f us for a total time of %4.1f ms\n',
...
dts, tmax/10^3);
%% Make it a CPMG sequence?
% TODO: check the section - does this allow for arbitrary spacing?
se = allopts.se;
sevec = ones(ntotalsteps, 1);
if (length(se) > 1) || (se > 0)
for jj = 1:length(se)
% when should the 180s appear
etind = round( se(jj) / (dts/1000) ) +1;
% reverse phase thereafter
sevec(etind:end) = -1*sevec(etind:end);
end
end
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%% Make params
% Store all of the these properties that we have set
params = struct('nparticles', nparticles, ...
'ndim', ndim, ...
% Number of dimensions
'patchsize', patchsize, ...
% Patchwork?
'marg', marg, ...
% Movement arg; diffusion = 1, static
= 0
'type', type, ...
% Location ; alveoli = 1, tissue = 2
'rphase', rphase, ...
% Collisional phase
'gas', gas, ...
% Gas properties
'animal', animal, ...
% Tissue rescaling
'regionname', regionname, ... % Region name & path (with generic
field)
'extfieldname', extfieldname, ...
'fieldcorr', fieldcorr, ...
'grad', grad, ...
% An extra gradient (T/px)
'gdir', gdir, ...
% Gradient direction
'lgrid', lgrid, ...
% Grid size (um/px)
'B0', B0, ...
% Field strengths
'Mdens', Mdens, ...
% Tissue (row 1) and SPION (row 2)
'dipcorr', allopts.fieldcorr, ...% Dipolar field correcction y/n
'tmax', tmax, ...
% Time properties, max, step, store,
etc.
'dt', dt, ...
'dts', dts, ...
'nevolvestep', nevolvestep, ...
'ntotalsteps', ntotalsteps, ...
'time', tvec, ...
'se', se, ...
% Perform a spin-echo CPMG sequence
(Y/N)
'sevec', sevec, ...
'nnodes', 1, ...
% Parallel Properties - DEPRECIATED
(V7)
'ppnode', 0);
end

A.2.10 setup_gas
%% [gas] = setup_gas(gas)
% Takes the allopts gas (agas = allopts.gas) and transforms it into a
gas
% variable with fields; gas.gamma, gas.D, gas.ustart
function [gas] = setup_gas(agas)
switch agas.gas
case 'h'
switch agas.restricted
case {'yes', 'no'}
D = 0.5*10^-5;
otherwise

% cm^2 / s
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--Tamara

D = agas.restricted; % Custom restricted D.
end
gamma = 267.513*10^6;
% rad / s / T
--spin dynamics
ustart = 0;
% No unusual start properties
case 'water'
switch agas.restricted
case {'yes', 'no'}
D = 2.5*10^-5; % cm^2 / s
--Random Walk NMR
otherwise
D = agas.restricted;
end
gamma = 267.522*10^6;
% rad / s / T
--spin dynamics
ustart = 1;
% Restrict water to tissue
case 'he'
switch agas.restricted
case 'yes'
D = 0.16;
% cm^2 / s
--HP gas properties
I
case 'no'
D = 0.24;
% cm^2 / s
%
--Free D in Air - Hand. Vac. Tech.
otherwise
D = agas.restricted;
end
gamma = -203.789*10^6;
ustart = 0;
case 'xe'
switch agas.restricted
case 'yes'
D = 0.021;

% rad / s / T

--WIKI

% cm^2 / s

--HP gas properties

I
case 'no'
D = 0.096;
% cm^2 / s
%
--Free D in Air - Diff. of Xe in
Underground...
otherwise
D = agas.restricted;
end
gamma = -74.521*10^6;
% rad / s / T
--spin dynamics
ustart = 0;
case 'origin'
D = 0.01;
% cm^2 / s
gamma = 200.000*10^6;
% rad / s / T
ustart = 2;
% Start particles at the origin
case 'test'
D = 0.10;
% cm^2 / s
gamma = 100.000*10^6;
% rad / s / T
ustart = 0;
% No strange starting
otherwise
% The user completely specified the gas
D = agas.restricted;
gamma = agas.gas*10^6;
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agas.gas = 'custom';

% once we have gamma set change the

name
ustart = 0;
end
% Convert units
% ie m -> um
%
s -> us
D = D*10^2;
gamma = gamma / 10^6;

% cm^2 / s -> um^2 / us
% rad / s / T -> rad / us / T

% Save for output
gas.name = agas.gas;
gas.D = D;
gas.gamma = gamma;
gas.ustart = ustart;
end

A.2.11 setup_region
% [lgrid, regionname, extfieldname, Mextfield] =
%
setup_region(subject, animal)
% Creates a diffusion map for an image if one does not already exist.
function [regionname, lgrid, gsize] = setup_region(allopts, animal)
%% Load up info on the diffusion / tissue map
load(allopts.subject);
% Throw an error if this file does not contain region information,
R
if size(whos('R'), 1) == 0
fprintf(['ERROR: \nBad image generation. Re-run
NMR_GUI_IG,',...
' and try to load up the file by hand.\n'])
ME = MException('FileError:DataNotFound', ...
'Variable ''R'' not loaded.');
throw(ME);
end
% Get the scaling factor
if ischar(animal)
sf = getscale(R.animal, animal);
else
sf = animal/R.scale;
end
regionname = allopts.subject;
% Save the new scale (um/px)
lgrid = R.scale * sf;
gsize = R.size;
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end
%% Helper functions
% Sets the scaling factor based on the native scale (NSanimal) and the
% scale that we want to run the experiment at (NEanimal).
function sf = getscale(NSanimal, NEanimal)
% Pull out the native scale, ie. how many um/px we have
% Then we re-scale this based on the animal.
%
We use the mean alveolar size to do the scaling
%
mouse = 45 um | rat = 50 um | human = 200 um
%
eg. scale is from a mouse lung at 1.8 um/px, but we want to run
%
it for 'human' lung which means the scale is 8.0 um/px
% What animal was the scale defined for
switch NSanimal
case 'mouse'
switch NEanimal
case 'mouse'
sf = 1;
case 'rat'
sf = 1/45*50;
case 'human'
sf = 1/45*200;
otherwise
fprintf(['ERROR: Invalid Animal specified,',...
' options are {mouse, rat, human}\n']);
end
case 'rat'
switch NEanimal
case 'mouse'
sf = 1/50*45;
case 'rat'
sf = 1;
case 'human'
sf = 1/50*200;
otherwise
fprintf(['ERROR: Invalid Animal specified,',...
' options are {mouse, rat, human}\n']);
end
case 'human'
switch NEanimal
case 'mouse'
sf = 1/200*45;
case 'rat'
sf = 1/200*50;
case 'human'
sf = 1;
otherwise
fprintf(['ERROR: Invalid Animal specified,',...
' options are {mouse, rat, human}\n']);
end
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otherwise
sf = NSAnimal;
fprintf('Using custom grid size: %s um/px\n', sf);
end
end

A.2.12 setup_extmdens
% Come up with the magnetic density of the nanoparticles.
function [Mextfield] = setup_extmdens(allopts, dsize, fields, nanomag)
% In either case, we need to return the extra scaling
% Scale the dipole distribution to the approprate value we selected
% Generate the Magnetization density based on our model
switch allopts.nanotype{2}
case 'none'
M = zeros(size(fields));
case 'Bulte1999'
M = bgrid_MforSPION(fields, nanomag, allopts.nanotype{1});
otherwise
fpritnf('ERROR: Unsupported SPION moment generation
method.\n')
return;
end
% And scale it to the size of our dipoles
Mextfield = M/(dsize^3);
end
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Appendix B: Pulse sequences
This section includes the custom pulse sequences used for measuring singlet
state lifetimes. A short description of the pulse sequence will be given before it is
presented. The code follows the Bruker pulse programming syntax.

B.1 MSM Pulse Sequences
B.1.1 Singlet Lifetime Measurement
This pulse sequence applies the M2S 180° pulse train, allows the singlet to persist
for a variable time delay (incremented by the spectrometer), and then uses the S2M
sequence to convert the remaining singlet population to observable magnetization.
;msm-evolution pulse sequence, pseudo 2d vary delay
;with composite pulse and phase increment
;avance-version (09/06/11)
;1D experiment built upon CPMG-1d
;
;$CLASS=HighRes
;$DIM=2D
;$TYPE=
;$SUBTYPE=
;$COMMENT=
#include <Avance.incl>
"p2=p1*2"
"d11=30m"
"d23=3u"

1 ze
2 d1
p1 ph0
3 d20
p1 ph0
d23
p2 ph1
d23
p1 ph0

159

d20
lo to 3 times l3
p1 ph1
d20
4 d20
p1 ph0
d23
p2 ph1
d23
p1 ph0
d20
lo to 4 times l4
d23
p15:gp1
d16
d11
vd
d11
p1 ph1
d23
p16:gp1
d16
p1 ph1
d23
p17:gp1
d16
5 d20
p1 ph0
d23
p2 ph1
d23
p1 ph0
d20
lo to 5 times l5
d20
p1 ph1
6 d20
p1 ph0
d23
p2 ph1
d23
p1 ph0
d20
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lo to 6 times l6
go=2 ph31
d11 wr #0 if #0 ivd
lo to 1 times td1
exit
ph0=0
ph1=1
ph31 = 0
;pl1 : f1 channel - power level for pulse (default)
;p1 : f1 channel - 90 degree high power pulse
;p2 : f1 channel - 180 degree high power pulse
;d1 : relaxation delay; 1-5 * T1
;d11: delay for disk I/O
[30 msec]
;d20: fixed delay for J coupling evolution around 2~3 msec
;d21: delay in M2S/S2M for a 1/4J rotation
;d22: delay for relaxation
;d23: fixed delay for composite 180 pulse, 3usec
;d16: delay for homospoil/gradient recovery, 150 usec
;l4: loop for a 180 inversion in SS-TT two level system
;l5: loop for a 90 rotation in SS-TT two level system
;l6: loop for a 180 inversion like l4, but in s2m
;l7: loop for a 90 like l5 but in s2m
;NS: 1 * n, total number of scans: NS * TD0
;DS: 16
;use gradient files:
;gpnam1: SINE.100
;gpz1: 70%
;cpd2: decoupling according to sequence defined by cpdprg2
;pcpd2: f2 channel - 90 degree pulse for decoupling sequence
;$Id: msm,v 1.1.4.3 2011/09/06 13:18:56 ber Exp $

B.1.2 Duration Optimization
This pulse sequence is similar to that of B.1.1, except that a fixed duration is used
for the relaxation delay, and the interpulse delay between the 180° pulses is incremented
for optimization of magnetization to singlet transfer.
;msm-evolution pulse sequence, pseudo 2d vary delay
;with composite pulse and phase increment
;avance-version (09/06/11)
;1D experiment built upon CPMG-1d

161

;
;$CLASS=HighRes
;$DIM=2D
;$TYPE=
;$SUBTYPE=
;$COMMENT=
#include <Avance.incl>
"p2=p1*2"
"d11=30m"
"d23=3u"

1 ze
2 d1
p1 ph0
3 vd
p1 ph0
d23
p2 ph1
d23
p1 ph0
vd
lo to 3 times l3
p1 ph1
vd
4 vd
p1 ph0
d23
p2 ph1
d23
p1 ph0
vd
lo to 4 times l4
d23
p15:gp1
d16
d11
1s
d11
p1 ph1
d23
p16:gp1
d16
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p1 ph1
d23
p17:gp1
d16
5 vd
p1 ph0
d23
p2 ph1
d23
p1 ph0
vd
lo to 5 times l5
vd
p1 ph1
6 vd
p1 ph0
d23
p2 ph1
d23
p1 ph0
vd
lo to 6 times l6
go=2 ph31
d11 wr #0 if #0 ivd
lo to 1 times td1
exit
ph0=0
ph1=1
ph31 = 0
;pl1 : f1 channel - power level for pulse (default)
;p1 : f1 channel - 90 degree high power pulse
;p2 : f1 channel - 180 degree high power pulse
;d1 : relaxation delay; 1-5 * T1
;d11: delay for disk I/O
[30 msec]
;d20: fixed delay for J coupling evolution around 2~3 msec
;d21: delay in M2S/S2M for a 1/4J rotation
;d22: delay for relaxation
;d23: fixed delay for composite 180 pulse, 3usec
;d16: delay for homospoil/gradient recovery, 150 usec
;l4: loop for a 180 inversion in SS-TT two level system
;l5: loop for a 90 rotation in SS-TT two level system
;l6: loop for a 180 inversion like l4, but in s2m
;l7: loop for a 90 like l5 but in s2m
;NS: 1 * n, total number of scans: NS * TD0
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;DS: 16
;use gradient files:
;gpnam1: SINE.100
;gpz1: 70%
;cpd2: decoupling according to sequence defined by cpdprg2
;pcpd2: f2 channel - 90 degree pulse for decoupling sequence
;$Id: msm_vtau,v 1.1.4.3 2011/09/06 13:18:56 ber Exp $

B.1.3 Number of Pulses Optimization
This pulse sequence is similar to B.1.1, however, the singlet relaxation delay is
fixed and the number of pulses in the M2S / S2M 180° pulse train is incremented to
determine the optimal number.
;msm-evolution pulse sequence, pseudo 2d vary delay
;with composite pulse and phase increment
;avance-version (09/06/11)
;1D experiment built upon CPMG-1d
;
;$CLASS=HighRes
;$DIM=2D
;$TYPE=
;$SUBTYPE=
;$COMMENT=
#include <Avance.incl>
"p2=p1*2"
"d11=30m"
"d23=3u"

1 ze
2 d1
p1 ph0
3 d20
p1 ph0
d23
p2 ph1
d23
p1 ph0
d20
lo to 3 times c
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p1 ph1
d20 ivc
4 d20
p1 ph0
d23
p2 ph1
d23
p1 ph0
d20
lo to 4 times c
d23
p15:gp1
d16
d11
1s
d11
p1 ph1
d23
p16:gp1
d16
p1 ph1
d23
p17:gp1
d16
5 d20
p1 ph0
d23
p2 ph1
d23
p1 ph0
d20
lo to 5 times c
d20 ivc
p1 ph0
6 d20
p1 ph0
d23
p2 ph1
d23
p1 ph0
d20
lo to 6 times c
go=2 ph31
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d11 wr #0 if #0 ivc
lo to 1 times td1
exit
ph0=0
ph1=1
ph31 = 0
;pl1 : f1 channel - power level for pulse (default)
;p1 : f1 channel - 90 degree high power pulse
;p2 : f1 channel - 180 degree high power pulse
;d1 : relaxation delay; 1-5 * T1
;d11: delay for disk I/O
[30 msec]
;d20: fixed delay for J coupling evolution around 2~3 msec
;d21: delay in M2S/S2M for a 1/4J rotation
;d22: delay for relaxation
;d23: fixed delay for composite 180 pulse, 3usec
;d16: delay for homospoil/gradient recovery, 150 usec
;l4: loop for a 180 inversion in SS-TT two level system
;l5: loop for a 90 rotation in SS-TT two level system
;l6: loop for a 180 inversion like l4, but in s2m
;l7: loop for a 90 like l5 but in s2m
;NS: 1 * n, total number of scans: NS * TD0
;DS: 16
;use gradient files:
;gpnam1: SINE.100
;gpz1: 70%
;cpd2: decoupling according to sequence defined by cpdprg2
;pcpd2: f2 channel - 90 degree pulse for decoupling sequence
;$Id: msm_npulse,v 1.1.4.3 2011/09/06 13:18:56 ber Exp $

B.2 SLIC Pulse Sequences
B.2.1 Singlet Lifetime Measurement
This pulse sequence applies a constant amplitude SLIC pulse to generate singlet
population. A variable relaxation delay is allowed before another SLIC pulse converts
the singlet population to observable magnetization. Phase cycling is implemented, and
there is a 300 Hz frequency offset to avoid any DC noise spike present in the amplifier.
;slic complete sequence
;avance-version (07/04/03)
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;from t1ir
;
;$CLASS=HighRes
;$DIM=2D
;$TYPE=
;$SUBTYPE=
;$COMMENT=

#include <Avance.incl>
#include <Grad.incl>
"d11=30m"
1 ze
2 d1 pl1:f1 fq=300:f1
(p1 ph1):f1
1u pl11:f1
(d3 cw ph2):f1
3u do:f1
50u UNBLKGRAD
p16:gp1
d16
4u BLKGRAD
d11
vd
d11
50u UNBLKGRAD
1u pl1:f1
p1 ph4
d23
p1 ph5
d23
p17:gp1
d16
p1 ph4
d23
p1 ph5
d23
p18:gp1
d16
4u BLKGRAD
1u pl11:f1
(d3 cw ph2):f1
3u do:f1
go=2 ph31
d11 wr #0 if #0 ivd
lo to 1 times td1
exit
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ph1 = 1 1
ph2 = 0 2
ph3 = 0 0
ph4 = 0 0
ph5 = 1 1
ph31 = 0 0
;pl1 : f1 channel - power level for pulse (default)
;p1 : f1 channel - 90 pulse duration
;pl1 :f1 channel - 90 pulse power
;pl11:f1 channel - SLIC power level
;d1 : relaxation delay; 1-5 * T1
;d3 : SLIC pulse duration (us)
;d11 : delay for disk I/O
;vd : SLIC relaxation delay, vd taken from vdlist
;NS : 2 * n
;DS : N/A

[30 msec]

;$Id: t1ir,v 1.8.10.3 2007/04/11 13:16:56 ber Exp $

B.2.2 Power Optimization
This sequence is similar to B2.1, however, the amplitude of the SLIC pulse is
adjustable, such that the SLIC amplitude may be optimized.
;slic complete sequence
;avance-version (07/04/03)
;from t1ir
;
;$CLASS=HighRes
;$DIM=2D
;$TYPE=
;$SUBTYPE=
;$COMMENT=
#include <Avance.incl>
#include <Grad.incl>
"d11=30m"
define list<power> pwl=<$VALIST>
1 ze
2 d1 pl1:f1
(p1 ph1):f1
1u pwl:f1
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(d3 cw ph2):f1
3u do:f1
50u UNBLKGRAD
p16:gp1
d16
4u BLKGRAD
d11
1s
d11
50u UNBLKGRAD
1u pl1:f1
p1 ph4
d23
p17:gp1
d16
p1 ph4
d23
p18:gp1
d16
4u BLKGRAD
1u pwl:f1
(d3 cw ph2):f1
3u do:f1
go=2 ph31
d11 wr #0 if #0 pwl.inc
lo to 1 times td1
exit
ph1 = 1 1
ph2 = 0 2
ph3 = 0 0
ph4 = 0 0
ph31 = 0 0
;pl1 : f1 channel - power level for pulse (default)
;p1 : f1 channel - 90 pulse duration
;pl1:f1 channel - 90 pulse power
;pl11:f1 channel - SLIC power level
;d1 : relaxation delay; 1-5 * T1
;d3: SLIC pulse duration (us)
;d11: delay for disk I/O
;vp : variable SLIC duration, taken from vp-list
;NS: 8 * n
;DS: 4
;$Id: t1ir,v 1.8.10.3 2007/04/11 13:16:56 ber Exp $
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[30 msec]

B.2.3 Duration Optimization
Similar to B2.2.2, this is based off of B2.2.1 with the change that the duration of
the SLIC pulse is varied to optimize this parameter.
;slic complete sequence
;avance-version (07/04/03)
;from t1ir
;
;$CLASS=HighRes
;$DIM=2D
;$TYPE=
;$SUBTYPE=
;$COMMENT=
#include <Avance.incl>
#include <Grad.incl>
"d11=30m"
1 ze
2 d1 pl1:f1
(p1 ph1):f1
1u pl11:f1
(vp cw ph2):f1
3u do:f1
50u UNBLKGRAD
p16:gp1
d16
4u BLKGRAD
d11
1s
d11
50u UNBLKGRAD
1u pl1:f1
p1 ph4
d23
p17:gp1
d16
p1 ph4
d23
p18:gp1
d16
4u BLKGRAD
1u pl11:f1
(vp cw ph2):f1
3u do:f1
go=2 ph31
d11 wr #0 if #0 ivp
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lo to 1 times td1
exit
ph1 = 1 1
ph2 = 0 2
ph3 = 0 0
ph4 = 0 0
ph31 = 0 0
;pl1 : f1 channel - power level for pulse (default)
;p1 : f1 channel - 90 pulse duration
;pl1:f1 channel - 90 pulse power
;pl11:f1 channel - SLIC power level
;d1 : relaxation delay; 1-5 * T1
;d11: delay for disk I/O
;vp : variable SLIC duration, taken from vp-list
;NS: 8 * n
;DS: 4
;$Id: t1ir,v 1.8.10.3 2007/04/11 13:16:56 ber Exp $
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[30 msec]
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