
ABSTRACT 

ABDULMOJEED, MUSTAPHA BABATUNDE. Advancing SABRE-SHEATH 
Hyperpolarization for pH Sensing and Reaction Monitoring. (Under the direction of Prof. 
Thomas Theis). 
 

This thesis presents the development and application of Signal Amplification by Reversible 

Exchange (SABRE) for the hyperpolarization of novel biologically and chemically relevant 

molecules. Specifically, it highlights the use of SABRE-SHEATH as an efficient method to 

increase signal sensitivity in novel MRI pH probe, such as Z-4-methyl-2-oxopent-3-enedioic acid 

([1,5-13C2]-Z-OMPD). The first three chapters introduce the principle of hyperpolarized magnetic 

resonance, parahydrogen, and the SABRE technique. Chapter 4 describes the successful 

hyperpolarization of [1,5-13C2]-Z-OMPD using SABRE-SHEATH.  Chapter 5 focuses on the 

direct hyperpolarization of imidazole in water, addressing the challenge of SABRE 

biocompatibility for pre-clinical and clinical application. Finally, chapter 6 demonstrates the 

application of SABRE-SHEATH hyperpolarization for real-time reaction monitoring, using the 

diazonium product of 15N-labelled sodium nitrite and its azo coupling reactions with phenol and 

cresol as a model. 
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Chapter 1 Background 

1.1 Magnetic Resonance 

Magnetic resonance is arguably the most informative analytical technique widely used 

across multiple fields of science1. It relies on the weak interaction of nuclear spins with external 

magnets under certain matching conditions commonly referred to as resonance (hence the name 

Magnetic Resonance). There are two major MR techniques: Nuclear Magnetic Resonance 

(NMR)2,3 and Magnetic Resonance Imaging (MRI)4–6.  

Nuclear Magnetic Resonance (NMR) spectroscopy is a widely used analytical technique 

in chemistry, particularly for the structural elucidation of organic compounds7–10. In the field of 

structural biology, multidimensional NMR methods enable detailed investigation of protein 

structures and their dynamic behavior11–15. Beyond the laboratory, Magnetic Resonance Imaging 

(MRI) is routinely employed in medical diagnostics to non-invasively visualize internal body 

structures, aiding in the diagnosis of diseases and monitoring of therapeutic outcomes16–18.   

The origin of magnetic resonance is tightly linked to the discovery of nuclear spin. Spin is 

an intrinsic quantum property of particles such as electrons and nuclei. Its existence was first 

demonstrated in the early 20th century through the pioneer Stern-Gerlach experiment19. As spin 

possess angular momentum, it also gives rise to a magnetic moment, making particles responsive 

to external magnetic field. Magnetic resonance techniques leverage this property to non-

destructively extract detailed information about a wide range of materials of all kinds, from 

solids2,20–22 to fluids2,7,23, macromolecules24,25 to small molecules7,10, and systems ranging from 

subsurface of the earth26 to interstellar space27. The profound scientific and practical significance 

of MR techniques have been recognized through the awarding of seven Noble prizes across the 

fields of physics, chemistry, and medicine1.  
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1.2 Sensitivity Challenge in NMR and MRI 

Magnetic resonance, despite its numerous applications, suffers from low sensitivity.28,29 

This limitation stems from low thermal polarization. Thermal polarization refers to the difference 

in population between specific nuclear spin states at a given temperature and magnetic field.28–30  

This inherent limitation in sensitivity originates from small population difference between 

nuclear Zeeman states, the source of signal in NMR and MRI. To break it down further, consider 

an ensemble of nuclei, with spin angular momentum I. According to quantum mechanics, the 

system would consist of 2I+1 degenerate states. In the presence of a static magnetic field B0, the 

degeneracy of the states is broken into m Zeeman states (m ϵ {-I,-I+1,…I-1,+I}) as illustrated in 

Figure 1. 

For a spin ½ system, such as 1H, 13C, and 15N, two degenerate states are formed 

(2(1/2)+1=2) with ms = ±1/2 values and energies: 

𝐸𝐸𝑚𝑚 = −𝑚𝑚𝑚𝑚ℏ𝐵𝐵0  

   Eq 1.1 

Figure 1.1. The Zeeman splitting of 1H and 13C in the presence of 

Magnetic field B0. 
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Where γ is the gyromagnetic ratio, a fundamental property unique to all nuclei which 

measures their magnetic susceptibility, ћ is the reduced Planck’s constant. The population 

difference per total number of nuclei between these two states (±1/2, or α and β) also known as 

Polarization, P is given by the Boltzmann distribution as shown in equation 1.2: 

𝑃𝑃 =  𝑛𝑛𝛼𝛼−𝑛𝑛𝛽𝛽
𝑛𝑛𝛼𝛼+𝑛𝑛𝛽𝛽

= 𝑡𝑡𝑡𝑡𝑡𝑡ℎ �𝛾𝛾ћ𝐵𝐵0
2𝑘𝑘𝐵𝐵𝑇𝑇

�  

           Eq 1.2 
Where nα and nβ is the population in the α and β states at thermal equilibrium. The 

difference in energy between the two states is described in equation 1.3. 

∆𝐸𝐸 = 𝛾𝛾ћ𝐵𝐵0                                                    Eq 1.3 
 

ΔE is very small compared to thermal energy (kbT) at ambient temperatures. Therefore, 

both states are almost equally populated. For example, from Eq 1.2, the Polarization at 298 K 

corresponds to 3ppm/T, this means for an 11.7 T (1H 500 MHz) magnet, only 35.1 ppm 

polarization is achieved. This means for every 1 million 1H nuclei in the sample, only ~35 of them 

is giving the signal seen on the instrument, the others are silent. 

Consequently, the pursuit of enhanced NMR signal sensitivity has been a central focus for 

researchers, scientists, and commercial institutions since the inception of the technique.1 This drive 

has led to the development of high-field superconducting magnets, capable of generating magnetic 

fields corresponding to resonance frequencies exceeding 1.2 GHz.28,29 While high-field NMR 

offers significant advantages in terms of resolution and sensitivity, the associated costs, large 

physical footprint, and potential safety concerns render such systems impractical for many 

applications. These include routine clinical MRI scans, industrial quality control, and subsurface 

investigations in fields such as oil exploration. As a result, various strategies have been developed 

to boost NMR signal strength by increasing nuclear spin polarization independently of the main 

magnetic field (B₀). These techniques are collectively referred to as hyperpolarization (HP).25,29 
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Hyperpolarization refers to the process of perturbing an ensemble of nuclear spins from 

their thermal equilibrium distribution into a non-Boltzmann state. In such a state, one spin energy 

level becomes significantly overpopulated relative to the other, resulting in a substantial increase 

in net magnetization. This enhanced magnetization directly translates into a dramatic improvement 

in signal intensity in magnetic resonance experiments. Achieving hyperpolarization requires an 

external source of spin order to drive the system away from equilibrium. Several techniques have 

been developed to accomplish this, each exploiting different physical principles. The three most 

employed hyperpolarization methods are summarized below.28–32 

1.3 Hyperpolarization methods 

1.3.1 Dynamic Nuclear Polarization (DNP) 
 

Dynamic Nuclear Polarization (DNP) is one of the earliest hyperpolarization methods 

developed in magnetic resonance.33–39 In this method, the target nuclei are placed in contact with 

an unpaired electron, the relatively large thermal polarization of the electron is then transferred to 

the target nuclei via the application of microwave irradiation at or near the electron spin resonance 

(ESR) transition frequency.34,40 This method has been extensively studied and used to 

hyperpolarize a wide range of MRI contrast agents, such as 13C-pyruvate which is a subject of 

several pre-clinical and clinical trials for diagnosing, assessing and monitoring various types of 

cancers.41,42 The robustness, reproducibility and large polarization achieved with DNP is 

unparalleled among other HP methods, however DNP polarizers are very expensive, often 

characterized with large footprints and require time and expertise to run.  
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1.3.2 Spin Exchange Optical Pumping (SEOP) 
 

Spin exchange optical pumping (SEOP) is another example of hyperpolarization method 

that is used in polarizing gases such as 3He, 129Xe and 83Kr. Here, polarization is transferred from 

laser photons to the electrons of an alkali metal vapor placed in a closed jar containing the target 

gas and a gaseous buffer.43,44 The ensuing nuclear collision between the target and the polarized 

electrons of alkali metals results in the polarization of noble gases. This method has been used 

clinically to evaluate pulmonary structure and function, in addition to ventilation imaging.45 

1.3.3 Parahydrogen Induced Polarization (PHIP) 
 

Finally, Parahydrogen induced hyperpolarization is a relatively new hyperpolarization 

technique that uses parahydrogen as the spin order source. Details of this method will be discussed 

in subsequent chapters of this thesis as the work presented here is solely based on PHIP.  

1.4 Outline and Summary 

 This thesis begins by introducing the fundamental principles of hyperpolarization in 

magnetic resonance and briefly surveys the three main hyperpolarization methods. A detailed 

discussion of parahydrogen-induced hyperpolarization (PHIP) is presented in chapter 2, beginning 

with the theory of hydrogen spin isomers, leading to the generation, storage and application of 

parahydrogen.  

Chapter 3 offers an in-depth overview of Signal amplification by reversible exchange 

(SABRE), explaining the underlying chemistry and physics that enable the technique. This Chapter 

lays the groundwork for the subsequent chapters by detailing the mechanism of catalyst-substrate 

exchange and spin order transfer central to SABRE. 
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Chapter 4 presents a previously published work describing the successful hyperpolarization 

of a novel MRI pH sensor, Z-4-methyl-2-oxopent-3-enedioic acid ([1,5-13C2] Z-OMPD). This 

study illustrates the potential of SABRE for enhancing the sensitivity of MRI contrast agents. 

 Chapter 5 focuses on the direct hyperpolarization of imidazole in aqueous media using a 

water-soluble catalyst. The work addresses key challenges in SABRE biocompatibility and 

achieves signal enhancements not previously reported for direct SABRE in water. 

 Finally, chapter 6 demonstrates the application of SABRE-SHEATH for real-time reaction 

monitoring. Using 15N-labelled sodium nitrite as a hyperpolarized probe, this chapter showcases 

the ability to track the transformation of reactants to intermediates and products during azo dye 

formation, highlighting the utility of SABRE in mechanistic studies.  
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Chapter 2 : Parahydrogen: Theory and Applications 

2.1 Parahydrogen 

The hydrogen molecule has two spin isomers.46–49 Spin isomer refers to how the hydrogen 

nuclear spins are oriented with respect to each other, like how electrons are paired in an atomic 

orbital. The hydrogen nuclei in the dihydrogen molecule can either be parallel to each other or 

anti-parallel. The parallel states are known as orthohydrogen. They have a total spin F=1, and thus 

are triply degenerate (also called triplet state: T+1, T0, T-1). The anti-parallel state is known as 

parahydrogen. It has a total spin F=0, and therefore it is singlet. At room temperature, hydrogen 

gas has a 3:1 ratio of ortho to para isomers. Spin isomerism in the hydrogen molecule was first 

postulated by Werner Heisenberg.46 This was confirmed experimentally by Hund and Dennison.48 

Subsequently, Bonhoeffer and Harteck isolated parahydrogen and showed the interconversion of 

the ortho and para isomers of hydrogen.49  

The origin of the two distinct spin isomers of  hydrogen can be explained through the Pauli 

exclusion principle,50 which states that: “The total wavefunction of a homonuclear diatomic 

molecule made of two bosons (particle with integer spin angular momentum) is symmetric with 

respect to interchange of the particles, while that made of fermions (particle with half-integer spin 

angular momentum) is antisymmetric.” 

The hydrogen molecule consists of two hydrogen atoms whose nucleus each have half-

integer spins. Therefore, according to the Pauli principle above, the total wavefunction of the 

hydrogen molecule must be antisymmetric with respect to interchange of the hydrogen nuclei. 

Using the Born-Oppenheimer approximation,51 the total wavefunction of the hydrogen molecule 

can be expressed as a product of electronic (ΨE), translational (ΨT), vibrational (ΨV), rotational 

(ΨR), nuclear-spin (ΨNS) wavefunctions.52  
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Ψ𝑡𝑡𝑡𝑡𝑡𝑡 = Ψ𝐸𝐸Ψ𝑇𝑇Ψ𝑉𝑉Ψ𝑅𝑅Ψ𝑁𝑁𝑁𝑁  
          Eq 2.1 

The electronic, translational, and vibrational wavefunctions for the hydrogen molecule are 

all symmetric with respect to nuclei interchange, therefore, for the Ψtot to be antisymmetric, Either 

the rotational (ΨR) or nuclear spin state (ΨNS) must be antisymmetric. In other words, both wave 

functions correlate to one another. 

                 Ψ𝑡𝑡𝑡𝑡𝑡𝑡
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = Ψ𝐸𝐸Ψ𝑇𝑇Ψ𝑉𝑉 (Ψ𝑅𝑅

𝑠𝑠𝑠𝑠𝑠𝑠Ψ𝑁𝑁𝑁𝑁
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 Ψ𝑅𝑅

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎Ψ𝑁𝑁𝑁𝑁
𝑠𝑠𝑠𝑠𝑠𝑠) 

      Eq 2.2 
The rotational wavefunction of the hydrogen molecule is mathematically described by 

spherical harmonics (rotational states J = 0,1,2,3,4…). The same mathematical model used to 

describe the atomic orbitals (l = 0,1,2,3,4…). The even rotational states (J = 0,2,4…) are 

symmetric just like s (l = 0) and d-orbitals (l = 2) while the odd rotational states (J = 1,3,5…) are 

antisymmetric similar to p (l = 1) and f -orbitals (l = 3).52 Importantly, the rotational states are 

2J+1 degenerate and their energy is given by: 

𝐸𝐸𝐽𝐽 = 𝐵𝐵𝐵𝐵(𝐽𝐽 + 1)  
        Eq 2.3 

Where B is the rotational constant which for hydrogen, B = 60.8 cm-1.52 The energy spacing 

between the states can be computed from equation 2.3. For example, the energy spacing between 

the J = 0 and J = 1 can be computed as follows: 

 𝛥𝛥𝛥𝛥0,1 =  𝐸𝐸1 − 𝐸𝐸0 = 60.8  𝑐𝑐𝑐𝑐−1[(1(1 + 1) − (0(0 + 1)] = 2 × 60.8 = 121.6 𝑐𝑐𝑐𝑐−1 

Considering that the thermal energy (kbT) available at 298 K is ≈ 207.1 cm-1, at least the 

first four rotational states are accessible at standard conditions. 

Moving gears to the spin wavefunction, the hydrogen molecule could only have four 

possible arrangements: 

α(1)α(2)      β(1)β(2)     α(1)β(2)     β(1)α(2) 
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Where α denotes by convention a spin aligned up (↑) or positive spin (+) and β, denotes 

spin aligned down (↓) or negative spin (-). The index 1 and 2 in parentheses labels the hydrogen 

nuclei. For example, α(1)α(2) means both hydrogen nuclei are spin up whereas β(1)β(2) means 

both are spin down. It is evident that in the first two scenarios, if we interchange the nuclei, nothing 

happens, thus both terms are symmetric with respect to exchange. However, if we interchange any 

of the last two terms, α(1)β(2) → β(1)α(2), we arrive at a new wavefunction different from the one 

we start with. In quantum mechanical terms, the last two terms are not an eigenfunction of the 

interchange operator (permutation operator) and thus they are neither symmetric nor antisymmetric 

with respect to exchange. 

However, a linear combination of the two terms {α(1)β(2), β(1)α(2)} leads to two 

additional wavefunctions {1/√2 [α(1)β(2) - β(1)α(2)], and 1/√2 [α(1)β(2) + β(1)α(2)]}. Where 1/√2 

is the normalization constant. It can be shown that the first of these two linear combinations is 

antisymmetric with respect to exchange and the other is symmetric.32,52 

Thus, we have three symmetric spin states (T+1 = α(1)α(2), T0 = 1/√2 [α(1)β(2) + β(1)α(2) 

, and  T-1 = β(1)β(2)) of the hydrogen molecule which we previously described as orthohydrogen. 

The states can only exist in the odd rotational states due to Pauli principle. The fourth spin state is 

the singlet state also known as parahydrogen as mentioned earlier in the chapter. parahydrogen is 

antisymmetric with respect to exchange and only exists in the even rotational states of the hydrogen 

molecule (see Table 2.1). 
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Table 2.1. Vector representation of the spin isomers of hydrogen and their coupled rotational 

states 

 Even Rotational states  

(J = 0,2,4…) symmetric 

Odd Rotational states 

(J = 1,3,5…) antisymmetric 

Singlet Parahydrogen 

antisymmetric 

Allowed Forbidden 

Triplet orthohydrogen 

symmetric 

Forbidden Allowed 

 

In essence, the hydrogen molecule consists of two different gases (ortho and parahydrogen) 

each with unique physical properties. The relative population of the two gases can be calculated 

using the Maxwell-Boltzmann statistics52,53 given below: 

𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑁𝑁𝑜𝑜𝑜𝑜𝑜𝑜ℎ𝑜𝑜

=  
(2𝐼𝐼+1)∑ (2𝐽𝐽+1)𝑒𝑒

�−
𝐽𝐽(𝐽𝐽+1)Θ𝑅𝑅

𝑇𝑇 �
𝐽𝐽=𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

(2𝐼𝐼+1)∑ (2𝐽𝐽+1)𝑒𝑒
�−
𝐽𝐽(𝐽𝐽+1)Θ𝑅𝑅

𝑇𝑇 �
𝐽𝐽=𝑜𝑜𝑜𝑜𝑜𝑜

                                     Eq 2.4 
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Where I is the degeneracies of the spin states. the triple states are three-fold degenerate, 

since I =1 from equation 1.1, and the singlet state is one-fold degenerate, I = 0, therefore, Eq 2.4 

can be collapsed to: 

𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑁𝑁𝑜𝑜𝑜𝑜𝑜𝑜ℎ𝑜𝑜

=  ∑ (2𝐽𝐽+1)𝑒𝑒(−
𝐽𝐽(𝐽𝐽+1)Θ𝑅𝑅

𝑇𝑇 )
𝐽𝐽=𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

3∑ (2𝐽𝐽+1)𝑒𝑒(−
𝐽𝐽(𝐽𝐽+1)Θ𝑅𝑅

𝑇𝑇 )
𝐽𝐽=𝑜𝑜𝑜𝑜𝑜𝑜

                                              Eq 2.5 

J is the rotational quantum number, T is temperature in Kelvin, while ΘR is the rotational 

temperature and is given by52,53: 

Θ𝑅𝑅 = 𝐵𝐵
𝑘𝑘𝑏𝑏

= ℎ2

8𝜋𝜋2𝐼𝐼𝑘𝑘𝑏𝑏
                                                      Eq 2.6 

 

kb is the Boltzmann constant, h is Planck’s constant and I is the moment of inertia of the 

molecule. Using ΘR = 87.5 K and plotting Eq 2.5 for the first four terms. It can be shown from 

Figure 2.1 that at or above room temperature all the rotational states are  populated, therefore the 

ratio of para to ortho depends on only the spin state degeneracies. Thus, we expect 25% of 

dihydrogen will be in the para state under this condition, this is akin to normal hydrogen gas. At 

liquid Nitrogen temperature (77K), and in the presence of a suitable catalyst, the ratio of para to 

ortho in dihydrogen can be increased by 50%, a sample of hydrogen containing such composition, 

is said to be 50% para enriched. 



   
 

12 
 
 

 

 

2.2 Parahydrogen generation 

The spontaneous conversion from orthohydrogen to parahydrogen is very slow on the 

orders of days even at cryogenic temperatures. This is because the conversion involves a spin-flip 

which is symmetrically forbidden.54  

There are two main ways to generate parahydrogen. The first method requires dissociation 

of hydrogen gas on the surface of a heterogeneous catalyst, then recombining the atoms at 

cryogenic temperatures where the formation of para state is thermodynamically favored, followed 

by desorption of the mostly pure parahydrogen gas.54–56 The second method requires the use of 

inhomogeneous magnetic material such as rust (FeO(OH) or charcoal to alter the magnetic moment 

of the spins and thereby induce a spin flip.55–58 The latter method has been extensively studied, 

and several reviews have been dedicated to the development and efficiency of the process.59 Today, 

commercial products are available for in-house production of up to 100% parahydrogen such as 

Figure 2.1. Plot of percentage parahydrogen content in normal hydrogen as a function of 

temperature in the presence of a suitable catalyst. 
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the one developed by Hovener et al60 pictured in Figure 2.2 (left). A home-built parahydrogen 

generator, pictured in Figure 2.2 (right) can be assembled with little cost (~$100) to generate up 

to 50% parahydrogen.61 

 

 

 

2.3 Applications of parahydrogen 

2.3.1 Hydrogen storage 
 

The initial drive for parahydrogen production emanates from the rapid rise in the use of 

hydrogen gas as rocket fuel in post-World War II. Hydrogen gas is typically liquefied for long 

term storage purposes. However, at liquid hydrogen temperatures, orthohydrogen is less stable 

Figure 2.2. Parahydrogen generators. (Right) 100% parahydrogen generator composed of the reactor 

(silver cylinder), a helium compressor and cryostat (blue) for cooling the temperature down to 28K. 

(LEFT) A 50% parahydrogen generator mounted on a plexy glass. 
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compared to parahydrogen, thus it undergoes a process called spin-flip due to intermolecular 

collisions and slowly transforms to parahydrogen. Unfortunately, the enthalpy of the spin flip 

process is higher compared to the enthalpy of evaporation of liquid hydrogen. Therefore, liquefied 

hydrogen evaporates substantially resulting in loss of more than 30 % of the stored hydrogen. 

Converting normal hydrogen to highly enriched parahydrogen before liquefaction can significantly 

reduce the loss of hydrogen to about 0.3 %. Hence lots of effort was spent in finding efficient 

means of converting normal hydrogen to highly enriched parahydrogen.56,59,62 

2.3.2 Parahydrogen Induced Hyperpolarization 
 

Another event that catalyzes the research in parahydrogen generation is its use in magnetic 

resonance to dramatically increase signal intensities of unsaturated substrates by pairwise addition. 

Parahydrogen has zero spin angular momentum and therefore it is NMR silent. However, it’s 

pairwise addition to an unsaturated substrate or metal center results in large detectable antiphase 

NMR signal of the corresponding protons in the product molecule, as predicted and demonstrated 

by Bowers and Weitekamp.63 This technique is termed parahydrogen induced hyperpolarization 

(PHIP).64 Since the work presented in this thesis is a variant of PHIP, I would like to give a brief 

overview about PHIP in this chapter before proceeding, 

In PHIP, two conditions must be met for NMR signal to become detectable, 1) the resulting 

protons must be magnetically distinct. In other words, the symmetry from the initial parahydrogen 

molecule must be broken through chemical shift differences or distinct coupling partners. 2) the 

reaction must happen faster than the relaxation of the protons.63–65 Figure 2.3 illustrates the basic 

principle of PHIP, the initial parahydrogen spin state ( 1
√2

|𝛼𝛼𝛼𝛼 − 𝛽𝛽𝛽𝛽⟩) corresponds only to the |𝛼𝛼𝛼𝛼⟩ 

and |𝛽𝛽𝛽𝛽⟩ states, thereby upon reaction, these two states are overpopulated and results in a pair of 
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absorption (1,3) and emission (2,4) peaks corresponding to |𝛽𝛽𝛽𝛽⟩ →|𝛽𝛽𝛽𝛽⟩,  |𝛼𝛼𝛼𝛼⟩ → |𝛽𝛽𝛽𝛽⟩ and 

|𝛼𝛼𝛼𝛼⟩ →|𝛼𝛼𝛼𝛼⟩,  |𝛽𝛽𝛽𝛽⟩ →|𝛼𝛼𝛼𝛼⟩ transitions, respectively. 

 

 

Historically, PHIP can be done in two ways; When the reaction and detection are carried 

out at high field (weak coupling regime), this process is termed PASADENA.65 On the other hand, 

if the reaction is done at low field (strong coupling regime), and detected at high field, the process 

is termed Adiabatic Longitudinal Transport After Dissociation Engenders Nuclear Alignment 

(ALTADENA).66 In this case, either |𝛼𝛼𝛼𝛼⟩ or |𝛽𝛽𝛽𝛽⟩ is overpopulated not both, resulting in only an 

absorption (1) and emission (4) enhanced peaks corresponding to transitions |𝛽𝛽𝛽𝛽⟩ →|𝛽𝛽𝛽𝛽⟩ and 

|𝛽𝛽𝛽𝛽⟩ →|𝛼𝛼𝛼𝛼⟩.66,67 

Incorporating hydrogen directly into a target substrate, to induce hyperpolarization also 

known as hydrogenative PHIP has been widely used in organic and inorganic chemistry to probe 

hydrogenation reactions as well as trace reaction intermediates.68–72 Magnetic field cycling 

Figure 2.3. (TOP) Hydrogenation of an unsaturated compound using parahydrogen. (Bottom) A 

schematic diagram depicting both PASADENA and ALTADENA effect. 
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(MFC)73,74 and specialized pulse sequences75–77 have been employed in tandem with PHIP 

chemistry to allow more efficient spin order transfer into target nuclei. Heteronuclear targets, such 

as 13C and 15N, have further extended the application of PHIP to biomedical applications via the 

preparation of hyperpolarized contrast agents for different imaging protocols.  

Furthermore, spin order transfer (SOT) through parahydrogen is not limited to h-PHIP. 

Pairwise replacement of hydrogen,78 single hydrogen replacement,79 or addition of one 

hydrogen80,81 to a target substrate are all possible ways by which parahydrogen have been used to 

achieve SOT (see Figure 2.4). 

 

The limited substrate scope of h-PHIP and the need to expand the library of 

hyperpolarizable MRI contrast agents have resulted in several innovative solutions. The first of 

which is termed Side Arm Hydrogenation PHIP (PHIP-SAH), this method uses an unsaturated 

ester precursor of the target substrate for the hydrogenation process, thereafter polarization is 

transferred to the heteronuclear atom of interest in the substrate using either a pulse sequence or 

Figure 2.4. An overview of PHIP modalities 
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magnetic field cycling (MFC) method. Subsequently, the hydrogenated part of the ester is cleaved 

off through hydrolysis, and the hyperpolarized substrate can be extracted through phase separation 

as shown in Figure 2.5. This method has been used to hyperpolarize 13C-Pyruvate, an important 

metabolite leading current clinical trials.82–84 

 

Additionally, A novel approach was invented by Ducket et al in 2009, which does not 

require hydrogenation, rather, an organometallic catalyst which reversibly binds to parahydrogen 

and the substrate of interest is used to mediate the transfer of polarization. This method termed 

Signal Amplification by Reversible Exchange (SABRE), has further expanded the substrate scope 

of parahydrogen-based hyperpolarization methods to include, amines, alcohols, alpha-keto acids , 

imidazoles etc. The following chapter will be dedicated to this method as all the work presented 

in this document is based on the SABRE approach. 

  

Figure 2.5. A typical PHIP-SAH procedure showing the hydrogenation of the unsaturated carboxylate 

with parahydrogen, followed by transfer of polarization from the added hydrogens to the 13C nuclei of 

the carboxylate before hydrolysis to fashion a 13C hyperpolarized pyruvate 
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Chapter 3 : Signal Amplification by Reversible Exchange (SABRE) 

3.1 Introduction 

SABRE is a parahydrogen-based hyperpolarization technique that dramatically enhances 

the magnetic resonance signal in a target molecule without incorporating hydrogen into the 

molecule.85–87 The polarization transfer in SABRE is enabled by an organometallic catalyst which 

facilitates the temporary contact between parahydrogen and a target molecule through a series of 

ligand association and dissociation steps.67,88 This technique also termed non-hydrogenative PHIP 

eliminates the long-standing requirement for unsaturated substrates in parahydrogen induced 

hyperpolarization (PHIP) methods.  Thereby expanding parahydrogen-based method to a wider 

array of molecules with the only limitation that the molecules must at least have a Lewis base site 

that can bind with the magnetization transfer catalyst.67,89 

 

Figure 3.1. A schematic representation of SABRE showing a representative active catalyst, 

parahydrogen and substrate. 
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 Ducket et al87 reported the first successful hyperpolarization of the 1H, 15N and 13C nuclei 

in pyridine via SABRE achieving greater than 100-fold enhancement. Since, SABRE has been 

used to hyperpolarize nuclei such as 13C90–97, 15N98–103, 19F104,105, 31P106,107, 29Si108 and 119Sn108 in 

different molecules with varying functionalities.   

 

3.2 Mechanism 

Central to SABRE hyperpolarization is the organometallic catalyst that serves as a template 

for polarization transfer between parahydrogen and the target substrate.87,109 The active catalyst is 

generally an octahedral 18-electron complex of the form [Ir(H)2(L)(Substrate)3]X shown in Figure 

3.1, where Iridium is at the middle of complex and bounded equatorially to two hydrides which 

are trans to two target substrate molecules bounded also to the iridium center. Axially, Iridium is 

bound to an auxiliary ligand (L) which initially are phosphine based but N-heterocyclic carbenes 

(NHC) are more routinely used, for reasons that would be discussed later. A third substrate 

molecule bounds axially to the iridium center trans to the auxiliary ligand (L) to complete the 

complex. The active catalyst in SABRE is usually air and moisture sensitive, therefore it is usually 

prepared in situ from a precursor with a labile ligand.110–113 Such precursor is usually of the form 

[Ir(L)(COD)Cl] where COD is 1,5-cyclooctadiene. When the solution of the precursor catalyst in 

a suitable organic solvent is introduced into an atmosphere of hydrogen in the presence of the 

target substrate, COD undergoes hydrogenation to cyclooctane and becomes irreversibly labile 

thus opening the coordination site at the iridium center for substrate molecules to bind. This 

process of forming the 18-electron active complex ([Ir(H)2(L)(Substrate)3]X) is known as 

activation and is the most significant step in SABRE hyperpolarization process.110  
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To hyperpolarize any substrate via SABRE, it must be able to form a stable active complex 

of the form above or a variant thereof.  

 

The second important process in SABRE is the reversible binding of parahydrogen and the 

target substrate. In general, this process involves first the dissociation of a substrate molecule to 

form a 16-electron square pyramidal complex [Ir(H)2(L)(substrate)2]. This complex can either 

isomerize into a trigonal bipyramidal complex or bind directly to a molecule of hydrogen to form 

a non-classical hydride complex [Ir(H)2(η-H2)(L)(substrate)2]. A simultaneous oxidative addition 

of the fresh parahydrogen molecule and reductive elimination of the initial hydrides allows the 

constant refreshing of parahydrogen in the complex. Besides hydrogen binding, the free substrates 

in solution can bind to any of the possible complexes formed after initial ligand dissociation. 

Studies have shown that both parahydrogen and substrates exchange have a common pathway, and 

they competitively bind to any of the 16-electron intermediates.110,112 While it is possible to assume 

the possibility of hydrogen dissociation from the active 18-electron catalyst 

([Ir(H)2(L)(Substrate)3]), this pathway has been shown to be highly unlikely due to the higher 

Figure 3.2. Generic reaction scheme showing the formation of the activated SABRE catalyst. 
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energy barrier associated with forming complex [Ir(L)(Substrate)3] compared to 

[Ir(H)2(L)(substrate)2].110,112,114–116  

 

The efficiency of SABRE is inevitably linked to the lifetime of the active catalyst complex 

and therefore substrate dissociation. Very short lifetimes mean there is not enough time for 

polarization transfer before substrate dissociation. Whereas very long lifetimes enable relaxation 

of the substrates through either coherent transfer to hydrides or distribution of polarization to other 

NMR active nuclei on the catalyst which serves as polarization sink.110,117 Several factors that 

affect the optimal performance of SABRE are tightly linked to the lifetime of the catalyst as well 

as ease of substrate dissociation.  Identity of auxiliary ligand, temperature, solvent, concentration, 

Figure 3.3. SABRE exchange pathway showing [A] the dissociation of an equitorial substrate. [B] 

isomerization of the 16-electron complex [C] binding of parahydrogen to form a non-classical 

hydride complex. [D] simultaneous oxidative addition parahydrogen and reductive elimination of 

orthohydrogen. [E] dissociation of ortho-hydrogen and binding of a new substrate.  
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polarization transfer field and secondary co-ligands are factors that can influence the lifetime of 

the active catalyst and its exchange dynamics.   

3.3 Role of Catalyst Identity in SABRE 

The identity of the catalyst is majorly dependent on the type of auxiliary ligand (L) that is 

used. Substrate exchange on the active catalyst complex can be altered significantly through the 

choice of the auxiliary ligand.110 The first example of ligand used in SABRE processes are the 

phosphine-based ligands.86,87,118 It was quickly discovered that the steric and electronic properties 

of these ligands play a major role in substrate dissociation.86  

To understand how the steric and the electronic properties of the ligands affect the overall 

properties of the catalyst, it is important to examine the parameters used in measuring both 

properties. 

3.3.1 Steric properties of Auxiliary Ligands 
 

The efficiency of a SABRE catalyst is tightly linked to the steric properties or bulkiness of 

its auxiliary ligand. The bulkiness of a ligand centered on a metal is more commonly measured by 

its percentage buried volume (%VBur). This measure proposed by Hillier et al.119 in 2003 is defined 

by the percentage of the total volume of a sphere occupied by a ligand. The volume of the sphere 

represents the space around the metal center that can be possibly occupied by ligands or ligand 

fragments. Thus, the bulkier the ligand the larger the amount of that sphere occupied by the ligand. 

The sphere has a defined radius centered around the metal and is usually determined by 

crystallographic data.119  
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Comparing phosphine and NHC ligands, it was observed that there is little difference 

between the steric properties of phosphine compared to NHC’s. Using a sphere of radius 2.28 Å 

and a [LAuCl] complex, Cavier and Nolan in a comprehensive review article120 reported that For 

L=NHC, The %VBur ranges between 20 % for IDM (1,3-dimethylimidazole-y-lidine) to 42 % for 

SIPr (1,3-bis(2,6-diiso-propylphenyl)-4,5-dihydroimidazole-2-ylidine). Similarly, the %VBur for 

L= phosphine ligands ranges between 22 % for TPA (1,3,5-triaza-7-phosphaadamantane) and 45 

% for PMes3 (tris(2,4,6-trimethylphenyl) phosphine). In the context of SABRE, one of the first 

phosphine-based ligand PCy3 (tricyclohexylphosphine) has a %VBur  of 33.4 % while the most used 

Figure 3.4. Illustration depicting the definition of % buried volume. Using the IMes ligand 

(1,3-bis(2,4,6-trimethylphenyl)imidazole-ylidene) as an example. 
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NHC ligand till date IMes (1,3-Bis(2,4,6-trimethylphenyl)imidazole-ylidene) has a %VBur  of 31.2 

%. 

Table 3.1. % Buried volume for selected phosphine and NHC ligands based on [LAuCl] 

complex120 

Ligand Structure IUPAC name and 

abbreviation 

% Buried volume 

 

1,3,5-triaza-7-

phosphaadamantane (TPA) 
22.1 

 

Tricyclohexylphosphine 

(PCy3) 
33.4 

 

tris(2,4,6-trimethylphenyl) 

phosphine (PMes3) 
45.0 

 

1,3-dimethylimidazole-y-

lidine (IDM) 
22.7 

 

1,3-Bis(2,4,6-

trimethylphenyl)imidazole-

ylidene (IMes) 

31.2 
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Table 3.1 (Continued) 
 

Ligand Structure 
IUPAC name and 

abbreviation 
% Buried volume 

 

1,3-bis(2,6-diiso-

propylphenyl)-4,5-

dihydroimidazole-2-ylidine 

(SIPr) 

41.5 

 

3.3.2 Electronic properties of Auxiliary Ligands 
 

The electronic properties of auxiliary ligands used commonly in SABRE catalysis can be 

measured using the Tolman’s electronic parameter (TEP, νco (A1)).121 This measure is based on the 

effect of the ligands on the frequency of the A1 carbonyl mode of Ni(CO3)L complex via infra-red 

spectroscopy. This method is preferred because it isolates electronic effects from steric. The test 

complex is also easily formed for any ligand L regardless of its size. Also, the carbonyl A1 

stretching frequency is sharp and well resolved. The higher the electron donating ability of a 

ligand, the more it facilitates back bonding of the metal to the carbonyl. This results in the 

elongation of C-O bond which in turn leads to decreased νco (A1). In contrast, the less the electron 

donating properties the higher the νco (A1). In general, NHC ligands are excellent electron donators 

in comparison to their phosphine ligands therefore their TEP are generally lower.121 The IMes 

ligand has a TEP of 2050.7 cm-1 while PCy3 has a TEP of 2056.4 cm-1 according to literature.122 
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Table 3.2. Tolman electronic properties (TEP) of selected phosphine and NHC ligands in 

[Ni(CO)3(L)] complex122 

Ligand (L) Solvent TEP (cm-1) 

Triphenylphosphine (PPh3) CHCl3 2068.9 

Diphenylmethylphosphine 

(PMePh2) 

CHCl3 2067.0 

Tricyclohexylphosphine 

(PCy3) 

CH2Cl2 2056.4 

1,3-bis(2,6-diiso-

propylphenyl)-4,5-

dihydroimidazole-2-ylidine 

(SIPr) 

CH2Cl2 2052.2 

1,3-bis(2,6-diiso-

propylphenyl)imidazole-2-

ylidine (IPr) 

CH2Cl2 2051.5 

1,3-Bis(2,4,6-

trimethylphenyl)-4,5-

dihydroimidazole-ylidene 

(IMes) 

CH2Cl2 2051.5 

1,3-Bis(2,4,6-

trimethylphenyl)imidazole-

ylidene (IMes) 

CH2Cl2 2050.7 
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3.3.3 Effect of stereo-electronic properties of Auxiliary Ligands on Substrate Dissociation 
 

Studies have shown that sterically large electron rich ligands favor substrate dissociation 

and thus facilitates the reversible exchange necessary to build up polarization in SABRE. In 2009, 

Ducket et al. compared a series of phosphine-based ligands (PCy3, PCy2Ph, PCyPh2, PEt3, PiPr3, 

PnBu3, PtBu3, and P(1-naphthyl)3 for their effect on the polarization of the ortho, meta and para 

protons of pyridine. They observed that the electron rich and sterically demanding phosphine 

(PCy2Ph) was the most efficient in achieving polarization transfer to pyridine.86 

Furthermore, it was discovered that the use of N-heterocyclic carbene ligands (NHC) as 

opposed to phosphines could significantly improve signal enhancements in SABRE as they 

typically have lower TEP values compared to their phosphine counterparts.116,122 The improved 

enhancements can be explained in terms of optimized substrate exchange in the SABRE catalytic 

cycle. In 2011, Cowley et. al. achieved an 8100-fold 1H NMR signal enhancement for pyridine in 

methanol-d4 using an [Ir(H)2(IMes)(Py)3]Cl active catalyst which is ca. > 80 times higher than the 

enhancements achieved using [Ir(H)2(PCy3)(Py)3]BF4. This significant enhancement was 

attributed to the faster rate of pyridine dissociation in [Ir(H)2(IMes)(Py)3]Cl which was measured 

to be 23 s-1, ca. > 50 times faster than the rate of pyridine dissociation in [Ir(H)2(PCy3)(Py)3]BF4.116  

This development marked a significant turning point in SABRE catalysis as NHC carbenes 

are not just better compared to phosphines, they are also easily modified sterically and 

electronically. Thus, a wide range of SABRE catalysts with different NHC ligands have been 

reported and their effect on SABRE efficiency has been described. Evidently, it is the NHC 

carbenes based on the IMes ligand that has shown great SABRE efficiency.116,118,123–128 

In a systematic study,126 A library of 22 iridium NHC catalysts where the substituent on 

the IMes ligand were altered on the aryl arm and the imidazole backbone. It was observed that 
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introducing bulky groups in the ortho position of the aryl group increased substrate dissociation 

rates, while altering substituents in the para position and the imidazole backbone significantly 

affects the electronic properties and SABRE efficiency. Electron donating groups tend to increase 

the rate of dissociation while electron withdrawing groups such as halogens tend to decrease rate 

of dissociation. The most significant electronic effects were observed with substitution on the 

imidazole backbone of the IMes ligand. Addition of methyl or other electron donating groups tends 

to significantly improve the rate of pyridine dissociation while electron withdrawing groups does 

the opposite. 

In contrast to previous studies with phosphine ligands, electron deficient NHC’s were 

shown to give higher polarization values when a pyridine derivative (methyl-2,5-d2-nicotinate) is 

used as the substrate. This is because the substrate dissociation rate in these catalysts is closer to 

the frequency at which polarization is transferred (ωLAC) (see Figure 3.5). Thus, while NHC’s are 

more electron donating compared to phosphine ligands, favoring fast substrate dissociation, they 

can be fine-tuned by introducing electron deficient groups to achieve optimal performance. This 

is especially true, as different substrates would have different spin-coupling interactions and 

require slightly faster or slower dissociation from the catalyst.126 
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 Figure 3.5. Steric and electronic effect of auxiliary ligand based on Ir-IMes on the 

polarization of 4,6-d2-methylnicotinate  
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3.4 Role of Co-Ligand 

Not all substrates can bind to the Iridium center to form an active magnetization catalyst 

such as the form [Ir(H)2(L)(Substrate)3]X. Bulky substrates such as ortho substituted pyridine 

derivatives129–132 and bidentate substrates such as alpha-keto acids90,95,97,133–137 are among such 

examples. Using Co-Ligands like pyridine, sulfoxides,137–139 nitriles132,140,141 and amines,142,143 It 

is possible to form an active magnetization catalyst of the form [Ir(H)2(L)(Substrate)2(Co-L)]X or 

[Ir(H)2(L)(Substrate)(Co-L)2]X for monodentate substrate or  [Ir(H)2(L)(Substrate)(Co-L)]X for 

bidentate substrates. The addition of co-ligand presents another layer of complexity to the chemical 

species in a SABRE system. Nevertheless, they have proven very effective in achieving 

polarization transfer in substrates that are otherwise unamenable to SABRE or increasing the 

efficiency of polarization in samples that bind poorly to the SABRE catalyst.110 

Figure 3.6. Formation of activated SABRE catalyst using DMSO as a co-ligand for pyruvate 

hyperpolarization. 
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A good example of the importance of co-ligand is in the hyperpolarization of pyruvate, an 

important biomarker for cancer diagnosis. Pyruvate being an alpha-keto acid is an O-donor (binds 

to the iridium center through the lone pairs on an oxygen atom) and bidentate (2 binding sites). 

Thus, it is unable to form a SABRE active catalyst by itself. However, with the help of sulfoxide 

ligands such as DMSO, it was able to form two active catalysts (3a and 3b in Figure 3.6) of the 

form [Ir(H)2(IMes)(η2-pyruvate) (DMSO)]X. In catalyst 3a the two pyruvate binding sites is 

equatorial and trans to the hydride ligands and the DMSO ligand occupies the axial position. In 

3b, one of the two binding sites of pyruvate occurs axially while the other equatorial site is 

occupied by DMSO. Aside from these two active species, there is a third active species (catalyst 

2) of the form [Ir(H)2(IMes)(Cl) (DMSO)2]. This complex is believed to help in improving 

hydrogen exchange in the catalytic cycle.133–135,139  

The successful use of a co-ligand to enable 13C pyruvate polarization via SABRE marks an 

important milestone in the application of SABRE for biomedical applications. Further 

optimization of this work led to achieving 1.7% polarization on [1-13C] Pyruvate.95,133,134 In 2021, 

we published an article, that shows 10 % polarization on [1-13C] Pyruvate by careful optimization 

of temperature and sample composition.90 Recently, up to 17% polarization has been reported with 

efficient purification steps, retaining up to 74 % of the initial polarization, to achieve 

biocompatible hyperpolarized pyruvate solutions. Such solution was used for in vivo spectroscopy 

and imaging for metabolic tracking in a hepatocellular carcinoma (HCC) tumor.144  

The use of co-ligand has been extended to other alpha-ketoacids with biomedical relevance. 

Isaiah et al97 recently hyperpolarized alpha-ketoglutarate, a Tricarboxylic cycle intermediate and 

obtained ~ 9% 1-13C polarization level in 1 minute. Similarly, Stephen et al145 hyperpolarized 
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several alpha-keto acids and reported extensive information about their exchange dynamics and 

binding patterns. In chapter 4 of this document, I report on the use of DMSO as a co-ligand to 

hyperpolarize a novel MRI pH sensor with an alpha-keto acid moiety, Z-4-oxo-2-methylpent-2-

ene-dioic acid (Z-OMPD). 

 Furthermore, the effect of co-ligand on the hyperpolarization of 15N sodium nitrite was 

recently investigated.146 In contrast to pyruvate, the nitrite ion is an N-donor (binds to the iridium 

center through the lone pairs on a nitrogen atom) and monodentate so it forms two active 

magnetization catalysts, [Ir(H)2(IMes)(NO2)2(Co-L)]X (4) and [Ir(H)2(IMes)(NO2)(Co-L)2]X.(5) 

as shown in Figure 3.7. The latter was observed to be the most stable catalyst and promotes 

efficient polarization transfer. It was shown that the higher the ratio of the latter, the higher the 

polarization achieved on nitrite. In this study, DMAP (N,N-dimethylaminopyridine) was reported 

to give the highest polarization among other co-ligands used. Interestingly, in terms of catalyst 

identity, the more sterically hindered catalyst [Ir(H)2(IPr)(NO2)(Co-L)2]X. gives the highest level 

of polarization. Here it seems the polarization build up on nitrite is very fast thus requires a catalyst 

with very fast substrate dissociation rate. In chapter 6 of this document, I report on the use of 

hyperpolarized nitrite for reaction monitoring. 

Figure 3.7. Formation of the active SABRE catalyst in the hyperpolarization of nitrite ion using 

DMAP as co-ligand 
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3.5 Role of Solvent 

SABRE has been most effective in organic solvents such as methanol, ethanol, chloroform 

and dichloromethane.147–149 The need to prepare hyperpolarized contrast agents that can be injected 

into patients for imaging studies has led to the investigation of water as solvent. The main 

limitation to this approach is that the catalyst precursor is not water soluble and likewise hydrogen 

being a non-polar gas has limited solubility in water. Designing a water-soluble catalyst precursor 

has been identified as a viable method to tackle this challenge.150–153 Chapter 5 of this document 

will be dedicated to this approach. Other approaches include extraction of the HP substrate into 

aqueous solution,144,154 evaporation of organic solvent after activation and introducing water,155 

and the use of heterogeneous catalysts that can be easily filtered off. The later method has been 

used to hyperpolarize water itself, albeit very low levels of polarization.156 

3.6 Polarization transfer in SABRE and the role of level anti-crossing 

The pure singlet state order in parahydrogen can be transferred to a target substrate 

spontaneously or driven by RF pulses. Spontaneous transfer occurs when both parahydrogen and 

substrate are bound to the catalyst such that the symmetry of the nascent parahydrogen-derived 

hydride is broken. Symmetry can be broken through chemical shift difference (chemical 

inequivalence) of the hydrides or through difference in their J-coupling pattern (magnetic 

inequivalence). When SABRE is done at low field, the chemical shift difference is small. Thus the 

J-coupling of the hydrides to the target substrates has to be different for efficient spin order transfer 

(SOT). This requirement is usually fulfilled in SABRE complexes as shown in Figure 3.8 
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The spontaneous SOT in SABRE have been explained by Ivanov et al. via the Level Anti-

Crossing (LAC) theory. LAC can be pictured, as shown in Figure 3.9, by considering two states 

|A⟩ and |B⟩ of different energy levels where |B⟩ is higher than |A⟩. Assuming these two states can 

be perturbed by certain parameters (e.g Magnetic Field, B0) such that |B⟩ is lowered based on B0 

and |A⟩ vice versa. At certain values of B0, the two states are expected to cross, however, if they 

are coupled, they would never meet, instead they would tend to avoid each other at the level where 

they are expected to cross, this encounter is termed LAC. 

Figure 3.8. A typical active SABRE complex showing the difference in cis and trans J-coupling 

of the hydrides to the target substrate 
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Figure 3.9. An illustration of level anti-crossing a) two states A and B with different energy level 

b) perturbated by B0 and crosses each other if they are uncoupled c) exhibit a level anti-crossing if 

A and B is coupled. 

At the LAC, the two states can transfer population or mix, the efficiency of this mixing or 

transfer Q, is dependent on the strength of the J-coupling and the rate of change of the precision 

frequencies of the spins according to equation 3.1.157 

𝑄𝑄𝐴𝐴,𝐵𝐵 = 𝑒𝑒𝑒𝑒𝑒𝑒 �− (2𝜋𝜋𝜋𝜋)2

𝜕𝜕(𝛿𝛿𝛿𝛿)/𝜕𝜕𝜕𝜕
�                           Eq 3.1 

Furthermore, it is quite helpful to picture LAC from a SABRE perspective, considering 

Figure 3.8, notice two hydrides occupy the equatorial plane and two pyridines are opposite in the 

same plane. For simplicity, let’s consider one of the pyridines and note that both hydrides are 

coupled with the ortho protons of pyridine. This gives a classical AA’B system where A and A’ 

represents the hydrides formed from parahydrogen and B is the ortho protons of pyridine.  

It is safe to assume that the hydride spins are strongly coupled (𝐽𝐽𝐴𝐴𝐴𝐴′ ≫  𝐽𝐽𝐴𝐴𝐴𝐴 , 𝐽𝐽𝐴𝐴′𝐵𝐵)  relative 

to spin B so can be expressed in the singlet-triplet basis while B can be treated in the Zeeman basis 

(α or β). Therefore, we arrive at 8 possible spin states for the AA’B system: 

|𝑆𝑆0𝛼𝛼⟩      |𝑆𝑆0𝛽𝛽⟩ 
|𝑇𝑇0𝛼𝛼⟩      |𝑇𝑇0𝛽𝛽⟩ 
 |𝑇𝑇+𝛼𝛼⟩      |𝑇𝑇+𝛽𝛽⟩ 
 |𝑇𝑇−𝛼𝛼⟩      |𝑇𝑇−𝛽𝛽⟩ 
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The initial state of the system will be the |𝑆𝑆0𝛼𝛼⟩ and |𝑆𝑆0𝛽𝛽⟩ states since the hydrides are 

derived from parahydrogen. due to quantum selection rules only states that have the same total 

symmetry can efficiently mix, therefore, the only transitions that is allowed are |𝑆𝑆0𝛼𝛼⟩ to  |𝑇𝑇+𝛽𝛽⟩ or 

|𝑆𝑆0𝛽𝛽⟩ to |𝑇𝑇−𝛼𝛼⟩. These two transitions have an LAC that depends on the sign and magnitude of the 

J-coupling between the two hydrides and their chemical shift difference relative to the substrate 

proton according to equation 3.2. 

|𝜈𝜈𝐴𝐴 − 𝜈𝜈𝐵𝐵| =  |𝐽𝐽𝐴𝐴𝐴𝐴′|                                         

 Eq 3.2 
The field at which this LAC occurs can be computed from the above equation using: 

𝜈𝜈𝑖𝑖 =  𝛾𝛾𝑖𝑖(1 − 𝛿𝛿𝑖𝑖)𝐵𝐵/2𝜋𝜋  
                Eq 3.3 

Where 𝜈𝜈𝑖𝑖, 𝛾𝛾𝑖𝑖, and 𝛿𝛿𝑖𝑖 are the Larmor frequency, gyromagnetic ratio and chemical shift of  

ith nuclei respectively, therefore: 

𝐵𝐵𝐿𝐿𝐿𝐿𝐿𝐿 = 2𝜋𝜋|𝐽𝐽𝐴𝐴𝐴𝐴′|
𝛾𝛾|𝛿𝛿𝐴𝐴−𝛿𝛿𝐵𝐵|

  
                Eq 3.4 

For transferring polarization to the proton of a target substrate the difference in chemical 

shift (Δδ) is small, therefore BLAC or the Polarization transfer field (PTF) is in the orders of milli-

Tesla (mT). To transfer polarization to heteronuclei such as 13C and 15N, the large difference in 

gyromagnetic ratio of the target nuclei and the parahydrogen derived hydrides makes BLAC very 

small and ranges in the micro-Tesla (µT) field. The earth’s magnetic field is 4 orders of magnitude 

larger than a typical µT field, therefore a mu-metal shield is generally employed to screen it from 

the earths field in order to transfer magnetization to heteronuclear targets. This method of 

polarization transfer is termed SABRE-SHEAT (SABRE in SHield Enables Alignment Transfer 

to Heteronuclei).158,159 
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Chapter 4 : SABRE-SHEATH Hyperpolarization of [1,5-13C2]Z-OMPD for  

Non-invasive pH sensing. 

From: 

Mustapha B., Abdulmojeed, et al. “SABRE-SHEATH Hyperpolarization of [1,5-13C2]Z OMPD 
for Non-invasive pH sensing.” ACS Sens. 2024, 9, 12, 6372–6381. 

 
Abstract: Hyperpolarized (HP) 13C-labelled probes are emerging as promising agents to 

non-invasively image pH in vivo. HP [1,5-13C2]Z-OMPD (Z-4-methyl-2-oxopent-3-enedioic acid) 

in particular, has recently been used to simultaneously report on kidney perfusion, filtration and 

pH homeostasis, in addition HP Z-OMPD has the ability to detect local tumor acidification. In 

previous studies, dynamic nuclear polarization(d-DNP) was used to hyperpolarize Z-OMPD.  

Here, we pioneered the hyperpolarization of [1,5-13C2]Z-OMPD via SABRE-SHEATH (Signal 

Amplification By Reversible Exchange Shield Enabling Alignment to Heteronuclei), which is  

relatively simple, fast, and promises to be highly scalable. With SA-BRE-SHEATH we achieve 

enhancement values of ~3950 and ~2400 at 1.1 T (P13C = 0.4 % and 0.25 %) on the labelled C-1 

and C-5 positions of Z-OMPD. Density functional theory (DFT) calculations at the B3LYP level 

of theory were used to investigate possible binding modes of Z-OMPD on the iridium-based 

polarization transfer catalyst. The experimental and theoretical results suggest that the equatorial 

binding mode to the catalyst, where Z-OMPD binds to the catalyst at both C-1 and C-5 carboxylate 

positions, is the most stable complex. The HP signals were used to measure Z-OMPD chemical 

shift as a function of pH showing ~3 ppm shift across pH 4-7. This work lays a foundation for the 

development of a simple, low-cost hyperpolarization technique to image pH. 
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Chapter 4: Preface 

The material introduced in this chapter is a previously published work in ACS Sensors. 

The work lays the foundation for deployment of SABRE technique in the hyperpolarization of Z-

4-methyl-2-oxopent-3-enedioic acid (Z-OMPD) for extracellular pH sensing. In this work, all 

experiments were completed by Mustapha Abdulmojeed, Erica Curran and Atli Davidsson; 

Computational work was done by Seth Dilday and Mustapha Abdulmojeed; pure doubly labelled 

[1,5-13C2] Z-OMPD was synthesized by Pascal Wodtke; Results were analyzed by Mustapha 

Abdulmojeed, Martin Grashei, Franz Schilling and Thomas Theis; the manuscript was written by 

Mustapha Abdulmojeed and Thomas Theis; and the manuscript was edited by Mustapha 

Abdulmojeed, Martin Grashei, Stephen McBride, Austin Browning, Keilian MacCulloch, Patrick 

TomHon, Andreas B. Schmidt, Eduard Y. Chekmenev, Franz Schilling and Thomas Theis.  

4.1 Introduction 

Extracellular pH is a tissue characteristics which is altered in multiple pathological states 

such as in cancer,160–166 ischemia,167–169 chronic obstructive pulmonary disease,170 and renal 

tubular acidosis.169,171 Here, acidification is not only a disease hallmark, but also has a significant 

impact on treatment outcome, e.g., of tumors.172 Modern treatments, such chemotherapeutics173 or 

engineered T cells,174 are highly susceptible to the pH of the target tissue. It has been shown that 

treatment efficacy can be enhanced, when pH-conditioning adjuvant therapies are employed prior 

to the main therapy.175–178 In order to timely adjust these treatment steps, non-invasive monitoring 

of the tissue pH is key. Magnetic resonance (MR) methods can provide accurate and precise non-

invasive measurement of pH in vivo with reasonable spatial resolution.179–183 A promising MR-

based method takes advantage of changes in chemical shifts due to changes in the local electronic 

environment, induced by pH-driven proton exchange. An ideal MR pH sensor should have the 
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following properties: (1) large pH sensitivity, (2) a pKa in the physiological range, (3) no toxicity 

at concentrations obtained in vivo after injection, (4) metabolic stability, and (5) high sensitivity 

(high signal-to-noise ratio).184 Common MR pH sensors such as 3-aminopropylphosphonate (3-

APP),185 and 2-imidazole-1-yl-3-ethoxycarbonylpropionic acid (IEPA)186 satisfy most of these 

conditions but are limited due to low sensitivity and overlapping background signals.185–188 The 

challenge of background signals can be mitigated using carbon-13 labeled MR pH sensors. 

Unfortunately, 13C nuclei have low natural abundance (1.1 %) and low gyromagnetic ratio (four 

times lower than 1H). Additionally, MR methods are generally less sensitive compared to other 

techniques such as optical and electrochemical methods. This low sensitivity is due to the 

intrinsically low net magnetization of the nuclear spins even at high magnetic field.189,190 The 

sensitivity issue can be tackled by using isotopically enriched 13C pH sensors in combination with 

hyperpolarization, which increases the net magnetization of the spins by several orders of 

magnitude.191–194 



   
 

40 
 
 

 

 

Figure 4.1. [A] 2D structure of Z-OMPD indicating the labelling of the hyperpolarized carbons. 

[B] Dominant binding modes of Z-OMPD to  Ir-IMes catalyst. In E1, Z-OMPD binds equatorially 

via oxo groups at C-1 and C-2 (E1). In E2, Z-OMPD binds via the oxo groups at C-1 and C-5 (E2) 

[C] LEFT: 13C NMR spectra of hyperpolarized [1,5-13C2] Z-OMPD peaks showing both Free C-1 

and C-5 peaks and equatorial and axial bound C-1 peaks (peaks in asterisk are not fully identified). 

RIGHT: 13C NMR spectrum of thermally polarized 10.2 M [1-13C]ethyl acetate. Both spectra were 

detected at 1.1 T benchtop NMR spectrometer (Spinsolve Carbon, Magritek). The enhancements, 

ε, are relative to thermal measurements at 1.1 T. 
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[1,5-13C2] Z-OMPD, hereafter referred to as Z-OMPD, has been introduced as a promising 

HP MR-based pH probe as its C-1 and C-5 chemical shifts have strong sensitivity to pH.195 

Furthermore, Z-OMPD (structure shown in Figure 4.1A) appears to be non-toxic and 

metabolically stable. The pKa of the C-5 carboxylate is 6.55 (in water), which is in the 

physiological range, thereby making it a well-suited MR pH sensor. In addition, both labels 

exhibited long T1 in vivo (~30 s at 7 T) and the C-1 resonance serves as an internal chemical shift 

reference for pH determination. Recent work used Z-OMPD hyperpolarized with dissolution 

Dynamic Nuclear Polarization (d-DNP) to measure extracellular pH and perfusion. That previous 

study provided multiparametric fingerprints of renal disease and allowed detection of local tumor 

acidification for the present contribution, we show for the first time that Signal Amplification by 

Reversible Exchange in SHield Enabling Alignment Transfer to Heteronuclei (SABRE-

SHEATH)158,196 can hyperpolarize [1,5-13C2] Z-OMPD, as illustrated in Figure. 4.1.   

Signal amplification by reversible exchange (SABRE) is a parahydrogen-based HP method 

that relies on the reversible exchange of parahydrogen and a target substrate87 on an organometallic 

catalyst ([Ir(H2)(IMes)(Substrate)3]).116 Polarization transfer from parahydrogen to the target 

nuclei is achieved when the frequency differences between source and target nuclei match the spin-

spin J-coupling interaction between the parahydrogen derived hydrides on the catalyst and the 

nuclei of the target substrate.157,158,196 Accordingly, polarization transfer to heteronuclei such as 

13C, 15N and 31P is best accomplished at microtesla fields.159,197,198  To establish microtesla fields 

we use mu-metal to shield the system from the earth’s magnetic field. This SABRE-SHEATH 

approach allows the polarization of a wide range of biologically relevant molecules and directly 

hyperpolarizes the long-lived heteronuclear sites, associated with long T1, enabling longer 
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metabolic tracking. Though SABRE-SHEATH is slightly more limited in terms of substrate scope, 

and achieving high polarization levels requires more optimization, when compared to more widely 

used d-DNP methods, the technology package required for SABRE-SHEATH is compact, fast, 

and easy to set up in contrast to other hyperpolarization methods.87,89,117,199,200 In recent years, the 

hyperpolarization of the central HP MRI agent, pyruvate, by SABRE has also attracted significant 

attention.41,42,82  

 Here, we demonstrate the use of SABRE-SHEATH to hyperpolarize both the C-1 and C-

5 resonances of the pH sensing molecule [1,5-13C2] Z-OMPD. We find that multiple binding modes 

are responsible for polarization transfer (Figure. 4.1B) detailed in our Results and Discussion. 

This work highlights the versatility of SABRE-SHEATH in polarizing multiple nuclei in one 

molecule simultaneously (Figure. 4.1C), showing enhancements of >2,000 fold over thermal 

reference measurements at 1.1 T (P13C > 0.25%). Even though this polarization does not reach 

levels favorable for in vivo application (> 10 %), further optimization is likely to significantly 

improve hyperpolarization levels in the future.  One example is the use of SLIC-SABRE,96,201,202  

which in some cases outperforms SABRE-SHEATH. In this work, we also used ab initio Density 

Functional Theory (DFT) calculations to examine the binding mechanisms of Z OMPD to the 

catalyst, rationalizing experimental observations. Finally, we experimentally verify the pH sensing 

ability of SABRE-HP Z OMPD by measuring the chemical shifts of C-1 and C-5 as a function of 

pH across the physiological pH range. 

 

4.2 Materials and Methods 

Standard SABRE pre-catalyst [Ir(IMes)(COD)Cl] (IMes = 1,3 bis(2,4,6-

trimethylphenyl)imidazole-2-ylidene, COD=cyclooctadiene) was synthesized according to 
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previously established procedures.116 Z-OMPD was synthesized by aldol reaction of [1-13C]ethyl 

pyruvate in a methanolic sodium hydroxide solution followed by acid hydrolysis and prep-HPLC 

purification as reported by Grashei et al.195,203 CD3OD was purchased from Cambridge Isotopes 

Laboratories, Inc., degassed with three freeze pump thaw cycles, and stored under argon.  All other 

chemicals were purchased from Millipore Sigma and used without further purification.   

Each experiment in this manuscript was conducted with a standard sample of 0.7 mL 

methanol solution containing 6 mM pre-catalyst ([Ir(IMes)(COD)Cl]), 20 mM DMSO, and 30 mM 

Z-OMPD adjusted to pH 8.42 by adding up to  35 mM  solution of NaOD in D2O as measured 

with a pH meter (pH measurements were performed using a SevenDirect SD23 pH/conductivity 

meter with InLab Micro ProISM (51344163)). This solution was degassed with argon before 

transfer to a 5mm medium-walled NMR tube fitted with a 1/4” outer-diameter (OD) Teflon tube 

extension and connected to a parahydrogen (parahydrogen) bubbling set up through a Wye 1/8” to 

1/4" push to connect as described previously.91  

The sample was activated for 10 minutes at 0 ºC by bubbling ~98 % parahydrogen at 100 

psi. For each experiment, the temperature cycling method was adopted.90  The solution is first pre-

cooled to 0 ºC for a minute, placed in a polarization transfer field (PTF) of 0.4 μT and bubbled at 

room temperature (~20 °C) with a flow rate of 120 sccm. After 30 s, the bubbling was stopped, 

and the sample was quickly transported (2-3 s) to a 1.1 T benchtop spectrometer (Spinsolve 

Carbon, Magritek) for detection. All experiments were carried out with this protocol except when 

stated otherwise. The 13C polarization (P13C) was calculated using a thermally polarized sample of 

neat (~10.2 M) [1-13C] ethylacetate as a reference (see SI). 

All DFT calculations of the SABRE complexes were conducted using Gaussian 16 

package204 installed on the NCSU high performance computer. DFT geometry optimization was 
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performed at the B3LYP205–208 level of theory with a D3 dispersion correction, and 6 311g (d) 

basis set for C, O, N and S atoms. Iridium was modelled with the Stuttgart-Dresden effective core 

potential and its associated basis from the GENECP key word within Gaussian with an f-

polarization function derived from Ehlers et al.209,210 

4.3 Results and Discussions 

In the experiments presented we employed the temperature cycling procedure described 

above. The underlying principle of this approach is to allow maximum initial polarization buildup 

on the catalyst bound substrate by taking advantage of the relatively slow exchange of Z-OMPD 

compared to the hydrides at low temperature (0 °C. Bubbling at room temperature (20 °C) allows 

the gradual release of the bound species into its free form as the temperature of the sample slowly 

increases. Figure. 4.1C shows a spectrum of HP Z-OMPD obtained using this approach. C-1 (~170 

ppm) and C-5 (175 ppm) show enhancements (ε) of ~3950 and ~2400, respectively, corresponding 

to P13C of 0.4 % for C-1 and 0.25 % for C-5. The splitting on the C-5 peaks is because of coupling 

to nearby protons. The observed splitting could be removed either through decoupling or 

deuteration. (For pH sensing presented below we used decoupling.) The peaks marked with 

asterisks are not fully identified. We believe that they correspond to a free Z-OMPD variant in 

solution because the temperature dependent data shows increasing intensity of these peaks with 

increasing temperature. (Figure 4.7)  

As illustrated in Figure 4.2A, Z-OMPD  has an alpha-keto acid functional moiety and 

could be expected to exhibit similar SABRE chemistry as pyruvate, a well-studied alpha-keto 

carboxylate substrate in SABRE hyperpolarization.90,95,96,133,134,211 Based on the known pyruvate 

binding modes, we first expected that, upon activation of the pre-catalyst in the presence of DMSO, 

Z-OMPD and parahydrogen, at least two activated SABRE complexes are formed.133 The first 
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complex is  the equatorial complex E1 (Figure 4.2A) in which Z-OMPD coordinates equatorially 

to the iridium center through the carboxylate and keto groups in positions 1 and 2, respectively.  

 

  

 

The second is the axial complex A1 (Figure 4.2A), in which the coordination occurs 

axially. For comparison with previous works 133,134 (pyruvate as the substrate), A1 and E1 

correspond to 3a and 3b, respectively in reference.133 Assuming only A1 and E1 complexes are 

formed, the labelled C-1 position is expected to be the main target of polarization since C-5 is not 

Figure 4.2. [A] Activation of [Ir(IMes)(COD)Cl] in the presence of DMSO, parahydrogen and Z-OMPD 

to form the SABRE active equatorial complexes E1 and E2 and axial complexes A1 and A2. The DMSO 

complex ([Ir(IMES)Cl(H)2(DMSO)2]), which enhances parahydrogen ex-change, is also formed in the 

process.  [B] Reversible exchange of parahydrogen and Z-OMPD via the SABRE active complex E1. [C] 

Reversible exchange of parahydrogen and Z-OMPD via the SABRE-active complex E2   
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directly bound to the iridium complex in these configurations, as illustrated in Scheme 1b. 

However, our experimental observations with Z-OMPD show significant polarization on both C-

1 and C-5 (though P13C for C-1 is 1.6× higher) as shown in Figure. 4.1B. This result implies that 

Z OMPD also exhibits other coordination modes such as A2 and E2 in contrast to pyruvate or other 

alpha-keto carboxylates.93,97 

We hypothesize that the E2 complex in which both C-1 and C-5 coordinate with the iridium 

center of the catalyst is responsible for C-1 and C-5 hyperpolarization, as illustrated in Scheme 1c.  

To determine which complexes are most energetically favored, we carried out DFT calculations 

on nine possible binding modes of Z-OMPD to the catalyst (Figure. 4.3) to compare their relative 

energies. The optimized geometries of six complexes are presented in Figure 4.3A (See Figure 

4.8 for the full set).The axial complexes A1 to A3 (and their inverse A1’ to A3’) are formed when 

Z-OMPD binds axially via the oxo groups at positions C-1 and C-2 (A1 and A1’); Axial C-1 and 

C-5 binding is represented in A2 and A2’; Axial C-2 and C-5 binding is represented in A3 and 

A3’, respectively. Complexes E1 to E3 are the equatorial analogues of the axial complexes. The 

relative energy of each complex is presented in Figure 4.2B.  Each complex was optimized for 

both the fully deprotonated and singly deprotonated carboxylate on C-1 of Z-OMPD. In computing 

the relative Gibbs free energies, we set the lowest energy for each protonation state to be zero, 

because a direct comparison between these two sets of complexes is challenging given that they 

have different numbers of atoms. It should be noted that at high pH (8.42) where the 

hyperpolarization is performed, Z-OMPD exists as the dianion (fully deprotonated), and at lower 

pH (between 3 and 6), Z-OMPD exists as monoanion (singly deprotonated). In this lower pH range, 

only the carboxylate at C-1 is deprotonated. 
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Interestingly, complex E2 has the lowest relative energy for both the dianion (pH>6.5) and 

monoanion (pH<6.5) derived complexes. The A2 complex is also relatively stable for the dianion 

complex. The relative stability of the E2 and A2 complex indicate a direct binding of the 

Figure 4.3. [A] 3D structures of optimized geometry of axial complexes A1 to A3 and equatorial 

complexes E1 to E3. [B] Plot of relative energies of structures A1-A3 and E1 to E3 with respect to E2 

for both the deprotonated and singly protonated state of Z-OMPD. [C] Table of relative energies of 

structures A1-A3 and E1 to E3 with respect to E2 for both the deprotonated and singly protonated state 

of Z-OMPD. [D] Hyperpolarized spectra of Z-OMPD at pH 6 and pH 8, showing unlabeled C-2 is 

polarized at lower pH (single protonated state), therefore suggesting the E1 complex is significantly 

present at lower pH 
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carboxylate groups at positions C-1 and C-5, consistent with the experimental results. This finding 

can also be rationalized by the fact that C-1 and C-5 are the most electro-negative groups where 

electron density is the highest, enabling more favorable interactions with the Iridium center.  

Furthermore, when the experiment was performed at pH 6, where Z-OMPD is singly deprotonated 

at the C-1 position, we observed an overall reduction in signal intensity at both C-1 and C-5. This 

observation is consistent with the assumption that E2 is the primary driver of polarization transfer, 

which becomes destabilized at pH<6.5, when the electron density is reduced at C-5 due to proton 

binding. 

Relative to E2, the E1 and A1’ complexes are slightly favored in the singly protonated state 

compared to the fully deprotonated state as shown in Figure 4.3B and Figure 4.8A (relative energy 

of E1 and A1’ is 5.458 and 3.624 kcal/mol for singly deprotonated compared to 7.372 and 7.011 

kcal/mol for fully deprotonated). The slight increase in stability of E1 and A1’ at pH 6, explains 

our observation of polarization at the unlabeled C-2 position, which is unlike pH 8 where C-2 is 

not detected, since E2 is the dominant binding mode, as shown in Figure. 4.3C. It should be noted 

that though A1’ is energetically more favored compared to E1 for singly deprotonated Z-OMPD, 

axial complexes contain spin topology that does not allow efficient polarization transfer.134,139 

Though, more studies are still necessary to determine the identity of all the active SABRE 

complexes in Z-OMPD, the evidence above suggests E2 and E1 as the primary active SABRE 

complexes with E2 driving the SABRE process at high pH (~8) and a combination of E2 and E1 

at lower pH (~6). 
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Furthermore, to understand the SABRE dynamics of Z-OMPD, the temperature 

dependence of the C-1 and C-5 polarizations were examined in a series of temperature cycling 

experiments by varying the initial temperature of the sample. (Details about the temperature of the 

sample as a function of initial temperature and bubbling time was published previously90). The 

results are presented in Figure. 4.4A and 4.4B. At the lowest temperature investigated (-15 °C), 

the catalyst bound C-1 peak dominates the spectrum as the exchange rate between catalyst bound 

and free Z-OMPD is limited, however at higher temperatures (15 °C), exchange is too fast to allow 

Figure 4.4. Optimization study [A] 13C HP spectra of [1,5 13C2]Z-OMPD at initial temperatures 

ranging from -15 to 15  ̊C. [B] Plot of percent polarization against initial temperature for free C-1 

(blue), bound C-1 (magenta) and free C-5 (red). [C] parahydrogen flow rate dependence of Z-

OMPD polarization, varied from 0-15 sccm at 100 psi.  [D]. Field dependence of Z-OMPD 

polariza-tion. [E] T1 relaxation study of HP Z-OMPD at 0.4 µT fitted with a simple exponential 

decay curve. The data was collected by bubbling the sample for 30 seconds at 0.4 µT and varying 

the delay time. [F] polarization buildup on free Z-OMPD for both C-1 and C-5. Data acquired by 

varying the parahydrogen bubbling time. 
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effective SOT and consequently both free and bound species have considerably lower 

polarization.90,97,116,137,212  The optimum initial temperature was found to be between 0-5 °C. 

At this optimal pre-cooling temperature, efficient polarization of the bound species occurs 

at appropriate hydride exchange rates, while the Z-OMPD remains bound. Then, as the sample 

warms, Z-OMPD exchanges into the free form more efficiently, while continuing to build 

polarization on the catalyst, therefore we observed a high level of polarization for both the free C-

1 and C-5 carbons. It should be noted that we do not observe the bound C-5 peak, likely due to the 

faster dissociation rates of the carboxylate group at C-5, as compared to the carboxylate group at 

C-1. This is consistent with the idea that the alpha-keto carboxylates alternate between the 

bidentate form (coordination with both carboxylates at C-1 and C-5) and monodentate form 

(coordination with carboxylate at C-1 alone) to promote parahydrogen exchange.96 

This hopping mechanism between the two forms likely explains why only the peak 

corresponding to bound C-1 is observed. For future advances of Z-OMPD hyperpolarization, it 

will be crucial to precisely determine the exchange rate of Z-OMPD and the hydrides, which we 

were not able to quantify at this time.96 To further improve the polarization on Z-OMPD with 

SABRE-SHEATH, the dependance on parahydrogen flow rate was examined. Polarization build-

up is dependent on the amount of fresh parahydrogen in solution, which is regulated by the pressure 

and flow rate of parahydrogen. Our current experimental set up is limited to 100 psi, therefore, we 

investigated polarization as a function of flow rate at that pressure. As presented in Figure. 4.4C, 

we note an increase in polarization with increasing flow rate, consistent with previous studies using 

the pyruvate system. The highest P13C for both free C-1 and C-5 Z-OMPD was achieved at a flow 

rate of 120 sccm. Above 120 sccm, we note a slight drop in the polarization due to the sample 

experiencing a wider range of magnetic fields in the SABRE-SHEATH setup as it moves up the 
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NMR tube, in turn decreasing magnetic field homogeneity and consequently spin order transfer 

efficiency. 

Furthermore, to transfer polarization to Z-OMPD using SABRE-SHEATH, the frequency 

difference between the hydrides and the C-1 and C-5 carbons of Z-OMPD must match their J-

coupling interaction.73,117,157,158,196 This matching is achieved through careful optimization of the 

magnetic field sensed by the nuclei in the μT range (measured using a Twinleaf magnetometer). 

Figure. 4.3D shows the polarization of C-1 and C-5 as a function of polarization transfer field 

(PTF). The negative fields correspond to magnetic fields that are inverted relative to the 

spectrometer field. The inverse field also produces inverted HP magnetization. (See Figure 4.9) 

The maximum P13C for both free C-1 and C-5 is observed at ~0.4 μT. The slight asymmetry 

between positive and negative fields is due to altered magnetic field paths during transport when 

polarizing and detection fields are anti-aligned. 

Another important parameter of HP substrates is the T1 relaxation time. Accordingly, we 

conducted a T1 relaxation study at 0.4 μT shown in Figure. 4.3E. This study was conducted by 

bubbling through the sample for 30 seconds, followed by a variable time delay (0-70 s) with the 

sample placed in the 0.4 μT field before detection. As seen from Figure 4.3E, Z-OMPD exhibits 

fast relaxation at microtesla fields due to intra and intermolecular interactions with the other NMR 

active nuclei in Z-OMPD and on the catalyst.91,94  Specifically, at 0.4 µT, the J-coupling network 

that is responsible for building up of hyperpolarization in the first place, will also be responsible 

for relaxation when bubbling is halted. In contrast, at intermediate fields where these interactions 

are less dominant, Z-OMPD shows significantly longer T1 relaxation times (1T in D2O: C-1 T1 =, 

138±26 s; C-5 T1 = 119±1 s) as reported by Grashei et al.,195 which is very promising for future 

applications. 
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Characterization of the polarization buildup on Z-OMPD was studied by varying the 

bubbling time (0-120 s) at 0.4 μT (Figure 4.3F). Again, the experiments were conducted as 

temperature cycling experiments where the sample was pre-cooled to 5 ºC and bubbling was 

performed at RT such that the sample experienced a temperature gradient during the bubbling time. 

The buildup data presented in Figure 4.3F was fit by a simple exponential buildup curve. 

Consequently, we observed a decay in polarization at later bubbling times.  Under the present 

conditions, Z-OMPD has a surprisingly rapid polarization build up (C-1 TB = 5.31 ± 1 s; C-5 TB = 

5.67 ± 2 s). The fast buildup and relatively quick relaxation of Z-OMPD at 0.4 μT explain the 

limited level of polarization achieved on both C-1 and C-5 carbons of Z-OMPD in this study. 

Further optimization would require the mitigation of the factors that leads to fast relaxation, this 

may be achieved in the future through deuteration of both Z-OMPD and the catalyst, in conjunction 

with polarization transfer methods that also work at elevated fields such as alt-SABRE,213 LIGHT-

SABRE,96  SLIC-SABRE101 etc. 

4.4 pH Sensing 

To showcase the pH sensing ability of HP Z-OMPD following polarization by SABRE-

SHEATH, the compound was hyperpolarized as described above, transferred to a storage field of 

0.5 T (using a permanent Halbach array) where the sample was depressurized, and 0.5 mL buffer 

(citrate-phosphate buffer was used for pH 3.08 to 7.6, and sodium carbonate-bicarbonate buffer 

was used for pH 8.30 to 11.14) was added to adjust pH before detection in a 1.1 T benchtop NMR 

instrument. As seen in Figure. 4.5A, we note an increasing chemical shift difference between C-

1 and C-5 as pH increases. Specifically, with increasing pH, the chemical shift of C-5 increases, 

whereas the chemical shift of C-1 slightly decreases.  
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C-5 is more sensitive to pH changes compared to C-1 because C-5 is closer to the site 

which exhibits a change in protonation across this pH regime.195,214 The difference between 

chemical shifts of C-1 and C-5 (ΔδC-5, C-1) as a function of pH shows approximately ~3 ppm shift 

across the examined pH range (3.80 to 11.14). In Figure 4.5B ΔδC-5, C-1, is plotted against pH.195 

The data was fit to the modified Henderson-Hasselbalch equation below: 

𝑝𝑝𝑝𝑝 = 𝑝𝑝𝑝𝑝𝑝𝑝 +  𝑙𝑙𝑙𝑙𝑙𝑙 � ∆𝛿𝛿𝑐𝑐5,𝑐𝑐1 (𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜)−∆𝛿𝛿𝑐𝑐5,𝑐𝑐1(𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)

∆𝛿𝛿𝑐𝑐5,𝑐𝑐1(𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑)−∆𝛿𝛿𝑐𝑐5,𝑐𝑐1 (𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜)
� (1) 

In the fitting routine using Eq.1, the pKa is a fitting parameter and a value of pKa = 7.05 is 

extracted. This is different from the previously reported value of pKa = 6.55 in D2O.38 The 

difference is likely a result of using methanolic solvent as opposed to water. The use of a chemical 

shift difference, ΔδC-5, C-1, as opposed to a single chemical shift, is particularly significant as it 

eliminates the need for an external standard for pH sensing, positioning HP Z-OMPD as a unique 

pH sensor. The data displayed in Figure 4.5A also reveals a pH dependent 13C-13C J-coupling. At 

pH values above 6.5, the decoupled 13C peaks appear as singlets, whereas at pH values below 6.5, 

Figure 4.5. Chemical Shift difference between C-5 and C-1 of Z-OMPD dianion as a function 

of pH. [A] 13C NMR decoupled spectra of HP Z-OMPD at pH range between 3.80 to 11.14. 

The hyperpolarization step was always performed at pH 8. [B] Plot of chemical shift difference 

between C-1 and C-5 as a function of pH. 
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doublets are recognizable, which are split by 13C-13C J-couplings on the order of 1.5 Hz. 

Interestingly, close examination of the splitting shows slightly increasing J-coupling values with 

decreasing pH. 

4.5 Conclusion 

In conclusion, we have demonstrated the feasibility of hyperpolarizing Z-OMPD at both 

C-1 and C-5 positions simultaneously with SABRE-SHEATH. We have studied the likely binding 

modes of Z-OMPD with the metal center of the hyperpolarization catalyst by experiment and DFT 

calculations.  The work revealed that there is more than one possible binding mode of Z-OMPD 

to the catalyst. Particularly, at elevated pH (>6.5) the equatorial complex E2 is mostly responsible 

for hyperpolarization, whereas at lower pH (<6.5) a combination of E1 and E2 are found to 

contribute to the polarization. This study highlights the role of bidentate binding in the form of 

five-membered (E1) and eight-membered (E2) rings, which presents unique research opportunities 

in SABRE dynamics and chemistry, widening the utilization of SABRE to substrates with similar 

moieties, which were previously unamenable to SABRE hyperpolarization. 

We also showed the important role that temperature, flow rate and polarization-transfer 

field play in optimization of polarization levels. One important finding is that the relaxation rates 

at 0.4 µT are relatively fast (~12 s at C-1 and 14.5 s at C-5) as compared to relaxation rates at 

higher fields (138 s and 119 s at 1 T), which indicates that polarization levels can likely be 

improved significantly with polarization transfer methods that work at higher fields.96,202,213 

Finally, the enhanced signal was used to demonstrate the utility of Z-OMPD as a pH sensor. 

Over the pH range from pH 3.08 to pH 11.14, the chemical shift difference between C-1 and C-5 

changes by 3 ppm and we used a pH dependent fitting model to extract the pKa. Compared to other 

hyperpolarization methods, the technology package of SABRE offers fast, scalable, and 
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inexpensive production of HP agents. The possibility of preparing HP Z-OMPD with SABRE 

provides a new opportunity in the development of non-invasive assessment of extracellular pH by 

HP MRI. In this first study, the polarization levels remained modest, below 1%. This is similar to 

the first hyperpolarization levels for pyruvate when first established as a SABRE substrate, which 

subsequently was optimized to exceed 20%.90,94,101,133,134,215Accordingly, we are hopeful that 

similarly high polarization levels will be enabled on Z-OMPD in the future. 

Further studies directed towards HP 13C imaging of in vivo and in vitro metabolism can 

also take advantage of emerging purification protocols94,200,215,216 to ensure high signal-to-noise 

and full biocompatibility of the injectable solutions. 
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Chapter 4 Supporting Information 

S4.1 Polarization calculation 
The 13C polarization reported in the main paper is calculated using a thermal reference 

spectrum of neat [1-13C]ethyl acetate (10.2 M) thermalized at 1.1 T (Figure 4.6A) 

 

 

The following equation was used to calculate polarization: 

P13𝐶𝐶  =  tanh �
ħ𝛾𝛾13𝐶𝐶𝐵𝐵0

2𝑘𝑘𝑏𝑏𝑇𝑇
� × �

𝑆𝑆𝐻𝐻𝐻𝐻
𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅

� × �
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻

� × �
𝐴𝐴𝑅𝑅𝑅𝑅𝑅𝑅
𝐴𝐴𝐻𝐻𝐻𝐻

� 

 

Where the first term computes the thermal polarization of a 13C nuclei, ħ is the reduced 

Planck’s constant, 𝛾𝛾13𝐶𝐶 is the gyromagnetic ratio of a 13C nuclei (67.2828 × 106 rads-1T-1), 𝐵𝐵0 is 

1.1 T, 𝑘𝑘𝑏𝑏 is the Boltzmann’s constant and T is the temperature of the detection coil which is 298 

K. 𝑆𝑆𝐻𝐻𝐻𝐻 and 𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅 are the signal intensities of the hyperpolarized and reference spectra respectively. 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅 and 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻 are the concentrations of the reference and hyperpolarized sample. The 

Figure 4.6. [A] A single 13C NMR scan of neat [1-13C] ethyl acetate thermalized at 1.1T used 

for polarization calculation [B] A single 1H NMR scan of 60 mM CH3CN in chloroform (CDCl3) 

in a 5 mM NMR tube with or without capillary tube. The reference [1-13C] ethyl acetate is stored 

in a 5 mM NMR tube without capillary while the hyperpolarized sample are measured in an 

identical NMR tube but with capillary for the introduction of parahydrogen.  
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initial concentration of Z-OMPD sample used is 30 mM, given that 6 mM catalyst was used for 

all experiment, we estimated the concentration of free and bound substrate is 24 mM and 6 mM 

respectively assuming a 1:1 binding of Z-OMPD to the catalyst. 𝐴𝐴𝑅𝑅𝑅𝑅𝑅𝑅 and 𝐴𝐴𝐻𝐻𝐻𝐻 are the cross-

sectional area of the reference and hyperpolarized sample respectively. The difference in the cross-

sectional area is due to the presence of the capillary tube used for bubbling in the hyperpolarized 

sample, this ratio was found to be approximately 1.07. This was measured using the 1H NMR 

spectra of a 60 mM acetonitrile solution in chloroform in a 5 mM NMR tube with or without 

capillary tube as shown in Figure S 1B.90,102 

S4.2 Expanded Temperature Sweep Data 

 

We have expanded the temperature sweep spectra in Figure 4.4A in the main paper to 

show clearly the effects of temperature on the intensities of each peak in the hyperpolarized Z-

OMPD spectra. In general, the bound C-1 peaks as shown in Figure 4.7 (In blue) increase as 

temperature is decreased except at 5 ̊ C when optimum exchange with the free C-1 peak is 

observed. It is worth noting that the peaks described with asterisks (In Red) in Figure 4.7 show 

decreasing intensities as the temperature is cooled to -15 °C indicating they are likely peaks of free 

OMPD species in solution. The peaks are likely associated with an isomer or tautomer of Z-OMPD 

whose specific identity is yet to be ascertained with the current available information. In the future, 

we aim to conduct further characterization studies to assign the peaks. It is necessary to note that 

the peaks marked with asterisks were not included in the calculation of the polarization levels for 

the C-1 and C-5 peaks of Z-OMPD, as reported in the main paper 
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S4.3 Gibbs Free Energies and Boltzmann Probabilities of Z-OMPD-Catalyst Complexes. 
 

A table of the relative Gibbs free energies of all the nine complexes are shown below 

(Figure 4.8A) including the probability (Boltzmann Factor) of each of them relative to the most 

stable E2 complex for both deprotonated (Figure 4.8B) and protonated (Figure 4.8C) states of Z-

OMPD. We note that in the deprotonated states of Z-OMPD, A2 and A2’ have the highest 

Figure 4.7. Expanded 13C NMR Spectra of hyperpolarized Z-OMPD at different initial 

temperatures ranging from (-15 to 15 °C). Showing the Free C1 and C5 peaks (black), Bound 

C1 peaks (blue), and Free (asterisks) C1 and C5 peaks (red). 
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probability of existence relative to E2 at 273 K. Interestingly, In the singly protonated states, the 

A1’ complex and E1 complex appear to have the highest probabilities relative to E2. The 

Boltzmann factor was calculated using the equation below. 

𝑃𝑃𝑖𝑖
𝑃𝑃𝐸𝐸2

= 𝑒𝑒𝑒𝑒𝑒𝑒 �−
(𝜀𝜀𝑖𝑖 − 𝜀𝜀𝐸𝐸2)
𝐾𝐾𝑏𝑏𝑇𝑇

� 

𝑃𝑃𝑖𝑖
𝑃𝑃𝐸𝐸2

= 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑖𝑖 𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑡𝑡𝑡𝑡 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝐸𝐸2 

(𝜀𝜀𝑖𝑖 − 𝜀𝜀𝐸𝐸2) = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑖𝑖 𝑎𝑎𝑎𝑎 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑖𝑖𝑖𝑖 𝐹𝐹𝐹𝐹𝐹𝐹 𝑆𝑆3 𝐴𝐴 

𝐾𝐾𝑏𝑏 = 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 

𝑇𝑇 = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑖𝑖𝑖𝑖 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 

 

Furthermore, in addition to the nine complexes shown in Figure 4.8D, It is also possible 

to imagine that one of the carboxylates (C1 or C5) of Z-OMPD bind with both oxygens (Figure 

4.8E), however in our experience, we have not observed hyperpolarization with simple carboxylic 

acids, therefore these complexes were excluded. 
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S4.4 Polarization Transfer Field Spectra. 
 

Figure 4.8. [A] Table of relative Gibbs Free Energies of all nine optimized complexes. [B] Ratio of 

Probabilities of complex-es A1 to A3, A1’ to A3’, E1 and E3 relative to E2 for the Deprotonated 

states and [C] the singly protonated states of Z-OMPD at 273K [D] 2D structures of all nine 

complexes examined. [E] Possible binding modes through carboxylates of C-1 and C-5. 
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Hyperpolarized spectra of Z-OMPD at each field ranging from 2 µT to - 1.5 µT is shown 

to emphasize the effect of inverse field which results in inverted and lowered hyperpolarization. 

 

 

S4.5 pH Dependence without Decoupling. 
 

The effect of pH on the chemical shift of C-1 and C-5 of Z-OMPD was initially examined 

by hyperpolarizing Z-OMPD at pH ~8.4, followed by addition of appropriate amount of citrate-

phosphate buffer to adjust the pH before acquiring the coupled spectra which is shown below. 

Figure 4.10 shows similar trends to Figure 4.5A in the main document, albeit lower signal-to-

noise ratio. 

Figure 4.9. 13C NMR spectra of hyperpolarized Z-OMPD at polarization transfer fields between 2.0 

µT to -1.5 µT 
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Figure 4.10. 13C NMR coupled spectra of HP Z-OMPD at pH range 

between 4.35 to 7.37.  
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Chapter 5 : Hyperpolarization of imidazole in pure water via signal amplification by 

reversible exchange (SABRE). 

5.1 Introduction 

Signal amplification by reversible exchange (SABRE) has emerged as an important 

hyperpolarization technique for mitigating the inherent sensitivity limitations in magnetic 

resonance.87,109,112,117 SABER is particularly appealing as it is fast and delivers continuous 

hyperpolarization of substrate without any chemical modification necessary.89 However, SABRE 

is yet to be established as a viable clinical hyperpolarization technique for biomedical 

applications—the main driving force for most hyperpolarization methods.191,197,217 This limitation 

arises from the nature of SABRE being more effective in organic solvents thereby raising concerns 

about toxicity.87,110,117,147,218 The effectiveness of SABRE exclusively in organic solvents 

compared to biocompatible solvents, such as water, arises from the insolubility in water of the 

organometallic catalysts used for polarization transfer.110 Additionally, hydrogen is less soluble in 

water and SABRE efficiency is directly linked to the concentration of fresh parahydrogen in 

solution.110,112,116,126 Thus, current SABRE methods require purification of  the substrate after 

hyperpolarization by removal of  both the organometallic catalyst and organic solvents. This is 

done through extraction, phase separation and gas stripping mechanisms.144 Due to the limited 

lifetime of the hyperpolarized substrate, the signal loss during the purification process is 

significant.  

However, it might be possible to shorten the purification process by using a water-soluble 

catalyst that allows the polarization of the target substrate directly in water. This effectively 

removes the extraction and gas stripping step, thus leading to improved signal to noise ratio of 
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purified substrate solution. Water soluble catalysts are generally designed by functionalizing the 

magnetization transfer catalyst with solubilizing groups.110 This has been achieved in three 

different ways; addition of an axial co-Ligand with polar groups (A),153 adding polar groups to the 

mesityl moiety of [Ir(NHC)(COD)Cl] (B),219 substituting the mesityl group with more water-

soluble groups [Ir(NHC)(COD)Cl] (C).151,152 Another alternative approach is using polar 

substrates to activate the standard [Ir(IMes)(COD)Cl] catalyst such that upon activation (D), it 

becomes water soluble. This is done by dissolving the catalyst and the substrate in a suitable 

organic solvent. Upon activation, the solvent is evaporated, and the mixture is redissolved in 

water.155 Figure 5.1 summarizes the different approaches to designing active water-soluble 

SABRE catalyst. 

 

 

Till date, water-soluble catalysts are considerably less effective in transferring polarization. 

The highest level of enhancement achieved using any of the method is 42-fold 1H enhancement.110 

Figure 5.1. Summary of approaches towards designing active water-soluble SABRE catalyst 
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 This low efficiency has been attributed to the low solubility of hydrogen in water and their 

below optimal spin-spin coupling.110,153 Nevertheless, careful optimization of relevant polarization 

parameters can result in highly enhanced signal in water. 

 

Here, we report a significant improvement in direct hyperpolarization of imidazole in pure 

water using the water-soluble catalyst [Ir(H)2(IDEG)(imidazole)3] (Figure 5.2). The signal 

enhancements achieved on both proton resonances of imidazole are ~2000-fold compared to 

thermal signal. This was achieved through careful optimization of temperature, flow rate, catalyst 

to substrate ratio, polarization transfer field and pH. Imidazole is a particularly interesting 

molecule as it is a key component in histidine and its’ amine derivative, histamine. Imidazole plays 

Figure 5.2: Hyperpolarized 1H NMR spectra (Blue) of 13.2 mM Imidazole in the presence of 

0.66 mM [Ir(IDEG)(COD)Cl] catalyst prepared in 0.75 ml of 99.9 % D2O, obtained after 

bubbling para-hydrogen in the solution for 30 seconds at 100 psi and 75 sccm flow rate. Thermal 

1H NMR Spectra (Red) of 132 mM Imidazole scaled 20 times. Schematic diagram (In set) of 

Imidazole and parahydrogen binding reversibly to the activated water-soluble catalyst 

[Ir(IDEG)(H2)(Imidazole)3]. 
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a major role in enzyme catalysis,220 metal-protein binding,221 drug development,222 protein 

purification and biochemical assays.223 Furthermore, imidazole is the main component in the 

common extracellular MR pH sensor, 2-imidazole-1-yl-3-ethoxycarbonylpropionic acid 

(IEPA).188,224 Specifically, the chemical shift of the HA proton of the imidazole ring is highly 

sensitive to changes in local tissue and organ pH. Thus, the chemical shift changes of both HA and 

HB of imidazole as a function of pH was verified and reported here. Finally, we also observed a 

significant enhancement on the HDO signal in the neutral pH range (6 to 8).  

 
5.2 Materials and methods 

Imidazole was purchased from VWR and was used as received. 99% D2O/H2O was 

purchased through Cambridge Isotope Laboratories and freeze-pump-thawed before use. Pre-

catalyst [Ir(IDEG)(COD)Cl] was synthesized from methyl gallate in 5 steps according to 

literature.152 

The standard sample used in most of the experiments in this study composes 13.2 mM 

imidazole and 0.66 mM [Ir(IDEG)(COD)Cl] pre-activated catalyst prepared in 0.75 ml 99.9% 

D2O/H2O. Each sample was prepared by transferring 75 µL of 132 mM imidazole, 150 µL of 3.3 

mM pre-activated catalyst solutions in D2O into a scintillation vial followed by addition of the 

right amount of D2O. This solution was degassed with argon before transfer to a 5mm medium-

walled NMR tube (Wilmad WG-1003, 5 mm OD, 0.43 wall thickness) fitted with a 1/4” outer-

diameter (OD) Teflon tube extension and connected to a parahydrogen bubbling set up through a 

Wye 1/8” to 1/4" push to connect as described previously. 
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5.3 Results and discussion 

In the presented work, a standard sample of imidazole and pre-catalyst in aqueous solution 

was bubbled with parahydrogen at 60 ̊C (temperature of water-bath) for 30 min to form the 

activated complex, [Ir(H)2(IDEG)(imidazole)3]. SABRE experiments were performed by bubbling 

parahydrogen through the sample for 30 seconds at 6.5 mT and 60 ̊C. The sample was immediately 

transferred to a 1.1 T benchtop NMR magnet for detection. The resulting single scan 1H NMR 

spectrum of imidazole is shown in Figure 5.2. The hyperpolarized spectrum (blue stroke) is 

stacked over the thermally polarized spectrum (red stroke) obtained using 132 mM imidazole 

sample (10-fold compared to hyperpolarized sample). The thermal spectrum is scaled twenty times 

for ease of visualization. The two imidazole hydrogens HA and HB at 7.93 and 7.30 ppm (relative 

to 4.74 HDO peak) show polarization levels of 0.7% and 0.82% which amount to ~2000 and 2500-

fold enhancements respectively. 
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The effect of temperature on hyperpolarization of imidazole in water was studied to get an 

insight into the dynamics of the system. As shown in Figure 5.2A, low polarization was observed 

at low temperatures (below 30 degrees). However, as the temperature increased, the polarization 

level increased drastically reaching a plateau at 60 degrees for both hydrogens before dropping off 

beyond 70 degrees. At low temperatures, the concentration of hydrogen in the solution is reduced. 

The high viscosity and surface tension of water prevents efficient diffusion of hydrogen in 

Figure 5.3. [A] Temperature dependence plot of HA and HB of imidazole showing signal 

enhancement relative to thermal at various temperatures. [B] Flow rate dependence plot of HB of 

imidazole showing signal enhancement at different para-hydrogen flow rate. [C] polarization 

transfer field dependence of imidazole HB signal enhancement. The PTF was varied from -30 mT 

to 30 mT. [D] Sample concentration dependence for imidazole signal enhancement, catalyst 

concentration remained constant while imidazole concentration was varied to achieve 20:1, 40:1 

and 60:1 ratio of imidazole to catalyst. 
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solution; this limits the formation of the non-classical hydrogen complex [Ir(H)2(η-

H2)(IDEG)(imidazole)2] responsible for refreshing parahydrogen into the activated 

complex.110,116,153  

Interestingly at higher temperatures, we recorded more enhancements on the HB protons 

compared to the HA proton, this is due to the latter’s rapid exchange with the deuterium of D2O as 

the temperature is increased or the longer the sample is kept at an elevated temperature.225,226 This 

deuterium-hydrogen exchange at HA explains the increase HDO signal at neutral pH. This 

mechanism will be explored further in the pH study section. Meanwhile, for experiments such as 

flow rate, polarization transfer field, relaxation and build up studies that require more time to 

acquire data, only the HB protons were used to study these effects.  

The amount of parahydrogen in solution is directly proportional to efficient polarization 

transfer in SABRE.110,112,117 Thus, increasing parahydrogen flow rate has a significant effect on 

the polarization levels achieved on the imidazole. Figure 5.2B shows a maximum polarization 

levels on HB of imidazole at 80 standard cubic centimeter (sccm) which is the experimental limit 

of our current set up. We believe that the polarization levels can be pushed higher with a thick 

walled, wider inner diameter NMR tube. The efficiency of SABRE hyperpolarization is highly 

dependent on the applied magnetic field during polarization transfer, as optimal polarization occurs 

near specific polarization transfer fields where level anti-crossings (LACs) facilitate efficient spin 

order transfer from parahydrogen to the substrate.73,117,157,227 Thus, polarization transfer field 

varied from +30mT to -30mT using a solenoid coil powered by a DC supply. The coil is equipped 

with a cylindrical water bath to maintain constant temperature for the duration of polarization 

which is typically 30s. As shown in Figure 5.2C, the highest polarization was achieved at +/- 6.5 

mT in agreement with previous studies on 1H SABRE.86,87,228 
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The ratio of Imidazole concentration to catalyst was also studied by keeping the catalyst 

concentration constant and varying imidazole concentrations to give 20:1, 40:1 and 60:1 ratios of 

Imidazole to catalyst, the polarization levels achieved in each sample were plotted against their 

ratios as shown in Figure 5.2D. The highest enhancement was achieved at 20:1 ratio. This is 

consistent with previous study and analytical SABRE models. Increasing substrate concentration 

limits parahydrogen exchange since both hydrogen and substrate exchange occur through similar 

pathways.110,112,117,229  

The relaxation on the HB proton of imidazole was studied at low field (6.5 mT) by bubbling 

for 30s in the solenoid coil, followed by waiting for a variable time before transferring to a 1.1 T 

benchtop NMR magnet for detection. The same procedure was followed for monitoring relaxation 

at high field (1.1 T) except that the sample was transferred to the detection field and then stored 

for a variable period before detection. 

Figure 5.4. [A] Relaxation data of hyperpolarized HB frequency of imidazole at 1.1 T (blue) and 6.5 

mT (red). Each data collected after bubbling parahydrogen for 30 seconds through the standard sample 

composition (13.2/0.66 Imi/Cat in 0.75 mL 99.9% D2O) [B] Build up data of hyperpolarized HB 

frequency of imidazole at 6.5 mT. each data point collected by bubbling parahydrogen through the 

standard sample at variable time T. 
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Both data were fitted with a single exponential decay and showed long T1 times unusual 

for a 1H nucleus (Figure 5.4A). We observed that lifetime at 6.5 mT is more than double the 

lifetime at 1.1 T.  

The rate of SABRE polarization build-up was measured by varying the duration of 

parahydrogen bubbling, as continuous delivery of parahydrogen enhances the efficiency of spin 

exchange event. We observed a characteristic polarization build up curve (Figure 5.4B) for HB of 

imidazole at 6.5 mT that approaches saturation at 13.2 seconds. The unusually long lifetime is 

attributed to the fast build-up of polarization on the free imidazole specie. At low field (6.5 mT), 

even after stopping parahydrogen bubbling, there exists a competition between polarization build 

up and relaxation until finally the latter dominates as shown in Figure 5.4A. In contrast, at high 

field (1.1T), transfer of polarization is halted as the level anti-crossing condition is no longer met. 

At this field, relaxation is the only dominant effect. 

Figure 5.5.  (Right) A plot of change in chemical shift of both hydrogen frequencies of imidazole 

as a function of pH. The chemical shift at pH 9.10 (13.2 mM/0.66 mM Imidazole: Catalyst) was 

used as reference chemical shift. pH adjusted by adding appropriate amount of HCl or NaOH. (Left) 

Efficiency of SABRE hyperpolarization of the two proton frequencies of imidazole and the single 

proton frequency of HDO as a function of pH. 
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5.4 pH dependence study 

The effect of pH on 1H SABRE hyperpolarization of imidazole was investigated by varying 

the pH of the standard sample from 3.13 to 11.33 by appropriate amount of HCl or NaOH. Figure 

5.5A shows a plot of polarization as a function of pH. At acidic pH (3.13 to 6), Imidazole is in a 

fully protonated state and therefore unable to bind with the catalyst thus no significant levels of 

polarization were observed, between pH 6.07 and 7.10, a steep increase in polarization occurs 

since imidazole gradually moves to its neutral state and therefore has enough electron density to 

bind with the iridium center of the catalyst. The highest level of polarization on HB was recorded 

at pH 7.1. Interestingly, at this pH, HDO peak was also significantly enhanced indicating an 

optimum proton/deuterium exchange between D2O and polarized free imidazole. Beyond pH 9.10, 

imidazole is fully deprotonated, therefore binds more strongly to the catalyst resulting in less 

polarization on the free imidazole pool due to inefficient exchange. 

Furthermore, Imidazole protons, especially HA, is known to show sharp chemical shift 

changes between physiologically important pH ranges 6 to 8 making it a potential candidate for 

extracellular pH sensing.188,224 Figure 5.4B shows a change in chemical shift as a function of pH 

referenced to the chemical shift of imidazole at 9.10 which is the pH of pure imidazole solution in 

D2O. As the pH is reduced chemical shift of both HA and HB moves downfield as imidazole moves 

from partially protonated to the fully protonated species at lower pH. 

5.5 Conclusion 

In this chapter, we demonstrated the successful direct SABRE hyperpolarization of 

imidazole in water using the water-soluble iridium catalyst, [Ir(H)2(IDEG)(imidazole)3]. 

Remarkably, we achieved signal enhancements of up to ~2000-fold, substantially surpassing 

previously reported values for aqueous SABRE, where the maximum enhancement has been ~42-
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fold. Through systematic optimization, we identified key conditions that maximize polarization 

efficiency: a substrate-to-catalyst ratio of 20:1, a polarization transfer field of 6.5 mT, and an 

optimal temperature of 60 °C. Higher parahydrogen flow rates also led to improved enhancements, 

and polarization buildup was rapid, reaching saturation within ~13 seconds. Additionally, we 

observed unusually long longitudinal relaxation times (T₁) for HB of imidazole (~71 seconds at 6.5 

mT and ~26 seconds at 1.1 T). further supporting the stability of the hyperpolarized state. 

We also investigated the influence of pH on SABRE efficiency and found that polarization 

was maximized near neutral pH (7.1). In this pH range (6-7), we observed evidence of 

hydrogen/deuterium exchange at the HA position of imidazole, as well as hyperpolarized HDO 

signals. Lastly, we characterized the pH-dependent chemical shift behavior of imidazole protons 

HA and HB, noting a sharp transition in chemical shift between pH 6 and 8. Proton HA was 

particularly sensitive to pH changes, aligning with previous reports188,224 and highlighting its 

potential as a pH sensor under physiological conditions. 

Together, these findings establish a robust framework for SABRE hyperpolarization of 

biologically relevant molecules in aqueous media and support the development of hyperpolarized 

imidazole-based molecular probes for chemical and biomedical applications.   
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Chapter 6 : Reaction monitoring using SABRE-SHEATH hyperpolarized 15N sodium 

nitrite. 

6.1 Introduction 

 
Hyperpolarization significantly enhances the sensitivity of nuclear magnetic resonance 

(NMR) spectroscopy, enabling real-time reaction monitoring by boosting signal intensities by 

several orders of magnitude.230–233 Among the various hyperpolarization methods, parahydrogen-

based techniques have proven particularly effective for detecting and characterizing transient 

reaction intermediates, such as rhodium and platinum dihydride complexes formed during 

hydrogenation reactions.234,235 

While 1H NMR is relatively sensitive, it often suffers from spectral crowding and relatively 

short longitudinal relaxation times (T₁), which can limit its applicability for tracking dynamic 

chemical transformations. In contrast, hyperpolarized 13C and 15N nuclei offer longer T₁ relaxation 

times and sparsely populated chemical shift regions, making them well-suited for monitoring 

reaction pathways with high temporal resolution.236 Of particular interest is 15N NMR, which 

benefits from a broad chemical shift range of over 1350 ppm, allowing for enhanced resolution 

and selectivity.237 

Recent advances in SABRE-SHEATH (Signal Amplification by Reversible Exchange in 

Shield Enables Alignment Transfer to Heteronuclei) have enabled efficient hyperpolarization of 

15N-labeled compounds under low magnetic field conditions. This technique has been successfully 

applied to monitor the reactivity of 15N-labeled synthons, with hyperpolarized signals enabling the 

detection of reactive intermediates and products such as phenyldiazonium salts, phenyl azides, 

pentazoles, and molecular nitrogen, even at high magnetic fields such as 9.4 T.146 
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In this work, we extend the application of SABRE-SHEATH to the hyperpolarization of 

15N sodium nitrite and demonstrate its utility for monitoring azo coupling reactions on a low-field 

1.4 T benchtop NMR spectrometer. This setup allows for real-time tracking of key chemical 

transformations using a cost-effective and portable platform. 

 Azo coupling reaction is a well-established and versatile transformation widely employed 

in the synthesis of azo dyes and pigments.238,239 Beyond industrial applications, it plays an 

important role in chemo-selective bioconjugation strategies for protein labeling,240 as well as in 

analytical chemistry where it is used to derivatize non-ionizable analytes for improved detection.241 

Here, we describe the use of hyperpolarized 15N sodium nitrite to monitor the formation of 

azo dyes through diazotization of aniline and subsequent coupling with electron-rich phenolic 

partners. Specifically, we investigated the reactions of phenyldiazonium salt with cresol and 

phenol. The diazonium salt was generated in situ via the reaction of hyperpolarized 15N sodium 

nitrite with aniline. Thus, we demonstrated that hyperpolarized 15N NMR enables real-time 

observation of intermediate and product formation with enhanced spectral resolution.  

6.2 Materials and methods 

15N sodium nitrite was purchased from Cambridge Isotope Laboratories, 

[Ir(IMes)(COD)Cl] was synthesized from [Ir(COD)Cl]2 dimer and IMes (1,3-bis(2,4,6-

trimethylphenyl) imidazolinium chloride) according to literature procedure. [Ir(COD)Cl]2, IMes 

and N,N-dimethylaminopyridine (DMAP) were purchased from Millipore Sigma Aldrich. 
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Standard hyperpolarized sample was prepared using 125 mM 15N sodium nitrite, 5 mM 

[Ir(IMes)(COD)Cl] catalyst, and 30 mM DMAP in normal reagent methanol. The sample was not 

degassed nor was the solvent dried before use. 0.6 to 0.4 ml of solution was transfer to a 5mm 

medium-walled NMR tube (Wilmad WG-1003, 5 mm OD, 0.43 wall thickness) fitted with a 1/4” 

outer-diameter (OD) Teflon tube extension and connected to a parahydrogen bubbling set up 

through a Wye 1/8” to 1/4" push to connect as described previously. 

Figure 6.1. [A] Activated SABRE complex [Ir(H)2(IMes)(DMAP)2(NO2)] with bound nitrite and 2 

eq of DMAP, showing reversible exchange of parahydrogen and nitrite. [B] Hyperpolarized 15N 

Spectra of Sodium nitrite showing bound and free nitrite peak. [C] Thermal 15N Spectra of neat 

pyridine. 
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6.3 Results and discussion 

In this work, the bubbling method was used to introduce fresh parahydrogen into the 

SABRE sample. The time it takes for the sample to activate was investigated by bubbling 

parahydrogen for a specific time and checking the polarization level. The polarization level is 

checked by bubbling parahydrogen through the sample while it resides in a mu metal shield at 0.5 

μT for 30 seconds and immediate detection in a 1.5 T NMR magnet. The single scan signal 

recorded was referenced to a thermal signal of 12.4 M neat pyridine. The polarization level was 

calculated using the equation below: 

𝑃𝑃15𝑁𝑁 =  𝑃𝑃𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 ×
𝑆𝑆𝐻𝐻𝐻𝐻
𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟

×
𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟
𝐶𝐶𝐻𝐻𝐻𝐻

×
𝐴𝐴𝐻𝐻𝐻𝐻
𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟

 

Where P15N is the polarization level of the hyperpolarized signal. Pthermal is the thermal 

polarization of a 15N nuclei using the Boltzmann distribution statistics given as 𝑃𝑃𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =

𝑡𝑡𝑡𝑡𝑡𝑡ℎ �𝛾𝛾ћ𝐵𝐵0
2𝑘𝑘𝐵𝐵𝑇𝑇

�. SHP is the signal from the hyperpolarized sample, Sref is the signal from the pyridine 

reference sample. CHP is the concentration of the hyperpolarized sample and Cref is the 

concentration of the pyridine reference sample. AHP is the surface area of the NMR tube housing 

the hyperpolarized sample while Aref is the surface area of the NMR tube containing the reference 

sample. 

As described in section 3.4 of chapter 3, nitrite reacts with the [Ir(IMes)(COD)Cl] in the 

presence of DMAP to form two active catalytic species: complexes 4 and 5.146 However, only 

complex 5 was observed in the NMR spectra. Figure 6.1A illustrates the reversible exchange of 

parahydrogen and nitrite ion on complex 5, [Ir(H)2(IMes)(DMAP)2(NO2)]. The corresponding 

hyperpolarized spectra (Figure 6.1B) display two peaks: free nitrite signal at 611 ppm and a bound 

nitrite signal at 513 ppm. Using the thermal spectrum of neat 15N-labelled pyridine (Figure 6.1C) 
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as a reference, we calculated polarization levels of approximately 20 % for the free nitrite and 6% 

for the bound species. 

Firstly, to optimize the SABRE process for nitrite hyperpolarization, it is essential to 

determine the activation time to achieve efficient polarization transfer. Thus, we measured the 

polarization level during catalyst activation and plot polarization level against time. As shown in 

Figure 6.2A, the sample is completely activated in methanol after 20 minutes. The slight reduction 

in polarization above 20 minutes is attributable to sample degradation.  

Temperature is a critical parameter in SABRE hyperpolarization, as it influences the 

exchange process.90,117 To assess its role in optimizing SABRE efficiency for nitrite, the effect of 

temperature was investigated at four different temperatures. The highest polarization was recorded 

at room temperature for both the free and bound species as shown in Figure 6.2B. At all 

Figure 6.2 Plot of [A] activation time of Hp sample. [B] sample temperature [C] parahydrogen 

flow rate [D] parahydrogen bubbling time [E] spin-lattice lifetime (T1) [F] magnetic field, showing 

their effects on polarization.  
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temperatures examined, the free polarization is consistently higher than the bound polarization. 

This is indicative of both a fast buildup of polarization on the bound species and fast exchange.  

The efficiency of polarization is tightly linked to the availability of parahydrogen in 

solutions. The higher the concentration of parahydrogen, the higher the polarization 

achieved.110,112,117 The rate of flow of parahydrogen was varied to examine its effect on 

polarization. We observed that while polarization increases with increasing parahydrogen flow 

rate, we note that this effect is not as pronounced within the range examined in the study (see 

Figure 6.2C).  

Furthermore, the rate at which polarization builds up on the free and bound substrate was 

studied by varying the parahydrogen bubbling time. It can be seen from Figure 6.2D that 

polarization on both free and bound substrate reaches its maximum after 4 secs. The result suggests 

a very fast exchange rate between the bound and free substrate validating the temperature data in 

Figure 6.2B.  

Since the primary objective of this study is to demonstrate the use of hyperpolarized ¹⁵N-

labeled sodium nitrite as a tool for reaction monitoring, the longitudinal relaxation time (T₁) of the 

free substrate at the detection field is a critical parameter. A longer T₁ enables extended observation 

windows for tracking chemical transformations. To assess this, the T₁ of the free substrate was 

measured at 1.4 T. The experiment began by bubbling parahydrogen through the sample for 30 

seconds at 0.5 μT, followed by immediate transfer to a 1.4 T benchtop NMR magnet. A series of 

15° flip-angle acquisitions was then performed, with a 3-second delay between each measurement. 

The resulting relaxation data fitted with an exponential decay (𝐴𝐴𝑒𝑒−𝑡𝑡/𝑇𝑇1 + 𝐵𝐵) function is shown in 

Figure 6.2E. The measured T₁ was approximately 35 ± 2 seconds. Although this is relatively short 

for ¹⁵N nuclei, which typically exhibit relaxation times on the order of minutes, it is consistent with 
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previously reported values for nitrite.146,242 Importantly, the observed lifetime is sufficient to 

enable effective monitoring of chemical reactions over practical timeframes. 

Finally, the effect of magnetic field on polarization transfer was examined by varying the 

voltage applied to the solenoid coil housed in a mu metal shield. The sample was bubbled for 30 

seconds in each field and the hyperpolarized signal was acquired at 1.4 T. The data, fitted with a 

sine function (𝐴𝐴 sin(𝐵𝐵𝐵𝐵 + 𝐶𝐶) + 𝐷𝐷), is shown in Figure 6.2F. The highest polarization was 

observed between 0.4 to 0.6 μT. The broad profile of the plot agrees with the conclusion from both 

the temperature and build up data that the nitrite system exhibits a very fast exchange dynamic. 

6.4 Monitoring azo coupling reaction 

Hyperpolarized ¹⁵N-labeled sodium nitrite presents a promising tool for real-time 

monitoring of organic transformations.146 Following initial optimization of nitrite 

hyperpolarization via the SABRE technique, the resulting hyperpolarized signal was employed to 

track the formation of azo dyes through diazotization coupling reactions. Two representative azo 

compounds were synthesized using phenol and ortho-cresol as diazo coupling partners. 
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The experiment began with the hyperpolarization of 0.4 mL of the standard sample using 

the optimized SABRE procedure. The hyperpolarized sample was then transferred to a 1.4 T NMR 

magnet, depressurized, and subjected to a series of 15° flip-angle acquisitions. Following the first 

scan, an acidified aniline solution was added to initiate the reaction. This was subsequently 

followed by the addition of a basic phenol solution. Figure 6.3A presents the reaction scheme for 

the formation of 4-hydroxyphenylazobenzene. 

Figure 6.3. [A] Reaction scheme showing the reaction of hyperpolarized nitrite with acidified 

aniline solution, followed by the reaction of phenol with the diazo salt product. [B] Real time 15N 

Spectra of the diazo coupling reaction before and after addition of aniline and phenol. 
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At time zero, prior to the addition of any reagents, a single resonance at δ¹⁵N 611 ppm was 

observed, corresponding to hyperpolarized nitrite (Figure 6.3B). Immediately after the addition of 

acidified aniline, two new peaks appeared: one at δ¹⁵N 563 ppm, assigned to nitrous acid, and 

another at δ¹⁵N 314 ppm, attributed to the phenyl diazonium ion. A minor peak at δ¹⁵N 308 ppm was 

also observed, likely corresponding to ortho-N₂. Within approximately 10 seconds, the nitrous acid 

peak at δ¹⁵N 563 ppm completely disappeared, indicating full conversion of nitrite to the diazonium 

ion. 

Subsequent addition of the basic phenol solution led to the gradual appearance of a new 

peak at δ¹⁵N 498 ppm, assigned to the resulting azo dye. As the reaction progressed (around 25 

seconds), an additional peak at δ¹⁵N 438 ppm emerged, attributed to a geometric isomer of the azo 

product. A minor resonance near δ¹⁵N 493 ppm was also detected, potentially corresponding to a 

tautomeric form of the peak at δ¹⁵N 498 ppm. The reaction appeared to reach completion after 

approximately 40 seconds, as the phenyl diazonium peak at δ¹⁵N 314 ppm disappeared from the 

spectrum. 

The reaction of ortho-cresol followed a similar pattern as shown in Figure 6.4A. The 

spectra in Figure 6.4B shows a lower signal to noise ratio compared to the phenol reaction. The 

reaction also appears to occur slower relative to the phenol reaction. However, the two azo product 

peaks can be observed at δ15N 495 and δ15N 435 respectively showing a 3-ppm shift compared to 

the phenol product. The peaks also appear to be broader. It should be noted that in both reactions, 

the product crashes out of solution resulting in rapid loss of signal. 
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6.5 Conclusion 

In this chapter, we demonstrated the successful hyperpolarization of 15N-labeled nitrite 

using SABRE for real-time reaction monitoring applications. A series of experimental parameters 

were systematically optimized to maximize polarization efficiency, including catalyst activation 

time, temperature, parahydrogen flow rate, bubbling duration, polarization transfer field, and 

signal lifetime. We found that full catalyst activation was achieved after 20 minutes, with the 

Figure 6.4. [A] Reaction scheme showing the reaction of hyperpolarized nitrite with acidified 

aniline solution, followed by the reaction of cresol with the diazo salt product. [B] Real time 15N 

Spectra of the diazo coupling reaction before and after addition of aniline and cresol. 
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highest polarization observed at room temperature. While increased parahydrogen flow rate 

slightly improved polarization, the effect was not pronounced within the range examined. 

Polarization buildup was rapid, reaching saturation within approximately 4 seconds, and the signal 

lifetime at 1.4 T was measured to be ~35 seconds. The optimal polarization transfer field was 

determined to be between 0.4 and 0.6 µT, consistent with efficient SABRE-SHEATH transfer 

conditions. 

Following optimization, the hyperpolarized nitrite was employed to monitor a representative azo 

coupling reaction in real time. Using phenol and cresol as coupling partners, we tracked the 

transformation of the reactant nitrite to the intermediate diazonium salt and ultimately to the final 

azo dye product. This work highlights the utility of hyperpolarized 15N nitrite as a molecular probe 

for tracking chemical transformations with high temporal resolution, particularly in low-field 

NMR systems.  
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Appendix A: Cartesian Coordinates and Energies of Optimized Structures 

The structures shown in Figure 4.3A in in chapter 4were optimized using Density functional 

theory at the B3LYP3–6 level of theory with a D3 dispersion correction, and 6-311g (d) basis set 

for C, O, N and S atoms. Iridium was modelled with the Stuttgart-Dresden effective core potential 

and its associated basis from the GENECP key word within Gaussian with an f-polarization 

function derived from Ehlers et al.7,8 The cartesian coordinates of the optimized geometries are 

listed below as extracted from their respective log files. 

1. Complex A1 Fully deprotonated  (Gibbs Free Energy: -1954.592000 a.u) 

 

------------------------------------------------------------------- 

 Center     Atomic                   Forces (Hartrees/Bohr) 

 Number     Number              X              Y              Z 

 ------------------------------------------------------------------- 

      1        6          -0.000009791   -0.000010479    0.000015024 

      2        6           0.000004651    0.000006933   -0.000015165 

      3        1           0.000000345    0.000001397   -0.000002113 

      4        1          -0.000000281    0.000003402   -0.000002947 

      5        6           0.000004490    0.000002004   -0.000001554 

      6        7          -0.000000508    0.000007402   -0.000005397 

      7        7          -0.000001803    0.000000773    0.000002257 

      8        6           0.000006837    0.000003172   -0.000014467 

      9        6           0.000005240    0.000001144   -0.000002742 

     10        6          -0.000007827    0.000000069    0.000001241 
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     11        6          -0.000007526    0.000002672   -0.000000357 

     12        1          -0.000000926    0.000001059   -0.000001426 

     13        6           0.000005955   -0.000002626   -0.000003443 

     14        1          -0.000001584   -0.000000862   -0.000002660 

     15        6          -0.000002353   -0.000000824    0.000000297 

     16        1           0.000000422    0.000001263   -0.000002651 

     17        1          -0.000002536   -0.000000959   -0.000003046 

     18        1          -0.000000621    0.000000937   -0.000003873 

     19        6          -0.000002348    0.000000228    0.000003462 

     20        6           0.000000064    0.000003022   -0.000000037 

     21        6           0.000002083   -0.000001386   -0.000002961 

     22        6           0.000001663    0.000000198    0.000000008 

     23        1           0.000000706    0.000001110    0.000000184 

     24        6          -0.000000687    0.000000961    0.000001200 

     25        1          -0.000000163   -0.000001171    0.000000097 

     26        6           0.000001559   -0.000000006    0.000002061 

     27        1           0.000000393    0.000001490    0.000001369 

     28        1           0.000000186   -0.000001129    0.000000652 

     29        1           0.000000701    0.000000211    0.000001609 

     30       77          -0.000006295   -0.000018140    0.000001475 

     31        1           0.000000321   -0.000000527   -0.000001245 

     32        1           0.000000316    0.000002754   -0.000000542 

     33        8          -0.000002921   -0.000003218    0.000000659 
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     34       16           0.000003005    0.000005386   -0.000005667 

     35        8           0.000008452   -0.000005373    0.000005215 

     36        6          -0.000002120    0.000012124   -0.000003187 

     37        8          -0.000008586    0.000000967   -0.000003062 

     38        6           0.000001771   -0.000005622    0.000005504 

     39        8           0.000002781    0.000000489    0.000000468 

     40        6           0.000000062   -0.000006054    0.000006117 

     41        1           0.000000898   -0.000001806    0.000000194 

     42        6           0.000000575    0.000000543   -0.000001584 

     43        6           0.000004949   -0.000007982    0.000003165 

     44        1          -0.000000610    0.000001125    0.000001369 

     45        1          -0.000000881    0.000004219    0.000001092 

     46        1          -0.000000550   -0.000001043    0.000001837 

     47        6           0.000001819    0.000001286    0.000004300 

     48        8          -0.000001248   -0.000005513    0.000003459 

     49        8          -0.000000738   -0.000003392    0.000002418 

     50        6          -0.000000327    0.000001382    0.000003751 

     51        1           0.000001764    0.000001463    0.000001134 

     52        1          -0.000000028    0.000002206    0.000001056 

     53        1           0.000001016    0.000000796   -0.000000856 

     54        6           0.000000036    0.000003903    0.000002627 

     55        1          -0.000000372   -0.000000715    0.000002973 

     56        1          -0.000000193    0.000000051    0.000000595 
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     57        1           0.000000766    0.000000686    0.000002113 

 ------------------------------------------------------------------- 

 

2. Complex A2 Fully deprotonated (Gibbs Free Energy: -1954.605112 a.u) 

 

Center     Atomic                   Forces (Hartrees/Bohr) 

 Number     Number              X              Y              Z 

 ------------------------------------------------------------------- 

      1        6           0.000000414    0.000000264   -0.000000245 

      2        6          -0.000000211    0.000000536   -0.000002044 

      3        1           0.000000468   -0.000000473    0.000000650 

      4        1           0.000000184    0.000000704   -0.000002646 

      5        6          -0.000000050    0.000001301   -0.000001243 

      6        7          -0.000000845   -0.000000121    0.000001587 

      7        7          -0.000000359    0.000000344   -0.000001632 

      8        6           0.000000422   -0.000000732    0.000002071 

      9        6           0.000000736   -0.000002871    0.000002343 

     10        6          -0.000002838   -0.000000232    0.000003023 

     11        6           0.000000536   -0.000001637    0.000004543 

     12        1           0.000002880   -0.000001308    0.000003368 

     13        6          -0.000001090   -0.000000617    0.000005079 

     14        1          -0.000003116    0.000000179    0.000003037 

     15        6          -0.000000306   -0.000001913    0.000006160 
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     16        1           0.000002261   -0.000002702    0.000005380 

     17        1          -0.000003007   -0.000000805    0.000005874 

     18        1          -0.000000422   -0.000002213    0.000007197 

     19        6           0.000000063    0.000002085   -0.000003728 

     20        6           0.000000595    0.000001564   -0.000005217 

     21        6          -0.000002324    0.000002094   -0.000003855 

     22        6           0.000000350    0.000002175   -0.000006446 

     23        1           0.000001620    0.000000750   -0.000004759 

     24        6          -0.000002592    0.000002910   -0.000005878 

     25        1          -0.000003344    0.000002417   -0.000003045 

     26        6          -0.000001277    0.000002591   -0.000006846 

     27        1           0.000001272    0.000001958   -0.000007540 

     28        1          -0.000003900    0.000003430   -0.000005980 

     29        1          -0.000001539    0.000003228   -0.000008190 

     30       77          -0.000000791    0.000003354   -0.000000252 

     31        1          -0.000003574    0.000000918   -0.000001692 

     32        1          -0.000002288    0.000001463    0.000000440 

     33        8           0.000001974    0.000000347   -0.000002359 

     34       16          -0.000000256   -0.000000081   -0.000002056 

     35        8          -0.000004682   -0.000000073    0.000001583 

     36        6          -0.000000466    0.000001129    0.000001520 

     37        8          -0.000003645   -0.000001211    0.000001548 

     38        8           0.000005445    0.000003395   -0.000003976 
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     39        6          -0.000004437   -0.000006167    0.000004777 

     40        8           0.000005809   -0.000000220    0.000005602 

     41        6          -0.000001391   -0.000002326    0.000006260 

     42        6           0.000001703   -0.000000080    0.000001280 

     43        1           0.000001143   -0.000001634    0.000004394 

     44        6           0.000002216   -0.000004447    0.000005559 

     45        1           0.000002822   -0.000002516    0.000005860 

     46        1           0.000003663   -0.000002718    0.000003566 

     47        1           0.000002803   -0.000001999    0.000005390 

     48        6           0.000000617   -0.000001240    0.000002980 

     49        8          -0.000001020   -0.000001216    0.000001275 

     50        6           0.000002621   -0.000000372   -0.000001526 

     51        1           0.000003146   -0.000001376    0.000000149 

     52        1           0.000000271    0.000000119   -0.000001764 

     53        1           0.000002917   -0.000000951   -0.000002482 

     54        6           0.000000353    0.000001483   -0.000004054 

     55        1          -0.000001023    0.000001105   -0.000003960 

     56        1          -0.000000075    0.000001856   -0.000004736 

     57        1           0.000001568    0.000000554   -0.000004346 

 ------------------------------------------------------------------- 
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3. Complex A3 Fully deprotonated (Gibbs Free Energy: -1954.603561 a.u) 

 

Center     Atomic                   Forces (Hartrees/Bohr) 

 Number     Number              X              Y              Z 

 ------------------------------------------------------------------- 

      1        6           0.000002912   -0.000001727    0.000003994 

      2        6          -0.000000183    0.000000631   -0.000004469 

      3        1          -0.000000182   -0.000000610   -0.000001042 

      4        1          -0.000000298   -0.000001389   -0.000003909 

      5        6          -0.000011878    0.000002021   -0.000002941 

      6        7           0.000001854    0.000011096   -0.000000446 

      7        7           0.000004133   -0.000006532   -0.000010260 

      8        6           0.000001283   -0.000003857    0.000003263 

      9        6          -0.000003773   -0.000001029   -0.000001845 
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     10        6           0.000001178   -0.000000231   -0.000000257 

     11        6           0.000002501    0.000000403   -0.000000198 

     12        1           0.000000115    0.000001095    0.000000623 

     13        6           0.000001218    0.000000898    0.000000425 

     14        1           0.000001330    0.000000477    0.000000403 

     15        6           0.000001003    0.000002195    0.000001472 

     16        1          -0.000000617    0.000000698    0.000001624 

     17        1           0.000001198    0.000001055    0.000000843 

     18        1           0.000000616    0.000000976    0.000002104 

     19        6          -0.000004246   -0.000009282    0.000006981 

     20        6           0.000002813   -0.000005033    0.000001641 

     21        6           0.000010086    0.000010178    0.000006092 

     22        6          -0.000002116   -0.000001126   -0.000005143 

     23        1          -0.000003315    0.000000217   -0.000003122 

     24        6          -0.000001978   -0.000005921   -0.000011594 

     25        1          -0.000003059   -0.000007719   -0.000004897 

     26        6          -0.000001573    0.000000978    0.000001713 

     27        1           0.000000365   -0.000001956   -0.000000848 

     28        1           0.000002141   -0.000000381   -0.000001628 

     29        1          -0.000000013   -0.000001467   -0.000003401 

     30       77           0.000001913    0.000012554   -0.000002365 

     31        1          -0.000007086   -0.000000225   -0.000006404 

     32        1          -0.000001332    0.000000980   -0.000003980 
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     33        8          -0.000004428    0.000001142    0.000013791 

     34       16           0.000015932   -0.000013717   -0.000009783 

     35        8           0.000004808    0.000004244    0.000019627 

     36        6          -0.000003317   -0.000003779   -0.000007882 

     37        8          -0.000003183    0.000000073    0.000006341 

     38        6           0.000001586    0.000003862   -0.000011466 

     39        8           0.000024890   -0.000022786    0.000010074 

     40        6          -0.000022334    0.000016748   -0.000008680 

     41        6          -0.000000805    0.000007366    0.000001198 

     42        1           0.000001733    0.000000151    0.000001426 

     43        1           0.000000296   -0.000000116    0.000001913 

     44        1           0.000000515   -0.000002916    0.000002212 

     45        8          -0.000002538    0.000014574    0.000002123 

     46        8          -0.000000204    0.000002242    0.000001364 

     47        6           0.000002315   -0.000015490    0.000001784 

     48        6          -0.000000146   -0.000006955    0.000018755 

     49        1           0.000002756   -0.000001428    0.000002600 

     50        6          -0.000017905    0.000023974    0.000008809 

     51        1           0.000010870   -0.000000482   -0.000014000 

     52        1           0.000002108   -0.000003243    0.000001598 

     53        1           0.000000436   -0.000002910   -0.000001901 

     54        6          -0.000002478    0.000007667   -0.000008969 

     55        1           0.000002066   -0.000001356   -0.000000321 
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     56        1          -0.000004453   -0.000006299    0.000005368 

     57        1          -0.000003531    0.000001468    0.000001589 

 ------------------------------------------------------------------- 

4. Complex A1 prime Fully deprotonated (Gibbs Free Energy :-

1954.597375) 

Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0        1.975660    3.443026    0.069038 

      2          6           0        3.174033    2.833173   -0.020252 

      3          1           0        1.710408    4.473252    0.232642 

      4          1           0        4.176754    3.218455    0.045518 

      5          6           0        1.571807    1.225041   -0.322754 

      6          7           0        1.009078    2.461473   -0.123765 

      7          7           0        2.924045    1.483252   -0.267821 

      8          6           0       -0.399714    2.733592   -0.070935 

      9          6           0       -0.985902    3.035044    1.154272 

     10          6           0       -1.158194    2.680318   -1.235932 

     11          6           0       -2.358413    3.264517    1.216619 

     12          1           0       -0.374004    3.067634    2.049053 

     13          6           0       -2.530339    2.903949   -1.165447 

     14          1           0       -0.677406    2.435840   -2.175055 

     15          6           0       -3.132438    3.188666    0.059729 
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     16          1           0       -2.824266    3.484084    2.171077 

     17          1           0       -3.131057    2.844661   -2.066518 

     18          1           0       -4.205344    3.336407    0.115155 

     19          6           0        3.990687    0.535895   -0.407548 

     20          6           0        4.195330   -0.118200   -1.620947 

     21          6           0        4.843706    0.314485    0.672096 

     22          6           0        5.241495   -1.028953   -1.738989 

     23          1           0        3.535420    0.084969   -2.454369 

     24          6           0        5.893895   -0.594229    0.545302 

     25          1           0        4.687554    0.846931    1.603631 

     26          6           0        6.087715   -1.273347   -0.656130 

     27          1           0        5.398092   -1.544744   -2.679884 

     28          1           0        6.552697   -0.772542    1.387779 

     29          1           0        6.900684   -1.984614   -0.752527 

     30         77           0        0.580796   -0.488314   -0.548749 

     31          1           0        1.908827   -1.094872   -1.108183 

     32          1           0        0.267188   -0.037749   -2.054418 

     33          8           0       -0.099496   -2.042766    2.372905 

     34         16           0        1.021886   -1.304758    1.672176 

     35          8           0       -0.618995   -2.247651   -0.844054 

     36          8           0       -1.494707    0.052144    0.154641 

     37          6           0       -2.352247   -0.829086   -0.010474 

     38          6           0       -1.846135   -2.231239   -0.456648 
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     39          8           0       -2.590206   -3.202210   -0.374732 

     40          6           0       -3.730199   -0.502576    0.312475 

     41          1           0       -3.818536    0.284829    1.055870 

     42          6           0       -4.881968   -0.875863   -0.282533 

     43          6           0       -5.033914   -1.803614   -1.446970 

     44          1           0       -4.093676   -2.063812   -1.925384 

     45          1           0       -5.518247   -2.728691   -1.121628 

     46          1           0       -5.710500   -1.352963   -2.176582 

     47          6           0       -6.201291   -0.256230    0.266741 

     48          8           0       -7.252861   -0.759224   -0.194565 

     49          8           0       -6.095381    0.662566    1.114637 

     50          6           0        1.578818    0.006779    2.798035 

     51          1           0        0.746018    0.700157    2.900813 

     52          1           0        1.832316   -0.439392    3.759068 

     53          1           0        2.435298    0.514409    2.359257 

     54          6           0        2.484327   -2.377586    1.701033 

     55          1           0        2.247289   -3.235792    1.074774 

     56          1           0        3.327585   -1.830577    1.282290 

     57          1           0        2.676424   -2.686860    2.728262 

5. Complex A2 prime Fully deprotonated(Gibbs Free Energy: -1954.604068) 

Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 
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      1          6           0        1.586118    3.538246    0.415267 

      2          6           0        2.768709    2.893634    0.401168 

      3          1           0        1.332905    4.557932    0.649152 

      4          1           0        3.767022    3.231179    0.619740 

      5          6           0        1.168748    1.382724   -0.232418 

      6          7           0        0.618500    2.618694    0.018387 

      7          7           0        2.512453    1.585740   -0.007989 

      8          6           0       -0.768041    2.973013   -0.086957 

      9          6           0       -1.495097    3.224716    1.071866 

     10          6           0       -1.357827    3.084920   -1.341462 

     11          6           0       -2.839532    3.573150    0.973283 

     12          1           0       -1.018657    3.110389    2.038107 

     13          6           0       -2.702110    3.434688   -1.434908 

     14          1           0       -0.769971    2.880041   -2.227478 

     15          6           0       -3.445450    3.674340   -0.278713 

     16          1           0       -3.416689    3.748631    1.874660 

     17          1           0       -3.169811    3.515672   -2.410386 

     18          1           0       -4.494962    3.938993   -0.353738 

     19          6           0        3.566450    0.623129   -0.133857 

     20          6           0        4.260058    0.226479    1.006739 

     21          6           0        3.925172    0.138443   -1.390402 

     22          6           0        5.319148   -0.672227    0.888835 

     23          1           0        3.942276    0.591049    1.974325 
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     24          6           0        4.973603   -0.771488   -1.499997 

     25          1           0        3.378998    0.468133   -2.264841 

     26          6           0        5.672541   -1.177344   -0.361501 

     27          1           0        5.854596   -0.989034    1.777145 

     28          1           0        5.248527   -1.158097   -2.475266 

     29          1           0        6.489620   -1.885236   -0.450490 

     30         77           0        0.201675   -0.279814   -0.667546 

     31          1           0        1.482652   -0.818420   -1.404163 

     32          1           0       -0.236172    0.382316   -2.049041 

     33          8           0        1.661594   -0.727265    2.460661 

     34         16           0        0.996347   -1.464447    1.312403 

     35          8           0       -0.998301   -2.088889   -0.969889 

     36          6           0       -2.206713   -1.947426   -1.391806 

     37          8           0       -2.579578   -1.464192   -2.459570 

     38          8           0       -1.844527    0.264485    0.071183 

     39          6           0       -2.323778   -0.033102    1.204988 

     40          8           0       -1.796612    0.062888    2.320220 

     41          6           0       -3.942183   -1.944438    0.495382 

     42          1           0       -4.804850   -2.458898    0.918798 

     43          6           0       -3.291347   -2.555517   -0.515698 

     44          6           0       -3.699351   -3.929247   -0.976661 

     45          1           0       -4.512404   -4.344342   -0.378379 

     46          1           0       -4.010822   -3.897180   -2.025150 
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     47          1           0       -2.844449   -4.612546   -0.924313 

     48          6           0       -3.739082   -0.626919    1.139790 

     49          8           0       -4.672676   -0.069786    1.706165 

     50          6           0       -0.217825   -2.616167    2.025447 

     51          1           0       -0.928055   -2.005272    2.574875 

     52          1           0       -0.714676   -3.116179    1.196319 

     53          1           0        0.304310   -3.314262    2.679126 

     54          6           0        2.182196   -2.708643    0.715746 

     55          1           0        1.667002   -3.346619   -0.001514 

     56          1           0        2.994956   -2.176920    0.229295 

     57          1           0        2.545834   -3.283217    1.568043 

6. Complex A3 prime Fully deprotonated(Gibbs Free Energy: -1954.603521) 

Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0        1.119522    3.560782    0.566791 

      2          6           0        2.382109    3.093786    0.536008 

      3          1           0        0.723118    4.526254    0.829950 

      4          1           0        3.322308    3.567980    0.757964 

      5          6           0        1.012938    1.383638   -0.135676 

      6          7           0        0.294228    2.520315    0.151342 

      7          7           0        2.315375    1.769902    0.097413 

      8          6           0       -1.123704    2.691546   -0.011091 
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      9          6           0       -1.963750    2.587644    1.091671 

     10          6           0       -1.631990    2.993978   -1.272311 

     11          6           0       -3.335676    2.770396    0.928920 

     12          1           0       -1.547465    2.331064    2.058350 

     13          6           0       -3.002804    3.181450   -1.429839 

     14          1           0       -0.956518    3.067566   -2.116220 

     15          6           0       -3.854522    3.066121   -0.330541 

     16          1           0       -3.994092    2.632623    1.776512 

     17          1           0       -3.404996    3.409495   -2.411009 

     18          1           0       -4.923782    3.198288   -0.457675 

     19          6           0        3.505817    0.999718   -0.112279 

     20          6           0        4.395363    0.829486    0.947675 

     21          6           0        3.813641    0.509576   -1.379806 

     22          6           0        5.590433    0.142942    0.742904 

     23          1           0        4.157309    1.237273    1.923730 

     24          6           0        5.003273   -0.186765   -1.575001 

     25          1           0        3.127612    0.678241   -2.198244 

     26          6           0        5.892253   -0.373720   -0.515717 

     27          1           0        6.279472    0.008698    1.569442 

     28          1           0        5.240618   -0.573168   -2.560240 

     29          1           0        6.820033   -0.912898   -0.673720 

     30         77           0        0.223694   -0.359538   -0.673390 

     31          1           0        1.310118   -0.515787   -1.793828 
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     32          1           0       -0.596087    0.435138   -1.777156 

     33          8           0        2.668205   -2.436413    0.765248 

     34         16           0        1.347482   -1.737954    1.021254 

     35          8           0       -1.289828   -0.362752    0.987270 

     36          8           0       -0.709924   -2.189435   -1.250628 

     37          6           0       -3.015336   -1.352282   -1.367547 

     38          6           0       -3.907194   -1.294548   -2.576795 

     39          1           0       -3.316291   -1.038768   -3.463442 

     40          1           0       -4.353488   -2.272760   -2.767653 

     41          1           0       -4.698454   -0.551527   -2.464708 

     42          6           0       -1.954195   -2.446480   -1.436879 

     43          8           0       -2.386757   -3.575173   -1.688915 

     44          6           0       -2.511016   -0.576412    0.968885 

     45          6           0       -3.242976   -0.711007    2.319685 

     46          8           0       -2.742997   -1.539094    3.109928 

     47          8           0       -4.240962    0.029517    2.448608 

     48          6           0       -3.297560   -0.638498   -0.262978 

     49          1           0       -4.225240   -0.076758   -0.211420 

     50          6           0        0.180258   -3.012594    1.590539 

     51          1           0       -0.096770   -3.592983    0.713770 

     52          1           0        0.705482   -3.624231    2.324084 

     53          1           0       -0.698891   -2.533994    2.023146 

     54          6           0        1.477427   -0.800689    2.572710 
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     55          1           0        0.486389   -0.407455    2.793563 

     56          1           0        1.832608   -1.464928    3.360244 

     57          1           0        2.179876    0.011200    2.406162 

 

7. Complex E1 Fully deprotonated (Gibbs Free Energy: -1954.596799 a.u) 

 

Center     Atomic                   Forces (Hartrees/Bohr) 

 Number     Number              X              Y              Z 

 ------------------------------------------------------------------- 

      1       77          -0.000075059    0.000035770   -0.000120485 

      2        1          -0.000013070    0.000035635    0.000008835 

      3        6          -0.000018965   -0.000024024   -0.000022283 

      4        6          -0.000037966    0.000033092    0.000027251 

      5        1           0.000002548   -0.000007768   -0.000010070 

      6        1           0.000005606   -0.000009026   -0.000004885 

      7        6          -0.000012261    0.000070572    0.000110918 

      8        7          -0.000036920   -0.000024838   -0.000068930 

      9        7           0.000043728    0.000033569   -0.000053187 

     10        6           0.000012598    0.000020049    0.000025650 

     11        6           0.000011632    0.000004686   -0.000000851 

     12        6          -0.000009753   -0.000009665   -0.000001613 

     13        6          -0.000001065   -0.000006636   -0.000018993 

     14        1          -0.000000760   -0.000003798   -0.000004101 
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     15        6           0.000016926   -0.000003701    0.000016068 

     16        1           0.000006262   -0.000003505    0.000003160 

     17        6          -0.000004057    0.000008775   -0.000002016 

     18        1          -0.000000639   -0.000003831   -0.000001865 

     19        1          -0.000000867   -0.000003659   -0.000000680 

     20        1          -0.000000811   -0.000005872    0.000001717 

     21        6          -0.000012592   -0.000045843   -0.000017333 

     22        6          -0.000010059    0.000002000    0.000028799 

     23        6           0.000013458   -0.000024086    0.000008328 

     24        6           0.000025713   -0.000012286    0.000006198 

     25        1           0.000007442    0.000009591   -0.000007661 

     26        6          -0.000025351    0.000021620    0.000018923 

     27        1          -0.000007917    0.000001436   -0.000001678 

     28        6          -0.000010635    0.000002176   -0.000037838 

     29        1           0.000007302    0.000009448    0.000002483 

     30        1           0.000004913    0.000000067    0.000009501 

     31        1          -0.000003901    0.000008773   -0.000005869 

     32        8          -0.000102902   -0.000108431    0.000002013 

     33       16           0.000089176   -0.000013247    0.000121292 

     34        1           0.000001322   -0.000057153    0.000013058 

     35        8           0.000106009    0.000019465   -0.000106272 

     36        8           0.000038093    0.000045511    0.000015422 

     37        6           0.000030475    0.000010544    0.000021584 
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     38        8           0.000069528   -0.000014572   -0.000026221 

     39        6          -0.000038908   -0.000015218   -0.000018813 

     40        6          -0.000066751   -0.000023691    0.000064858 

     41        1          -0.000001054   -0.000005291   -0.000001791 

     42        6           0.000030890   -0.000027197    0.000022414 

     43        6          -0.000017251    0.000044769   -0.000023758 

     44        1          -0.000009324   -0.000009285   -0.000012665 

     45        1           0.000010101   -0.000013888    0.000028272 

     46        1          -0.000000952   -0.000013785    0.000043387 

     47        6           0.000024354    0.000062892   -0.000009573 

     48        8          -0.000039542   -0.000027976    0.000022164 

     49        8          -0.000001552   -0.000044053   -0.000032948 

     50        6           0.000000891    0.000018544    0.000009158 

     51        1           0.000004012   -0.000003200   -0.000005650 

     52        1          -0.000006731   -0.000005099    0.000014546 

     53        1          -0.000007012    0.000011927    0.000001716 

     54        6           0.000011366    0.000064494   -0.000044405 

     55        1           0.000004224    0.000003086    0.000015846 

     56        1           0.000007955   -0.000010228   -0.000007264 

     57        1          -0.000011893    0.000002360    0.000006136 

 ------------------------------------------------------------------- 

8. Complex E2 Fully deprotonated (Gibbs Free Energy: -1954.608547 a.u) 
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Center     Atomic                   Forces (Hartrees/Bohr) 

 Number     Number              X              Y              Z 

 ------------------------------------------------------------------- 

      1       77           0.000001263   -0.000002270   -0.000004674 

      2        1           0.000001494    0.000005591   -0.000001792 

      3        6           0.000001430   -0.000004767   -0.000005455 

      4        6          -0.000001903   -0.000000043   -0.000003501 

      5        1           0.000000084   -0.000003562   -0.000007578 

      6        1           0.000000525   -0.000002437   -0.000010831 

      7        6           0.000001987   -0.000002458   -0.000002714 

      8        7           0.000001347   -0.000000040   -0.000010563 

      9        7          -0.000007483    0.000000258   -0.000003100 

     10        6           0.000000449   -0.000001619    0.000001040 

     11        6           0.000000303   -0.000001389   -0.000002668 

     12        6          -0.000000834   -0.000004335    0.000000371 

     13        6           0.000000478   -0.000001749   -0.000001865 

     14        1           0.000000244    0.000000637   -0.000005390 

     15        6           0.000000583   -0.000005002    0.000002265 

     16        1          -0.000001009   -0.000003848    0.000002124 

     17        6          -0.000000099   -0.000002279    0.000001965 

     18        1           0.000000127   -0.000000350   -0.000002237 

     19        1          -0.000000494   -0.000005234    0.000004691 

     20        1          -0.000000222   -0.000003426    0.000002773 
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     21        6           0.000009058    0.000001493   -0.000008268 

     22        6          -0.000003052    0.000010028   -0.000008522 

     23        6          -0.000000173   -0.000004125   -0.000005971 

     24        6           0.000001243    0.000004189   -0.000003348 

     25        1           0.000000077    0.000005780   -0.000005730 

     26        6           0.000000087    0.000000142   -0.000006868 

     27        1           0.000000318   -0.000002945   -0.000005517 

     28        6           0.000001734    0.000010106   -0.000007317 

     29        1           0.000000327    0.000007995   -0.000006839 

     30        1           0.000000363   -0.000000823   -0.000006971 

     31        1           0.000000739    0.000002257   -0.000007151 

     32        8          -0.000005232    0.000011498    0.000009139 

     33       16           0.000006785    0.000003008    0.000009429 

     34        1          -0.000000238    0.000001327    0.000001401 

     35        8          -0.000001640   -0.000001508    0.000004508 

     36        6          -0.000001415    0.000001957    0.000002054 

     37        8          -0.000004196   -0.000004586    0.000000312 

     38        6           0.000007638   -0.000003862    0.000001061 

     39        6          -0.000001659   -0.000004310    0.000000433 

     40        1           0.000001131    0.000001349    0.000000575 

     41        1          -0.000001310    0.000000796    0.000003735 

     42        1           0.000000177   -0.000003389    0.000001944 

     43        6           0.000001412   -0.000003656    0.000003246 
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     44        1          -0.000000787   -0.000007377    0.000000674 

     45        6           0.000013572   -0.000004272    0.000003168 

     46        8          -0.000003897    0.000005357   -0.000004272 

     47        8           0.000001198   -0.000006367    0.000009964 

     48        6          -0.000013215   -0.000009470    0.000007692 

     49        8          -0.000002893   -0.000012141    0.000002208 

     50        6           0.000000183    0.000008336    0.000006360 

     51        1          -0.000000392    0.000008286    0.000004985 

     52        1          -0.000000528    0.000008341    0.000009377 

     53        1          -0.000000739    0.000008037    0.000006721 

     54        6           0.000001557    0.000003364    0.000005735 

     55        1          -0.000001095    0.000002942    0.000011821 

     56        1          -0.000001092    0.000001917    0.000008778 

     57        1          -0.000002315   -0.000001353    0.000008593 

 ------------------------------------------------------------------- 

 

 

9. Complex E3 Fully deprotonated (Gibbs Free Energy: -1954.599704 a.u) 

 

Center     Atomic                   Forces (Hartrees/Bohr) 

 Number     Number              X              Y              Z 

 ------------------------------------------------------------------- 

      1       77          -0.000021113   -0.000006703   -0.000007255 
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      2        1           0.000004535   -0.000000862   -0.000002902 

      3        6           0.000003395    0.000000308   -0.000009061 

      4        6          -0.000000494    0.000003770    0.000008726 

      5        1           0.000001515    0.000000837   -0.000000160 

      6        1           0.000001564    0.000000563    0.000003943 

      7        6           0.000000484    0.000001583   -0.000010878 

      8        7           0.000006397    0.000001741    0.000017495 

      9        7          -0.000000505   -0.000006390   -0.000000033 

     10        6           0.000001615   -0.000000690   -0.000003939 

     11        6          -0.000001698   -0.000003505   -0.000000769 

     12        6           0.000007875    0.000001671    0.000000139 

     13        6          -0.000000407    0.000001218   -0.000004768 

     14        1          -0.000000618   -0.000000544   -0.000002530 

     15        6           0.000001351    0.000000356   -0.000005682 

     16        1           0.000005697    0.000001311    0.000001681 

     17        6           0.000000520    0.000002196   -0.000006962 

     18        1          -0.000001002    0.000000337   -0.000005713 

     19        1           0.000001273    0.000002858   -0.000006366 

     20        1           0.000000655    0.000001285   -0.000008065 

     21        6          -0.000007046   -0.000001850    0.000006657 

     22        6           0.000004152   -0.000000468    0.000007134 

     23        6          -0.000000817    0.000001179    0.000001710 

     24        6          -0.000002081    0.000007792    0.000003575 
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     25        1          -0.000003207   -0.000004450    0.000004943 

     26        6           0.000005473    0.000009962    0.000003610 

     27        1           0.000002977   -0.000000421    0.000005450 

     28        6           0.000004373   -0.000025274    0.000010310 

     29        1          -0.000003021   -0.000002539    0.000006949 

     30        1           0.000001991    0.000001420    0.000004370 

     31        1          -0.000002114    0.000004422    0.000005912 

     32        8           0.000008148   -0.000004794   -0.000026767 

     33        6          -0.000008569   -0.000009873    0.000050598 

     34        8           0.000006074    0.000014641   -0.000020855 

     35        8           0.000001383    0.000019051    0.000009268 

     36        6           0.000002636   -0.000025695    0.000007344 

     37        6          -0.000001515    0.000004374   -0.000004425 

     38        6           0.000002832    0.000001273    0.000000197 

     39        1           0.000003818    0.000003431    0.000000209 

     40        1           0.000003369    0.000003720   -0.000002232 

     41        1           0.000004944    0.000004549    0.000002208 

     42        6           0.000009493   -0.000011020   -0.000000674 

     43        8           0.000002161    0.000002311   -0.000009438 

     44        8          -0.000025124    0.000003180    0.000022934 

     45        6           0.000002111    0.000011727    0.000001010 

     46        1           0.000002226    0.000002143    0.000001139 

     47        8          -0.000006667   -0.000003129   -0.000003020 
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     48       16           0.000006075    0.000000567   -0.000003952 

     49        1          -0.000004330    0.000005355   -0.000008079 

     50        6          -0.000004498   -0.000004489   -0.000001476 

     51        1          -0.000004633   -0.000003221   -0.000004763 

     52        1          -0.000003250   -0.000003539   -0.000004465 

     53        1          -0.000005109   -0.000002215   -0.000004249 

     54        6          -0.000002562    0.000001393    0.000001825 

     55        1          -0.000002073   -0.000001433   -0.000006434 

     56        1          -0.000001633    0.000000378   -0.000008294 

     57        1           0.000002974    0.000000206   -0.000005131 

 ------------------------------------------------------------------- 

10. Complex A1 Singly deprotonated at C1 (Gibbs Free Energy: -

1955.046914 a.u)  

 

Center     Atomic                   Forces (Hartrees/Bohr) 

 Number     Number              X              Y              Z 

 ------------------------------------------------------------------- 

      1        6          -0.000003877   -0.000002431    0.000005625 

      2        6           0.000001234   -0.000000504    0.000001937 

      3        1          -0.000003068   -0.000000413    0.000004004 

      4        1          -0.000001541   -0.000000039    0.000005501 

      5        6          -0.000006796   -0.000002178    0.000003911 

      6        7           0.000004110    0.000001874   -0.000000281 
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      7        7          -0.000000293   -0.000000492    0.000003461 

      8        6          -0.000005648   -0.000000313    0.000004704 

      9        6          -0.000006055   -0.000001012    0.000002586 

     10        6           0.000001668   -0.000001684    0.000001405 

     11        6          -0.000002333    0.000000986    0.000002794 

     12        1          -0.000001829   -0.000001601    0.000001779 

     13        6          -0.000004501   -0.000001354    0.000001905 

     14        1           0.000000992    0.000001523    0.000002578 

     15        6           0.000000323   -0.000001280    0.000001140 

     16        1          -0.000004110   -0.000001218    0.000000626 

     17        1          -0.000000557    0.000000337    0.000001483 

     18        1          -0.000002820   -0.000001950    0.000000398 

     19        6          -0.000000793    0.000001064    0.000003922 

     20        6           0.000000777   -0.000000822    0.000003272 

     21        6          -0.000002091   -0.000000302    0.000002433 

     22        6           0.000000382    0.000001167    0.000003706 

     23        1          -0.000001185   -0.000000784    0.000004133 

     24        6           0.000001267    0.000001925    0.000003748 

     25        1           0.000003167    0.000001769    0.000004093 

     26        6           0.000002155    0.000001540    0.000004075 

     27        1          -0.000000098    0.000000685    0.000003233 

     28        1           0.000003291    0.000002395    0.000003728 

     29        1           0.000001602    0.000001748    0.000003431 
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     30       77          -0.000002189    0.000016699   -0.000003103 

     31        1           0.000003129    0.000003401    0.000004882 

     32        1           0.000003791   -0.000000859    0.000001090 

     33        8          -0.000000260    0.000002526    0.000001027 

     34       16           0.000002701   -0.000020727    0.000003979 

     35        8           0.000010622   -0.000002495   -0.000000468 

     36        6          -0.000015392    0.000003370   -0.000006221 

     37        8           0.000004636    0.000003299   -0.000004084 

     38        6           0.000002243    0.000005789   -0.000001597 

     39        8           0.000006195   -0.000004019   -0.000007012 

     40        6          -0.000002648   -0.000002326   -0.000007464 

     41        1           0.000004013    0.000000961   -0.000003531 

     42        6           0.000000405    0.000001243    0.000001624 

     43        6           0.000003031   -0.000004486   -0.000002691 

     44        1          -0.000000778   -0.000001530   -0.000007031 

     45        1          -0.000001499   -0.000001603   -0.000006850 

     46        1          -0.000001204   -0.000000905   -0.000006889 

     47        6           0.000004309   -0.000003355   -0.000004766 

     48        8          -0.000000630    0.000001561   -0.000007308 

     49        8           0.000003493    0.000001169   -0.000010345 

     50        1           0.000004426    0.000001607   -0.000007614 

     51        6           0.000002148   -0.000002797   -0.000004135 

     52        1          -0.000000577    0.000001871   -0.000003268 
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     53        1          -0.000000337   -0.000000972   -0.000001749 

     54        1          -0.000001997   -0.000000120   -0.000001336 

     55        6          -0.000003689    0.000001424   -0.000000189 

     56        1           0.000001384   -0.000000645   -0.000000950 

     57        1           0.000000325    0.000001289   -0.000000418 

     58        1           0.000000978    0.000001995    0.000001086 

 ------------------------------------------------------------------- 

 

11. Complex A2 Singly deprotonated C1 (Gibbs Free Energy: -1955.050699 

a.u) 

 

Center     Atomic                   Forces (Hartrees/Bohr) 

 Number     Number              X              Y              Z 

 ------------------------------------------------------------------- 

      1        6           0.000007953   -0.000006682   -0.000005694 

      2        6          -0.000006316    0.000000985    0.000005884 

      3        1           0.000002985   -0.000000864   -0.000000783 

      4        1           0.000002925   -0.000004077    0.000001408 

      5        6          -0.000012356   -0.000003414   -0.000013313 

      6        7           0.000001630    0.000012067    0.000000755 

      7        7           0.000005883   -0.000003245    0.000009590 

      8        6           0.000006003    0.000003794    0.000005506 

      9        6           0.000005218    0.000006223   -0.000003663 
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     10        6           0.000002120   -0.000000453   -0.000002969 

     11        6          -0.000002138    0.000004269   -0.000004083 

     12        1          -0.000003408   -0.000007262    0.000003463 

     13        6           0.000003596   -0.000004563    0.000000110 

     14        1           0.000003620    0.000001877   -0.000002528 

     15        6           0.000006707    0.000005009   -0.000007354 

     16        1          -0.000001137    0.000004134   -0.000002244 

     17        1           0.000003122    0.000002991   -0.000002900 

     18        1           0.000001422    0.000004989   -0.000003201 

     19        6           0.000000164    0.000000988   -0.000012913 

     20        6           0.000002097   -0.000010893   -0.000005181 

     21        6          -0.000000843   -0.000000734    0.000008874 

     22        6           0.000002416   -0.000006909    0.000019638 

     23        1           0.000004314   -0.000002352    0.000002786 

     24        6           0.000005595   -0.000006812    0.000001088 

     25        1           0.000002864   -0.000001256    0.000000523 

     26        6           0.000000911   -0.000006286    0.000002304 

     27        1          -0.000000273   -0.000007193    0.000003906 

     28        1           0.000002284   -0.000005201    0.000001777 

     29        1           0.000000833   -0.000006641    0.000004075 

     30       77           0.000014181   -0.000011112    0.000011053 

     31        1          -0.000000894   -0.000002704    0.000001151 

     32        1          -0.000001532   -0.000003132    0.000002173 
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     33        8           0.000013922   -0.000038331    0.000032845 

     34       16          -0.000046948    0.000048519   -0.000052602 

     35        8          -0.000006201   -0.000001248    0.000002051 

     36        6           0.000004486   -0.000001553   -0.000001859 

     37        8          -0.000002522   -0.000000420    0.000000733 

     38        8          -0.000007393   -0.000002714   -0.000005238 

     39        6           0.000007618    0.000018960   -0.000029539 

     40        6           0.000000848    0.000005126   -0.000002314 

     41        6          -0.000002102    0.000003562   -0.000000199 

     42        1          -0.000000542    0.000003890   -0.000000834 

     43        6          -0.000000149    0.000004549   -0.000001934 

     44        1          -0.000000478    0.000005890   -0.000002803 

     45        1          -0.000001311    0.000005585   -0.000001776 

     46        1           0.000001360    0.000004647   -0.000003583 

     47        6           0.000002009    0.000006863   -0.000001077 

     48        8          -0.000002283    0.000004475    0.000001260 

     49        8           0.000016717   -0.000012660    0.000023289 

     50        1          -0.000016420    0.000000350   -0.000001939 

     51        6          -0.000005226    0.000011542    0.000002498 

     52        1           0.000000416   -0.000001658    0.000014012 

     53        1          -0.000002974   -0.000000555    0.000004146 

     54        1          -0.000006375   -0.000004685    0.000002577 

     55        6          -0.000005650   -0.000002120   -0.000003287 
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     56        1           0.000002361   -0.000002670   -0.000000603 

     57        1           0.000001593    0.000002081    0.000001711 

     58        1          -0.000004699   -0.000002970    0.000005227 

 ------------------------------------------------------------------- 

12. Complex A3 Singly deprotonated at C1 (Gibbs Free Energy: -

1955.033732 a.u) 

 

Center     Atomic                   Forces (Hartrees/Bohr) 

 Number     Number              X              Y              Z 

 ------------------------------------------------------------------- 

      1        6          -0.000005053    0.000002485   -0.000011793 

      2        6           0.000001654    0.000002710   -0.000001136 

      3        1          -0.000000764   -0.000000099   -0.000001224 

      4        1          -0.000000741   -0.000000650   -0.000002967 

      5        6           0.000011419   -0.000008379   -0.000001676 

      6        7          -0.000004265   -0.000005213   -0.000001325 

      7        7          -0.000000468    0.000000319    0.000006888 

      8        6          -0.000004428    0.000001891   -0.000001286 

      9        6          -0.000007244    0.000002218    0.000003303 

     10        6           0.000006756   -0.000000984    0.000002169 

     11        6           0.000003684   -0.000002277   -0.000001343 

     12        1           0.000001183    0.000000503   -0.000002613 

     13        6          -0.000009012    0.000000590    0.000004101 
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     14        1          -0.000002822   -0.000002256   -0.000000722 

     15        6           0.000000749    0.000000312   -0.000003294 

     16        1          -0.000000365    0.000000618   -0.000000121 

     17        1          -0.000000619   -0.000001810   -0.000000510 

     18        1          -0.000001072   -0.000001567    0.000000574 

     19        6          -0.000006301    0.000002460   -0.000007472 

     20        6           0.000004379    0.000006044   -0.000003854 

     21        6          -0.000000290   -0.000003700   -0.000000628 

     22        6          -0.000001188    0.000001906   -0.000001344 

     23        1           0.000000129    0.000001634   -0.000003551 

     24        6          -0.000003454    0.000001878   -0.000002244 

     25        1          -0.000001838   -0.000000850   -0.000002116 

     26        6           0.000001449    0.000000600   -0.000001882 

     27        1           0.000000550    0.000003438   -0.000003044 

     28        1          -0.000001424   -0.000001214   -0.000002189 

     29        1          -0.000000341    0.000001535   -0.000004127 

     30       77          -0.000009092   -0.000000431    0.000004974 

     31        1           0.000002099    0.000000180   -0.000001472 

     32        1          -0.000000529   -0.000003565   -0.000000724 

     33        8           0.000003387    0.000005447   -0.000004675 

     34       16          -0.000006319    0.000004483    0.000007255 

     35        8           0.000007580   -0.000002963    0.000002948 

     36        6          -0.000011166    0.000002596   -0.000007207 
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     37        6           0.000002432    0.000003182    0.000018161 

     38        8          -0.000002825    0.000016147    0.000003219 

     39        6           0.000007201   -0.000029018   -0.000006121 

     40        6          -0.000000098   -0.000000983   -0.000001700 

     41        1          -0.000001147   -0.000002846    0.000004230 

     42        1          -0.000000112   -0.000002356    0.000003774 

     43        1          -0.000002827   -0.000004928    0.000003032 

     44        8           0.000000620   -0.000002281    0.000009020 

     45        8           0.000002611    0.000003553    0.000012803 

     46        6           0.000002337    0.000006443   -0.000003565 

     47        6          -0.000011198   -0.000006022   -0.000003466 

     48        1           0.000000633    0.000001647    0.000005637 

     49        8           0.000017230    0.000001406   -0.000002400 

     50        1          -0.000002585   -0.000005298    0.000001427 

     51        6           0.000009194   -0.000000840   -0.000005582 

     52        1          -0.000000027    0.000000618    0.000003002 

     53        1           0.000001102    0.000002413    0.000003170 

     54        1           0.000004163    0.000002278    0.000001364 

     55        6          -0.000006079    0.000003365   -0.000008369 

     56        1           0.000003453    0.000004718    0.000008111 

     57        1           0.000003936   -0.000001053    0.000000953 

     58        1           0.000005765    0.000001966   -0.000002374 

 ------------------------------------------------------------------- 
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13. Complex A1 prime Singly deprotonated at C1 (Gibbs Free Energy: - 

1955.055321a.u) 

Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0        2.170311    3.396265   -0.443929 

      2          6           0        3.324604    2.732858   -0.663644 

      3          1           0        1.955152    4.447709   -0.362054 

      4          1           0        4.331089    3.083625   -0.812792 

      5          6           0        1.680401    1.167958   -0.444627 

      6          7           0        1.175637    2.432760   -0.307136 

      7          7           0        3.017192    1.374046   -0.656904 

      8          6           0       -0.181202    2.729291    0.055637 

      9          6           0       -0.566894    2.571951    1.384203 

     10          6           0       -1.086913    3.142805   -0.914548 

     11          6           0       -1.891161    2.813757    1.741032 

     12          1           0        0.165564    2.243851    2.113347 

     13          6           0       -2.408648    3.390513   -0.548760 

     14          1           0       -0.761415    3.249508   -1.943140 

     15          6           0       -2.812532    3.219132    0.774630 

     16          1           0       -2.203568    2.683361    2.771533 

     17          1           0       -3.124848    3.704260   -1.300217 
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     18          1           0       -3.845680    3.398609    1.052297 

     19          6           0        4.019859    0.350671   -0.739657 

     20          6           0        4.424578   -0.290259    0.429717 

     21          6           0        4.579454    0.026243   -1.970674 

     22          6           0        5.396165   -1.285081    0.358304 

     23          1           0        3.962279   -0.015076    1.370990 

     24          6           0        5.555827   -0.967799   -2.033441 

     25          1           0        4.243299    0.537168   -2.865812 

     26          6           0        5.960874   -1.625411   -0.872298 

     27          1           0        5.711939   -1.793805    1.262695 

     28          1           0        5.994164   -1.230545   -2.989934 

     29          1           0        6.717166   -2.401145   -0.925427 

     30         77           0        0.653490   -0.533739   -0.378298 

     31          1           0        2.021319   -1.239550   -0.644719 

     32          1           0        0.501345   -0.455595   -1.974905 

     33          8           0        1.814973    0.255734    2.727260 

     34         16           0        0.983634   -0.772339    1.985755 

     35          8           0       -0.557017   -2.330557   -0.329327 

     36          8           0       -1.508095    0.134740   -0.152024 

     37          6           0       -2.346097   -0.767904   -0.196168 

     38          6           0       -1.830653   -2.235772   -0.206328 

     39          8           0       -2.626687   -3.152378   -0.037145 

     40          6           0       -3.757460   -0.386980   -0.088793 
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     41          1           0       -3.906988    0.489779    0.534889 

     42          6           0       -4.825786   -0.888092   -0.732184 

     43          6           0       -4.852315   -1.987712   -1.748688 

     44          1           0       -3.860027   -2.354737   -1.988314 

     45          1           0       -5.449375   -2.826606   -1.381895 

     46          1           0       -5.335935   -1.633898   -2.662586 

     47          6           0       -6.130990   -0.204118   -0.411950 

     48          8           0       -6.262122    0.742760    0.330995 

     49          8           0       -7.165260   -0.779677   -1.048917 

     50          1           0       -7.977376   -0.309961   -0.802226 

     51          6           0        1.684799   -2.412330    2.313125 

     52          1           0        1.726685   -2.579806    3.388901 

     53          1           0        1.056577   -3.148456    1.812403 

     54          1           0        2.681997   -2.413334    1.876777 

     55          6           0       -0.591648   -0.940042    2.878387 

     56          1           0       -0.373010   -1.081823    3.935956 

     57          1           0       -1.149047   -0.019230    2.717432 

     58          1           0       -1.141739   -1.791224    2.479119 

 

14. Complex A2 prime Singly deprotonated at C1 (Gibbs Free Energy: -

1955.035719 a.u) 

Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 
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 --------------------------------------------------------------------- 

      1          6           0        1.831176    3.412980    0.050763 

      2          6           0        2.994592    2.732826    0.031386 

      3          1           0        1.618458    4.459892    0.180820 

      4          1           0        4.014379    3.059838    0.136463 

      5          6           0        1.322043    1.219902   -0.304554 

      6          7           0        0.816915    2.485306   -0.163501 

      7          7           0        2.678499    1.394262   -0.194612 

      8          6           0       -0.567626    2.863501   -0.236279 

      9          6           0       -1.240435    3.203556    0.931331 

     10          6           0       -1.202926    2.898698   -1.473196 

     11          6           0       -2.582455    3.567928    0.860890 

     12          1           0       -0.724300    3.153655    1.882686 

     13          6           0       -2.544852    3.261784   -1.536689 

     14          1           0       -0.653437    2.623463   -2.365220 

     15          6           0       -3.236230    3.590620   -0.370213 

     16          1           0       -3.120979    3.813101    1.769511 

     17          1           0       -3.051779    3.282340   -2.495320 

     18          1           0       -4.285112    3.862586   -0.420531 

     19          6           0        3.702613    0.397000   -0.335801 

     20          6           0        4.489188    0.072357    0.763984 

     21          6           0        3.934805   -0.183324   -1.580919 

     22          6           0        5.518782   -0.855041    0.618327 
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     23          1           0        4.289202    0.532258    1.724520 

     24          6           0        4.957111   -1.118341   -1.717118 

     25          1           0        3.316422    0.096237   -2.424941 

     26          6           0        5.749632   -1.454910   -0.618305 

     27          1           0        6.131005   -1.115298    1.474645 

     28          1           0        5.139107   -1.577505   -2.682579 

     29          1           0        6.547765   -2.181180   -0.728325 

     30         77           0        0.273617   -0.441646   -0.508707 

     31          1           0        1.565799   -1.119622   -1.064096 

     32          1           0       -0.036487    0.029976   -2.023714 

     33          8           0        2.202782   -2.004390    1.785269 

     34         16           0        0.893040   -1.254603    1.675773 

     35          8           0       -1.124669   -2.197811   -0.656561 

     36          6           0       -2.194570   -1.962426   -1.224423 

     37          8           0       -1.853964    0.241561   -0.023267 

     38          6           0       -2.557667    0.106143    1.023432 

     39          8           0       -2.237365    0.265037    2.204598 

     40          6           0       -4.249682   -1.700292    0.139391 

     41          1           0       -5.223669   -2.092738    0.423087 

     42          6           0       -3.506376   -2.445449   -0.693820 

     43          6           0       -3.928467   -3.792137   -1.209960 

     44          1           0       -4.885617   -4.095130   -0.785878 

     45          1           0       -4.013961   -3.777875   -2.300962 
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     46          1           0       -3.176959   -4.547188   -0.958451 

     47          6           0       -4.001280   -0.354861    0.738713 

     48          8           0       -4.952214    0.330326    1.075180 

     49          8           0       -2.300834   -1.316708   -2.364135 

     50          1           0       -1.435950   -0.893588   -2.565130 

     51          6           0        0.913278    0.092330    2.889888 

     52          1           0        1.677249    0.798164    2.568567 

     53          1           0       -0.074521    0.550164    2.874757 

     54          1           0        1.159697   -0.324456    3.866231 

     55          6           0       -0.377316   -2.319413    2.415136 

     56          1           0       -1.278007   -1.732798    2.577431 

     57          1           0       -0.562960   -3.125649    1.709265 

     58          1           0        0.029675   -2.699984    3.351573 

15. Complex A3 prime Singly deprotonated at C1 (Gibbs Free Energy: -

1955.03513 a.u) 

Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0        0.729242    3.671636    0.188198 

      2          6           0        2.023996    3.301455    0.235557 

      3          1           0        0.253908    4.623228    0.352155 

      4          1           0        2.919044    3.861792    0.443451 

      5          6           0        0.807823    1.442403   -0.312974 
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      6          7           0       -0.003964    2.537942   -0.151589 

      7          7           0        2.066290    1.944099   -0.079674 

      8          6           0       -1.429603    2.579755   -0.333686 

      9          6           0       -2.268358    2.502027    0.772935 

     10          6           0       -1.947121    2.731893   -1.617812 

     11          6           0       -3.649311    2.564399    0.587869 

     12          1           0       -1.852920    2.341487    1.759876 

     13          6           0       -3.327081    2.792530   -1.795944 

     14          1           0       -1.271096    2.789059   -2.462788 

     15          6           0       -4.178471    2.707665   -0.693506 

     16          1           0       -4.306033    2.469221    1.444335 

     17          1           0       -3.735881    2.902650   -2.794435 

     18          1           0       -5.253250    2.747366   -0.834680 

     19          6           0        3.299447    1.217066   -0.147259 

     20          6           0        4.074786    1.091883    1.005243 

     21          6           0        3.735714    0.689999   -1.360685 

     22          6           0        5.293446    0.418630    0.942536 

     23          1           0        3.719439    1.513495    1.939189 

     24          6           0        4.953765    0.017938   -1.414943 

     25          1           0        3.122093    0.807154   -2.243985 

     26          6           0        5.732647   -0.119699   -0.266193 

     27          1           0        5.894674    0.313727    1.838749 

     28          1           0        5.294122   -0.396797   -2.357289 
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     29          1           0        6.679784   -0.645950   -0.312779 

     30         77           0        0.214613   -0.420630   -0.679227 

     31          1           0        1.149207   -0.455367   -1.942901 

     32          1           0       -0.880060    0.188573   -1.650799 

     33          8           0        2.843980   -2.472970    0.370333 

     34         16           0        1.737989   -1.542530    0.804020 

     35          8           0       -1.137457   -0.454206    1.114025 

     36          8           0       -0.507487   -2.405917   -0.992533 

     37          6           0       -2.891126   -1.843031   -0.924087 

     38          6           0       -3.829254   -2.101720   -2.069520 

     39          1           0       -3.302457   -1.962122   -3.020409 

     40          1           0       -4.174782   -3.138038   -2.050861 

     41          1           0       -4.691050   -1.432972   -2.050917 

     42          6           0       -1.720561   -2.818105   -0.879929 

     43          6           0       -2.370828   -0.556549    1.172282 

     44          6           0       -3.094762   -0.147016    2.507797 

     45          8           0       -2.364387    0.337918    3.393631 

     46          8           0       -4.331264   -0.336941    2.504120 

     47          6           0       -3.200114   -0.953679    0.039517 

     48          1           0       -4.180718   -0.492090    0.030803 

     49          8           0       -2.041839   -4.030586   -0.778727 

     50          1           0       -1.441716   -4.565952   -1.302974 

     51          6           0        2.368809   -0.480314    2.085490 
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     52          1           0        1.825773   -0.652772    2.991178 

     53          1           0        3.405511   -0.691361    2.245518 

     54          1           0        2.254343    0.541713    1.790095 

     55          6           0        0.674573   -2.421795    1.928493 

     56          1           0        0.059410   -3.103055    1.378620 

     57          1           0        1.270474   -2.966484    2.630715 

     58          1           0        0.054591   -1.724394    2.452089 

16. Complex E1 Singly deprotonated at C1 (Gibbs Free Energy: -1955.052399 

a.u) 

 

Center     Atomic                   Forces (Hartrees/Bohr) 

 Number     Number              X              Y              Z 

 ------------------------------------------------------------------- 

      1       77          -0.000002916   -0.000007581    0.000001187 

      2        1           0.000000713    0.000001533   -0.000001384 

      3        6          -0.000000986    0.000000405    0.000000534 

      4        6          -0.000005069   -0.000003849   -0.000000929 

      5        1          -0.000000437    0.000001075   -0.000000936 

      6        1          -0.000001400    0.000000371    0.000000194 

      7        6          -0.000004639    0.000005433   -0.000001319 

      8        7           0.000003436    0.000000983   -0.000000321 

      9        7          -0.000000105   -0.000000638    0.000001500 

     10        6          -0.000001217    0.000000934   -0.000001100 
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     11        6          -0.000000399    0.000002170   -0.000001169 

     12        6           0.000001479    0.000000828   -0.000000439 

     13        6           0.000001187    0.000002106   -0.000001112 

     14        1          -0.000000140    0.000002122   -0.000001163 

     15        6           0.000001362    0.000001625   -0.000001055 

     16        1           0.000002506    0.000000643   -0.000001783 

     17        6           0.000002177    0.000002387   -0.000001314 

     18        1           0.000000712    0.000003270   -0.000001849 

     19        1           0.000002472    0.000001552   -0.000000453 

     20        1           0.000002244    0.000002751   -0.000001318 

     21        6          -0.000002348   -0.000000616   -0.000001163 

     22        6          -0.000002760    0.000001860    0.000000200 

     23        6          -0.000000203   -0.000000753   -0.000001688 

     24        6          -0.000003115   -0.000000510    0.000001083 

     25        1          -0.000002657    0.000000524   -0.000000576 

     26        6          -0.000002720   -0.000002428    0.000002079 

     27        1          -0.000002080   -0.000002097    0.000000388 

     28        6          -0.000003996   -0.000001638   -0.000000370 

     29        1          -0.000003270   -0.000000314   -0.000000223 

     30        1          -0.000002822   -0.000002567    0.000000893 

     31        1          -0.000003532   -0.000001631    0.000000418 

     32        8          -0.000000207    0.000001889    0.000000186 

     33       16           0.000000681    0.000001448   -0.000005016 
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     34        1          -0.000001382    0.000001024    0.000000702 

     35        8           0.000007039    0.000007290   -0.000000808 

     36        8          -0.000002636    0.000003155    0.000002149 

     37        6          -0.000001085   -0.000005745   -0.000004895 

     38        8           0.000000934    0.000001672    0.000001312 

     39        6           0.000000893   -0.000004717    0.000005090 

     40        6           0.000000195   -0.000000468    0.000001984 

     41        1           0.000001808   -0.000000215    0.000001851 

     42        6           0.000003277   -0.000002369   -0.000000118 

     43        6          -0.000001491   -0.000002617    0.000001868 

     44        1           0.000000136   -0.000002413    0.000002246 

     45        1           0.000000380   -0.000001244    0.000001651 

     46        1           0.000000431   -0.000001821    0.000001928 

     47        6           0.000005672   -0.000007154    0.000005417 

     48        8           0.000000061   -0.000003614    0.000001978 

     49        8          -0.000000454    0.000001348   -0.000002558 

     50        1           0.000003299   -0.000003054    0.000002208 

     51        6           0.000001073   -0.000005645    0.000002675 

     52        1           0.000001820    0.000002156    0.000000058 

     53        1           0.000001964    0.000001046   -0.000000657 

     54        1           0.000000550    0.000001892   -0.000001024 

     55        6           0.000004924    0.000002279   -0.000000496 

     56        1          -0.000000347    0.000002801   -0.000000965 
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     57        1          -0.000000804    0.000002858   -0.000002573 

     58        1           0.000001792    0.000002267   -0.000001005 

 ------------------------------------------------------------------- 

 

 

 

 

 

 

 

 

 

 

 

 

17. Complex E2 Singly deprotonated at C1 (Gibbs Free Energy: -1955.061097 

a.u) 

 

Center     Atomic                   Forces (Hartrees/Bohr) 

 Number     Number              X              Y              Z 

 ------------------------------------------------------------------- 

      1       77          -0.000007926    0.000003764   -0.000002447 

      2        1          -0.000000732   -0.000001190    0.000000263 
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      3        6          -0.000000105   -0.000003198    0.000004903 

      4        6           0.000002215    0.000001477   -0.000003103 

      5        1           0.000001715   -0.000000159   -0.000003047 

      6        1           0.000002426    0.000000754   -0.000004578 

      7        6           0.000002328    0.000000787    0.000000392 

      8        7           0.000000340    0.000001374   -0.000008837 

      9        7          -0.000000677   -0.000002631    0.000001399 

     10        6           0.000001891   -0.000002617   -0.000000246 

     11        6          -0.000000644   -0.000002047   -0.000001876 

     12        6           0.000000380    0.000000121    0.000000110 

     13        6           0.000001601   -0.000002881   -0.000001575 

     14        1           0.000000667   -0.000002162   -0.000002222 

     15        6          -0.000000860   -0.000000790   -0.000001005 

     16        1           0.000001360   -0.000000298   -0.000000924 

     17        6           0.000000550   -0.000001264   -0.000002310 

     18        1           0.000000349   -0.000002891   -0.000002325 

     19        1           0.000000178   -0.000000897   -0.000000463 

     20        1          -0.000000045   -0.000002435   -0.000001166 

     21        6           0.000001875    0.000000267    0.000001504 

     22        6           0.000001402   -0.000001037    0.000000310 

     23        6          -0.000000396    0.000000592   -0.000001619 

     24        6          -0.000000317    0.000000285   -0.000000120 

     25        1          -0.000000006   -0.000001067   -0.000001013 
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     26        6           0.000001411    0.000001534    0.000000043 

     27        1           0.000001194    0.000002076   -0.000001572 

     28        6           0.000000186    0.000001216   -0.000000507 

     29        1           0.000000033   -0.000000248   -0.000000118 

     30        1           0.000001264    0.000002084   -0.000000116 

     31        1           0.000000556    0.000001090    0.000000139 

     32        8          -0.000003838   -0.000000509   -0.000000425 

     33       16           0.000001976    0.000000767    0.000000964 

     34        1           0.000000554   -0.000001277    0.000000698 

     35        8           0.000006388   -0.000003567   -0.000003656 

     36        6          -0.000007825    0.000002495    0.000002096 

     37        6           0.000003348    0.000002166   -0.000002505 

     38        6          -0.000001100    0.000003275    0.000002346 

     39        1           0.000000238    0.000002402    0.000001658 

     40        1          -0.000000483    0.000002384    0.000002067 

     41        1           0.000000048    0.000003116    0.000001416 

     42        6           0.000002411    0.000004852    0.000004674 

     43        1          -0.000000807    0.000001593    0.000000460 

     44        6          -0.000001313   -0.000000223   -0.000006598 

     45        8           0.000000298   -0.000001463    0.000002395 

     46        8          -0.000004305   -0.000002773    0.000003367 

     47        6           0.000008802    0.000004562    0.000002499 

     48        8          -0.000002847    0.000001574    0.000000954 
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     49        8          -0.000000534    0.000001578    0.000006148 

     50        1           0.000001716    0.000001544    0.000000002 

     51        6          -0.000004401   -0.000000299   -0.000000753 

     52        1          -0.000001528   -0.000001933    0.000003746 

     53        1           0.000000059    0.000000413    0.000001860 

     54        1          -0.000000097   -0.000000257    0.000002599 

     55        6          -0.000004480   -0.000003395    0.000003955 

     56        1          -0.000002546   -0.000002311    0.000001590 

     57        1          -0.000001519   -0.000001954   -0.000000016 

     58        1          -0.000000423   -0.000002366    0.000000586 

 ------------------------------------------------------------------- 

 

18. Complex E3 Singly deprotonated at C1 (Gibbs Free Energy: -1955.030590 

a.u) 

 

Center     Atomic                   Forces (Hartrees/Bohr) 

 Number     Number              X              Y              Z 

 ------------------------------------------------------------------- 

      1       77           0.000010318    0.000016274   -0.000001926 

      2        1          -0.000000279    0.000000911    0.000004940 

      3        6           0.000000915    0.000012449   -0.000001929 

      4        6           0.000007369    0.000006677   -0.000010720 

      5        1          -0.000000075   -0.000002206    0.000004952 
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      6        1          -0.000003183   -0.000000523    0.000004455 

      7        6           0.000018618    0.000024509    0.000011168 

      8        7          -0.000011769   -0.000032075   -0.000008144 

      9        7          -0.000010043   -0.000012089    0.000002327 

     10        6          -0.000004141    0.000010846    0.000004246 

     11        6           0.000001158   -0.000003937    0.000005161 

     12        6          -0.000003918    0.000063256   -0.000003515 

     13        6           0.000000805   -0.000001449    0.000006430 

     14        1          -0.000000096    0.000001200    0.000004268 

     15        6           0.000000631   -0.000002121    0.000007060 

     16        1           0.000001182   -0.000055379    0.000003986 

     17        6           0.000000540    0.000001765    0.000002162 

     18        1           0.000000837    0.000001609    0.000004821 

     19        1          -0.000001254    0.000000750    0.000003502 

     20        1           0.000000103    0.000001420    0.000004921 

     21        6           0.000001363   -0.000000243    0.000003519 

     22        6           0.000003308    0.000003048    0.000001664 

     23        6          -0.000002024    0.000001593   -0.000005312 

     24        6           0.000006954    0.000001814    0.000000772 

     25        1           0.000002170   -0.000000930   -0.000001575 

     26        6           0.000001232    0.000003154   -0.000007617 

     27        1           0.000000011   -0.000001841   -0.000001980 

     28        6          -0.000001035   -0.000002234   -0.000002520 
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     29        1           0.000001699   -0.000001119   -0.000002280 

     30        1          -0.000001824   -0.000000786   -0.000003056 

     31        1           0.000004848    0.000004366   -0.000001853 

     32        8           0.000004224   -0.000003132    0.000006008 

     33        6           0.000039046   -0.000002244   -0.000008492 

     34        8          -0.000013066   -0.000004402    0.000015612 

     35        6          -0.000015092    0.000008124   -0.000018782 

     36        6          -0.000019035   -0.000006494   -0.000021147 

     37        6           0.000005033    0.000000368   -0.000000770 

     38        1          -0.000004398    0.000000116   -0.000001485 

     39        1          -0.000004265   -0.000004702   -0.000001418 

     40        1          -0.000001159   -0.000002574    0.000000359 

     41        6           0.000013183   -0.000010840   -0.000013600 

     42        8          -0.000003948   -0.000001203   -0.000001233 

     43        8          -0.000002964   -0.000001690    0.000007350 

     44        6          -0.000005519   -0.000007284    0.000006834 

     45        1          -0.000001552    0.000000802    0.000000990 

     46        8           0.000005696    0.000029996   -0.000009343 

     47       16           0.000006800   -0.000036505   -0.000007174 

     48        1           0.000002336   -0.000000439    0.000012092 

     49        8          -0.000038060    0.000094346    0.000029235 

     50        1          -0.000000625   -0.000092948   -0.000018185 

     51        6          -0.000011855   -0.000007931    0.000018223 
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     52        1           0.000007123    0.000002410   -0.000001869 

     53        1           0.000006254   -0.000004271   -0.000007247 

     54        1           0.000002739    0.000010899   -0.000000749 

     55        6           0.000000146   -0.000014983   -0.000001148 

     56        1           0.000002008   -0.000002913   -0.000002314 

     57        1           0.000000133    0.000010140   -0.000002651 

     58        1           0.000002400    0.000008644   -0.000007023 

 ------------------------------------------------------------------- 
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